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The provision of optimal dialysis therapy to children requires a thorough 
understanding of the multidisciplinary way the pediatric patient is affected by 
kidney failure. It was based on this philosophy that the inaugural edition of 
Pediatric Dialysis was published in 2004 and the second edition in 2012. 
Thankfully, the care of pediatric patients requiring dialysis has continued to 
improve, in large part the result of our ever-increasing understanding of the 
many factors which play a significant role in defining patient outcomes. We, 
in turn, believe that enhancement of the content of our text from nearly a 
decade ago is imperative so that Pediatric Dialysis may continue to serve as 
a contemporary, comprehensive, and authoritative source of information that 
can not only help facilitate the provision of superb patient care by seasoned 
clinicians, but can also help meet the demand of our young trainees for the 
information that they require as a foundation for the future advances that they 
will surely initiate.

To that end, we have been fortunate once again to successfully enlist the 
expertise of experts from around the globe to provide superb contributions 
to the third edition of Pediatric Dialysis. One-hundred authors either 
updated chapters from the second edition or created all new content 
designed to reflect essential elements of current clinical management strat-
egies. The inclusion of several new chapters on topics such as Antibiotic 
Stewardship in the Pediatric Dialysis Unit, Infectious Complications of 
Hemodialysis in Children, Remote Patient Monitoring in Peritoneal 
Dialysis, Ethical Decision Making in Children with End-Stage Kidney 
Disease and The Spectrum of Lived Experience: The Patient Experience 
has resulted in a text which remains the most comprehensive source of 
state-of-the-art information on the dialysis of infants, children, and adoles-
cents currently available. To all the authors, we are eternally grateful for 
their commitment to this project.

We have been humbled by the encouragement of our colleagues to publish 
this third edition. However, as clinicians ourselves who have spent many 
hours over the past four decades on hospital wards, in the intensive care unit, 
and in the dialysis unit applying what we have learned from the documented 
experience of others, we know that this text is a unique source of the knowl-
edge and ingenuity exhibited by the global pediatric nephrology community 
and, as such, cannot help but to serve as a valuable tool with a singular 
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emphasis on successfully caring for our challenging patient population. If 
that goal can be achieved through the publication of the third edition of 
Pediatric Dialysis and even one child benefits from our combined efforts, it 
will all have been worthwhile.

Kansas City, MO, USA Bradley A. Warady
Stanford, CA, USA Steven R. Alexander
Heidelberg, Germany Franz Schaefer 
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Notes on the History of Dialysis 
Therapy in Children

Steven R. Alexander and Pierre Cochat

 Introduction

Prior to the 1950s and 1960s, the study and man-
agement of disorders of the kidney was the prov-
ince of general physicians. As described by Stuart 
Cameron, along with the introduction of the renal 
biopsy and its interpretation, the introduction of 
dialysis was “…an important motor which accel-
erated the emergence of nephrology as a spe-
cialty. Suddenly there was a need for specialist 
knowledge to apply the complex data from the 
increasing number of critically ill patients who 
survived their primary disease only to go into 
acute renal failure…” [1, 2]. When long-term 
dialysis became possible in the 1960s, hundreds 
of adult dialysis units sprang up in North America 
and Europe, and by the 1970s, nephrology had 
become “…an autonomous specialty with an 
uneasy relationship to general internal medicine. 
There is no doubt that those physicians who 
chose to make dialysis their principal interest 
were to some extent a breed apart…” [1].

In contrast, the discipline of pediatric nephrol-
ogy emerged in response to different drivers. 

Based in the classic work of pediatric physiolo-
gists on fluid and electrolyte metabolism, regula-
tion of intracellular and extracellular fluid, 
acid-base homeostasis, and parenteral fluid ther-
apy, the first generation of pediatric nephrologists 
who arose in the 1950s and 1960s were rarely 
exposed to the care of children with acute or 
chronic renal failure [3, 4]. It is emblematic that 
the early starting point of pediatric nephrology as 
a specialty is traced by many to the organization 
of the International Study of Kidney Disease in 
Children (ISKDC) in the 1960s, which was a 
study of childhood nephrotic syndrome [1]. Early 
pediatric nephrologists rarely cared for children 
suffering what is now called acute kidney injury 
(AKI), a role more often played by pediatric sur-
geons. Those who cared for children with what is 
now known as chronic kidney disease (CKD) 
focused on dietary restrictions and diuretic, anti-
biotic, and electrolyte therapy, attempting to ease 
the progression to end-stage kidney disease 
(ESKD). When ESKD was reached, older chil-
dren and adolescents often had to look to adult 
ESKD programs for access to chronic dialysis 
and transplantation; infants and younger children 
were frequently offered only palliative care [5].

During the past six decades, the landscape has 
changed dramatically. Acute and chronic dialysis 
is now routinely available for children through-
out the world, and the study of dialysis therapy 
and the disordered physiology of the pediatric 
patient with AKI or ESKD has come to occupy a 
prominent if not dominant place in pediatric 

S. R. Alexander (*) 
Department of Pediatrics, Lucile Packard Children’s 
Hospital at Stanford, Stanford, CA, USA
e-mail: sralex@stanford.edu 

P. Cochat 
Service de néphrologie rhumatologie dermatologie 
pédiatriques, Centre de référence des maladies 
rénales rares, Hospices Civils de Lyon & Université 
Claude-Bernard Lyon 1, Lyon, France

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-66861-7_1&domain=pdf
https://doi.org/10.1007/978-3-030-66861-7_1#DOI
mailto:sralex@stanford.edu


4

nephrology research [4]. Pediatric nephrology 
training programs worldwide are expected to 
teach trainees how to dialyze children of all ages, 
and modern pediatric nephrology training pro-
gram graduates come equipped with technical 
skills unimagined by the founders of the spe-
cialty. With increasing acceptance of universal 
access to dialysis therapy for children has come a 
concomitant growth in the demand for pediatric 
nephrologists, leading to a steady increase in the 
size of pediatric nephrology programs. Unlike 
adult dialysis programs, many of which long ago 
separated from their academic roots, pediatric 
dialysis programs remain firmly grounded in uni-
versity medical centers and medical school- 
affiliated children’s hospitals, a fortunate 
association that has promoted a culture of scien-
tific inquiry in what easily could have become a 
purely technical and derivative discipline.

In this chapter we have attempted to briefly 
review selected high points in the development of 
dialysis therapy for children, focusing on the 
ingenuity and resourcefulness of some of these 
early pioneers. It is an exciting story. We have left 
a detailed description of these innovations to the 
chapters that follow. Our goal is to place these 
advances in historical context, acknowledging 
the debt owed those pioneering pediatric nephrol-
ogists, nurses, engineers, dieticians, and social 
workers and their young patients and their fami-
lies. All have helped make a complex and life- 
sustaining therapy a part of routine medical 
management for children throughout the world.

 Peritoneal Dialysis

The roots of the use of peritoneal dialysis (PD) in 
children can be traced to the use of the peritoneal 
cavity to treat dehydration in infants. In 1918, 
two Johns Hopkins pediatricians, Kenneth 
Blackfan and Kenneth Maxcy, first described the 
successful fluid resuscitation of dehydrated 
infants using intraperitoneal injections of saline 
solution [6]. At that time, dehydrated infants too 
small or dehydrated to permit intravenous access 
were treated by “clysis,” injecting fluids into the 
subcutaneous tissues. Blackfan and Maxcy noted 

that clysis was often disappointing, because “…
absorption from the subcutaneous tissues is often 
very slow and after repeated injections is almost 
nil….” Injection of physiologic sodium chloride 
solution directly into the peritoneal cavity was 
“…simple…practicable and accompanied by a 
minimum of risk to the patient…” [6]. These 
same characteristic features, simplicity, practi-
cality, and safety, have made peritoneal dialysis 
particularly well suited for use in children for the 
past 100 years.

The 1949 experience of Henry Swan and 
Harry H. Gordon should be credited as the first 
conclusive demonstration of the lifesaving poten-
tial of PD when used to treat acute renal failure in 
children [7]. These pioneering Denver pediatric 
surgeons employed continuous peritoneal lavage 
to treat three acutely anuric children, 9 months, 
3 years, and 8 years of age. Rigid surgical suction 
tips covered by metal sheaths with multiple per-
forations were implanted into the upper abdomen 
and pelvis allowing large volumes (~33  liters/
day) of sterile, physiologic Tyrode’s solution to 
flow by gravity from 20-liter carboys continu-
ously into and out of the abdomen. Ultrafiltration 
was controlled by adjusting the dextrose concen-
tration between 2% and 4%, while dialysate tem-
perature was regulated by changing the number 
of illuminated incandescent 60-W light bulbs in a 
box placed over the inflow tubing. The two older 
children regained normal renal function and sur-
vived after 9 and 12 days of peritoneal lavage; the 
infant was sustained for 28  days, but did not 
regain renal function and succumbed to obscure 
complications. Peritonitis occurred only once 
and responded to intraperitoneal antibiotics. 
Removal of urea and maintenance of fluid bal-
ance were successful in all three children, 
although obviously herculean efforts were 
required to deliver this therapy [7]. Although 
impractical and technically difficult to deliver, 
the continuous peritoneal lavage of Swan and 
Gordon should be credited as the first conclusive 
demonstration of the lifesaving potential of PD 
when used to treat acute kidney injury (AKI) in 
children.

It was more than a decade before the use of 
PD in children was again reported. During the 
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1950s and early 1960s, the development of dis-
posable nylon catheters [16] and commercially 
prepared dialysis solutions led to the replacement 
of continuous peritoneal lavage techniques with 
intermittent forms of PD, allowing the routine 
use of peritoneal dialysis as a treatment for AKI 
and some intoxications in adults [8–11]. These 
methods were adapted for use in children in the 
early 1960s by teams in Indianapolis and 
Memphis [12, 13] who also showed how PD 
could be effective in the treatment of the boric 
acid and salicylate intoxications commonly seen 
in small children at that time [14, 15]. Subsequent 
reports established PD as the most frequently 
employed renal replacement therapy (RRT) for 
AKI in pediatric patients [16–22]. Compared to 
hemodialysis (HD), PD appeared ideally suited 
for use in children. It was intrinsically simple, 
practical, safe, and easily adapted for use in 
patients of all ages and sizes, from premature 
newborn infants to fully grown adolescents. In 
contrast, HD at this early stage of development 
required large extracorporeal blood circuits and 
vascular access that was difficult to achieve and 
maintain in pediatric patients (see later in this 
chapter).

Although successful as a treatment for AKI, 
early PD techniques were poorly suited for the 
child with ESKD. The need to re-insert the dialy-
sis catheter for each treatment made prolonged 
use of PD in small patients problematic. In the 
largest published pediatric series from the dis-
posable catheter period, Feldman, Baliah and 
Drummond maintained seven children, ages 
6–14  years on intermittent peritoneal dialysis 
(IPD) for 3.5–8 months while awaiting transplan-
tation [23]. Treatments were infrequent, ranging 
from every 7–12 days to every 4–12  weeks. 
Although complications were few, at the time of 
the report, two children had died, two had been 
transferred to HD, and three remained on PD; no 
child had been successfully transplanted [23].

More than any other advance, it was the devel-
opment of a permanent peritoneal catheter that 
made long-term PD an acceptable form of treat-
ment for pediatric patients. First proposed by 
Palmer, Quinton, and Gray in 1964 [24] and later 
refined by Tenckhoff and Schechter in 1968 [25], 

the permanent PD catheter revolutionized chronic 
PD for adults and children in the same way the 
Scribner shunt transformed chronic HD, both 
making long-term renal support therapy possible. 
In Seattle, the new permanent peritoneal catheters 
were combined with an existing automated dialy-
sate delivery system that had been designed by 
Boen, Mion, Curtis, and Shilipetar for use in the 
home [26, 27]. In the early 1970s, this work cul-
minated in the establishment in Seattle of the first 
pediatric chronic home PD program [28]. The 
success of the Seattle program throughout the 
1970s showed that chronic IPD could be a practi-
cal option for some children with ESKD [29].

Additional limited experience with chronic 
IPD was reported from several other pediatric 
centers [30–33], but enthusiasm for the technique 
was limited. Chronic IPD seemed to involve 
many of the least desirable features of chronic 
HD, including substantial fluid and dietary 
restrictions, immobility during treatments that 
lasted many hours, and the need for complex 
machinery requiring parental or nursing supervi-
sion, without providing the efficiency of 
HD.  Moreover, it became clear from efforts to 
maintain adult ESKD patients on chronic IPD 
that long-term technique survival was not often 
achieved [34]. Inadequate dialysis resulting in 
severe undernutrition and frequent peritonitis 
were cited as the most common causes of IPD 
failure in the 1970s, leading to widespread reli-
ance on HD among adult dialysis programs and 
limited access to chronic dialysis for children, 
especially infants. Pediatric dialysis and trans-
plant programs at the time routinely excluded 
infants and small children, reasoning with Hurley 
that “…although it is technically possible to per-
form hemodialysis and transplantation in these 
children, the myriad of well-known problems…
should contraindicate such therapy…” [35], and 
with Reinhart, “…we may find the price the child 
pays for life too great…” [36]. During a period in 
which advances in ESKD therapy pushed the 
upper age limits for successful therapy well into 
the seventh and eighth decades, the youngest 
ESKD patients remained therapeutic orphans, 
considered by many to have severely limited 
chances for survival [36, 37].

1 Notes on the History of Dialysis Therapy in Children
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The description of what became known as con-
tinuous ambulatory peritoneal dialysis (CAPD) 
by Robert Popovich and Jack Moncrief and asso-
ciates in 1976 heralded a new era in the treatment 
of ESKD in children [38]. As originally described, 
2  liters of dialysate were infused into an adult’s 
peritoneal cavity and retained for 4–5 hours, then 
drained, and repeated a total of five times per day 
while the patient went about regular daily activi-
ties [39]. As early experience with CAPD in 
adults was analyzed by pediatric nephrologists, it 
became clear that this new modality offered theo-
retical advantages to children when compared to 
HD and IPD that included near steady-state bio-
chemical control, no disequilibrium syndrome, 
greatly reduced fluid and dietary restrictions, and 
freedom from repeated dialysis needle punctures. 
CAPD allowed children of all ages to receive dial-
ysis at home, which offered a more normal child-
hood. And for the first time, CAPD made it 
possible to routinely provide chronic dialysis for 
infants and small children, which meant that this 
population could now be safely maintained on 
CAPD until they reached a transplantable age and 
size.

The first child to receive CAPD was a 3-year- 
old girl in Toronto in 1978 [40, 41]. Although a 
number of pediatric dialysis programs in North 
America [42–45] and Europe [46, 47] quickly 
followed suit, enthusiasm in many areas was tem-
pered by the availability of dialysis fluid only in 
2000-mL containers. In Canada, small-volume 
plastic dialysis fluid containers were provided by 
Baxter, Inc. soon after the first pediatric CAPD 
patients were trained there in 1978, but it would 
be another 2 years before small-volume contain-
ers became available in the United States and the 
rest of the world [48].

During the 1980s, the popularity of CAPD for 
children spread worldwide [49]. In Japan, where 
transplantation was less common due to religious 
prohibitions on organ donation, Masataka Honda 
and other pioneers established large CAPD pro-
grams that demonstrated the long-term capabili-
ties of the modality in children [50]. Pediatric 
nephrologists in developing countries soon real-
ized that CAPD was relatively affordable, which 
meant that ESKD was no longer an inexorably 

lethal condition for children from families with 
limited resources [51–53], and throughout the 
world, the survival of so many more children with 
ESKD increased demand for the multidisciplinary 
pediatric specialists required to care for them.

The next big step in the evolution of PD for 
children was the resurgence of automated cycling 
machinery. As we have seen, during the 1960s 
and 1970s, automated PD machinery was used to 
deliver chronic IPD, but treatments were infre-
quent, with patients often receiving three PD 
treatments per week, usually for 12 hours over-
night. Following the success of CAPD, in the 
early 1980s, quality of life issues made a revival 
of interest in automated PD inevitable in those 
countries where it could be afforded. The CAPD 
technique required interruption of daily activities 
several times each day for dialysis exchanges; 
how much easier and less intrusive it would be to 
relegate dialysis to nightly exchanges performed 
by automated cyclers while the patient and fam-
ily slept.

The first reports of an automated dialysis fluid 
cycling device adapted to provide “continuous” 
cycler PD (CCPD) were published in 1981 by 
groups in Charlotte, North Carolina, and Houston, 
Texas [54, 55]. The technique maintained the 
principle of continuous PD by cycling dialysate 
exchanges through the night and leaving an 
exchange in place during the day. CCPD was first 
shown to work in a pediatric patient by the 
Houston group in 1981 [55]. Soon, CCPD 
became extremely popular among pediatric dial-
ysis programs in developed countries worldwide 
[56–61].

During the late 1980s, improvements in renal 
transplantation increased renal allograft and 
patient survival rates so dramatically in children 
that all forms of dialysis were viewed even more 
as a bridge to get children safely to or between 
kidney transplants [56]. The ready availability of 
potent vitamin D analogues, ESKD-friendly 
phosphate binders and nutritional supplements 
and formulas, controlled enteral nutrition via gas-
trostomy or nasogastric tubes, recombinant 
human erythropoietin, and recombinant human 
growth hormone (see Chaps. 26, 27, 28, 29, 30, 
31, and 32) gave pediatric nephrologists a power-
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ful armamentarium with which to bring the child 
on chronic dialysis safely to transplantation in 
relatively good condition. Attention could then 
be turned to quality of life issues, scholastic and 
emotional development, and child and family 
psychosocial adjustment to the rigors of ESKD 
and chronic dialysis (see Chaps. 34 and 35).

Before 1982, fewer than 100 pediatric 
patients had been treated with CAPD world-
wide, and CCPD for children was virtually 
unknown. During the ensuing three decades, 
continuous forms of PD became available in 
pediatric dialysis centers throughout the world. 
Regional, national, and international multi-
center study groups and registries developed 
during this period have since added much to our 
knowledge of peritoneal dialysis in children 
[57–62]. These efforts have spawned an exten-
sive series of clinical guidelines and treatment 
options that will be discussed in many of the 
chapters that follow.

 Hemodialysis

The clinical use of an “artificial kidney” was pio-
neered in 1944  in adult patients suffering from 
acute renal failure by Willem J. (“Pim”) Kolff 
[63], a Dutch physician in Nazi-occupied Holland 
during the Second World War. Kolff’s interest in 
dialysis grew from his experiences caring for 
young patients with renal failure for whom treat-
ment options were essentially nonexistent at that 
time [64]. Prior to Kolff’s remarkable invention, 
the stage had been set for the introduction of an 
extracorporeal dialysis device by the availability 
of two key elements: heparin and cellophane.

Heparin was first purified from an extract of 
liver tissue in 1916 by a second year medical stu-
dent at Johns Hopkins, Jay MacLean, working in 
the laboratory of a prominent hematologist, 
William H. Howell [65]. Heparin rapidly replaced 
hirudin, a naturally occurring, but often toxic, 
anticoagulant extracted from the heads and gul-
lets of leeches.

The basis for cellophane is cellulose, a sub-
stance first purified from wood in 1885. 
Cellophane had been available since 1910 as 

sheets of cellulose acetate used in the packing 
industry; in addition, it had the necessary quali-
ties of a good dialysis membrane: it could be 
easily sterilized without injury to the material 
and had a long shelf life. When cellophane tubes 
became widely available as sausage casings in 
the 1920s, studies in animals showed the cas-
ings also made excellent diffusion membranes 
[66]. Clinical application of cellophane and 
heparin in the construction of a dialysis device 
awaited Kolff’s invention of the rotating drum 
kidney in 1944.

Pediatric application of the Kolff artificial kid-
ney was first reported in 1950 by John Merrill 
and his colleagues in Boston who included a 3 
1/2-year-old boy with nephrotic syndrome in 
their initial series of 42 adult patients dialyzed 
using a rotating drum machine essentially the 
same as Kolff’s original design [67].

As described by Merrill: “…blood is led from the 
radial artery by means of an inlying glass cannula 
through a rotating coupling to the surface of a 
revolving metal drum. Here it passes through a 
length of cellophane tubing (~20 meters) wound 
spirally around the drum, and is carried by the 
motion of the drum to the distal end. During its 
course, the blood-filled tubing is passed through 
a rinsing fluid maintained at a constant tempera-
ture of 101 degrees F in a 100 liter container. Into 
this medium, diffusion from the blood takes place 
through the cellophane membrane. Distally, the 
blood is passed through a second rotating cou-
pling, and pumped to inflow flasks, whence it is 
fed by gravity to a vein in the forearm through 
another inlying cannula….” [67]

Merrill’s pediatric patient received a single 
4-hour dialysis treatment and was said to have 
had “…modest improvement, but of short dura-
tion…” [67].

In 1955, FM Mateer, L Greenman, and TS 
Danowski described their experience at the 
Children’s Hospital of Pittsburgh with eight 
hemodialysis treatments in five severely uremic 
children, 7–15 years of age, all of whom were 
“…either stuporous or confused... overbreathing 
present in three of the five… (one child) had 
developed pulmonary edema, and convulsions 
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had appeared in (two children)…” [68]. Their 
equipment was built by the Westinghouse 
Company based on an Alwall coil kidney design 
[69]. Alwall’s coil kidney in effect turned Kolff’s 
rotating drum on its end submerging the coils of 
cellophane tubing completely in the dialysate 
bath. Mateer’s version of the coil kidney was 
more compact than the Kolff machine, consist-
ing of ~15 meters of 1 1/8-inch cellophane tub-
ing wound on stainless steel screens submerged 
in a warmed 32-liter bath of dialysate. An in-line 
roller pump propelled heparinized blood through 
the tubing from the radial artery through the cel-
lophane coils to return via the saphenous vein. 
Dialysate consisted of Pittsburgh tap water to 
which was added sodium, calcium, chloride, 
bicarbonate, glucose, and variable amounts of 
potassium; a fresh batch was mixed every 
200  minutes, and with every bath change, an 
antibiotic (usually oxytetracycline) was injected 
into the tubing leading to the artificial kidney 
[68].

For these severely uremic children, hemodial-
ysis was clearly a heroic treatment that was sur-
prisingly effective, if only temporarily. After 
treatments lasting 2–13 hours, all patients became 
more alert, pulmonary edema and overbreathing 
improved, phosphorus levels fell, and blood non- 
protein nitrogen levels decreased from an aver-
age of 231 to 113 mg/dL. Two of the five children 
survived, one recovering normal renal function 
after an episode of what may have been hemo-
lytic uremic syndrome (“...previously well...
bloody diarrhea...oliguria, albuminuria, profound 
anemia...”). Mateer concluded that, while dialy-
sis had been successful in supporting this child’s 
reversible ATN, “...in view of the difficulty in 
assessing elements of reversibility of renal failure 
in chronic states, more frequent use of dialysis is 
indicated in these situations...” [68].

In 1957, Frank H Carter and a team at the 
Cleveland Clinic that included Willem Kolff, 
who had emigrated to the United States in 1950, 
next described eight HD treatments in five chil-
dren (2–14 years of age) using an improved and 
disposable Alwall twin coil kidney that could be 
modified for children <20 kg by using only one 
of the two coils, thereby reducing the priming 

volume from 750 ml to 400 ml [70]. The coils 
sat in the warmed rinsing bath with rinsing fluid 
circulating over the blood-filled cellophane tub-
ing. Vascular access was via a large-bore polyvi-
nyl catheter inserted into the inferior vena cava 
via a saphenous vein cutdown with return of 
dialyzed blood to a large vein in the arm. Roller 
pump speed was 200–400  ml/min. Catheters 
remained in place until the child died or recov-
ered sufficient renal function to no longer need 
dialysis [70].

Four of the five children survived, including a 
2-year-old boy with probable acute post- 
infectious glomerulonephritis who presented 
anuric with a blood urea nitrogen (BUN) of 
322 mg/dL. Carter noted that “...in the hands of a 
well-trained team, hemodialysis is not only help-
ful in producing a smoother course in these chil-
dren, but it may also be lifesaving...” [70].

Unlike the concise and constricted prose 
demanded by modern journal editors, the papers 
by Mateer and Carter published more than 
60 years ago are wonderfully detailed, conveying 
the intensity and drama that must have attended 
these early pediatric HD sessions. While some 
laboratory testing was available, management 
decisions relied primarily on clinical judgment. 
Presaging modern use of aggressive RRT in criti-
cally ill children, Mateer concluded that:

“...the relative safety of the procedure (hemo-
dialysis) warrants an increased use in uremic 
patients whose prognosis has been considered 
hopeless, with the goal that time will thereby be 
provided for recovery for those who have revers-
ible lesions....” [68]

Intoxications with salicylates or barbiturates 
represented another potential use for HD in chil-
dren [71]. However, while potentially lifesaving 
in cases of reversible AKI or intoxications, the 
role of periodic HD in the management of irre-
versible renal failure in children faced daunting 
technical challenges, the first of which was the 
absence of a reusable vascular access. This prob-
lem was first solved in 1960 by Belding Scribner 
and the team in Seattle with the development of a 
TeflonR-Silastic shunt that still bears his name 
[72]. The Scribner shunt consisted of Silastic- 
TeflonR cannulas inserted in the radial artery and 
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a nearby forearm vein that were connected to 
each other between dialysis treatments and could 
be separated and connected to the arterial and 
venous tubing of a dialysis apparatus. Smaller 
versions of the Scribner shunt were soon adapted 
for use in children [73], and by the mid-1960s, 
the availability of repeated vascular access via 
these shunts made chronic HD in children a 
reality.

Using a pumpless system developed for pedi-
atric patients by Robert Hickman and Belding 
Scribner in Seattle in the early 1960s [74], the 
first large pediatric chronic HD programs were 
established in Seattle [75], San Francisco [76], 
Los Angeles [77], Minneapolis [78], London 
[79], and Paris [80].

The San Francisco experience is illustrative of 
the problems encountered and overcome by these 
pioneering pediatric centers during this early 
period, so critical to the successful adaptation of 
chronic HD for children. In a report summarizing 
their initial experience from 1966 to 1969, 
Donald Potter and his associates at San Francisco 
General Hospital described the chronic HD pro-
vided to 14 children 2–16 years of age weighing 
10–52 kg [76]. Time on dialysis ranged from 1 to 
27 months, with five children receiving dialysis 
at home. For the first 3 years of the pediatric dial-
ysis program, children were selected for dialysis 
in competition with adult patients by a commit-
tee, a stark reminder of the earliest days of 
chronic HD when the scarcity of this resource 
forced painful decisions into the hands of so- 
called Life and Death Committees [81]. By 1969, 
a separate pediatric unit had been created in San 
Francisco, and children were accepted “...on a 
first-come, first served basis if they were medi-
cally stable...” [76].

Using the Seattle pumpless method, Potter’s 
patients were dialyzed thrice weekly primarily 
using the recently introduced flat plate dialyzers 
and an automated dialysate delivery system. The 
basic flat plate device, known as a Kiil kidney 
[82], consisted of two grooved polypropylene 
plates clamped tightly together and separated by 
a sheet of cellophane. Blood flowed through the 
enclosed dialyzer down the grooves on one side 
of the cellophane membrane across from dialy-

sate flowing in the grooves of the plate on the 
other side of the membrane in a counter-current 
direction. One or more of these membrane “sand-
wiches” could be clamped together to construct 
the dialyzer. The parents of the children treated at 
home in the early days of the program were 
required to construct a Kiil dialyzer for every 
treatment (Donald Potter, MD, personal commu-
nication, 2011).

Vascular access was via an arteriovenous 
shunt originating in either the radial, brachial, 
posterior tibial, or femoral artery. Extracorporeal 
volume during treatment averaged 14% of esti-
mated blood volume, and blood loss with each 
treatment was 20–40  mL.  Transfusions were 
given when the hematocrit fell to <15%, leading 
to a mean transfusion requirement of 0.5 unit of 
packed red blood cells per month. The highest 
dialyzer clearance available was 128 mL/minute, 
and because of this low clearance, five of the 
children were dialyzed 18–27  hours per week. 
Dialysis prescriptions were adjusted according to 
the pre-dialysis BUN, which averaged 70–86 mg/
dL [76].

There were many complications, including 
hemodynamic decompensation, shunt clotting 
and infection, anemia, hypertension, renal bone 
disease, congestive heart failure, uremic peri-
carditis, and growth delay. Despite these diffi-
culties, there was only one death, and at the time 
of the 1970 report, seven children had received 
a successful kidney transplant. Looking back on 
his early experience, Potter recalled that 
although HD in 1970 appeared to be a poten-
tially successful therapy for some uremic chil-
dren, there were many who doubted its technical 
problems could be overcome sufficiently to 
allow its routine use in children. According to 
Potter, three major subsequent advances turned 
the tide: (1) improved vascular access with the 
introduction of arteriovenous fistulas and per-
manent double-lumen catheters; (2) the intro-
duction of smaller more efficient dialyzers and 
lower-volume dialysis circuits; and (3) the 
development of dialysis equipment with more 
precise ultrafiltration monitoring and control 
capability (Donald Potter, personal communica-
tion, 2011).
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The critical problem of ultrafiltration monitor-
ing in infants, most critical due to their small 
body size and narrow blood volume safety limits, 
was solved ingeniously by another pioneering 
pediatric HD program in Minneapolis led by 
Michael Mauer and Carl Kjellstrand who devel-
oped electronic weighing equipment on which 
the dialyzing infant lay throughout the procedure. 
The equipment required meticulous calibration 
but was able to very accurately measure weight 
changes to within 3 g [83]. In a review published 
in 1976, Mauer and R.E. Lynch addressed these 
issues and others in an engaging description of 
the state of the art of pediatric HD in North 
America in the early 1970s [84].

Developments in Europe paralleled those in 
North America. In 1975, the second edition of the 
famous French textbook of pediatric nephrology 
was co-edited by Pierre Royer, Renée Habib, 
Michel Broyer, and Chantal Loirat. There were 
six pages about HD, stating as follows: “…The 
management of end-stage renal disease in chil-
dren is a recent experience, and pediatric mainte-
nance hemodialysis had really begun in 
1969-70  in Europe…” [85]. According to these 
authors, there were three major contraindications 
to chronic dialysis in children: (i) systemic dis-
ease such as lupus, (ii) mental retardation, and 
(iii) young age, i.e., below 18 months. Vascular 
accesses included only radial or femoral arterio-
venous shunt or fistula, so that such a procedure 
was limited to children older than 2–3  years. 
There was no specific device for pediatric dialy-
sis, and children suffered from many uncomfort-
able/unacceptable side effects (seizures, severe 
hypotension) during HD sessions. Morbidity pri-
marily consisted of arterial hypertension, renal 
osteodystrophy, anemia, undernutrition, and poor 
growth velocity. However, actuarial patient sur-
vival was reported to be 90% after 3  years on 
chronic HD [85].

By the late 1980s, chronic HD for children 
had become widely available throughout Europe 
and North America. While the goal was always 
preparation for a successful kidney transplant, 
further technical improvements in the delivery of 
dialysis therapy allowed the focus to shift from 
simply prolonging life to rehabilitation and the 

achievement of more normal physical, intellec-
tual, and social development [86].

Among the most recent advances, some have 
brought significant improvement in HD for 
children:

• Daily on-line hemodiafiltration allows better 
nutrition, reduces blood pressure, improves 
left ventricular size and function, improves 
calcium  ×  phosphate control, better controls 
chronic microinflammation, and promotes 
catch-up growth in children [87].

• The lowest age limit for starting HD in chil-
dren has dropped to include neonates thanks 
to specific devices and improvement in gen-
eral care of such patients [88].

• There is better worldwide knowledge and 
investigation of cardiovascular risk factors 
leading to better long-term control and pre-
vention of cardiovascular disease (see 
Chap. 30).

• The use of on-line monitoring equipment for 
chemical/physical signals during HD and bio- 
feedback is growing, such as continuous non- 
invasive monitoring of relative blood volume 
changes during HD, patient-dialysate sodium 
gradient assessment, ionic dialysance and 
plasma conductivity (calculated from on-line 
inlet and outlet dialysate conductivity mea-
surements), estimation of sodium concentra-
tion derived from conductivity, intra-HD urea 
kinetics and delivered dialysis dose from on- 
line urea monitors, and dialysate temperature 
modulation according to blood temperature 
monitoring [89].

 Patient Registries and Multicenter 
Studies

By the early 1970s, it became clear among pedi-
atric nephrologists in North America and Europe 
that the care of children with ESKD required 
separate facilities from those in which adult 
patients were dialyzed. The concept of special-
ized pediatric dialysis centers was pioneered in 
Europe by Michel Broyer, Karl Scharer, Cyril 
Chantler, RA Donckerwolke, Gianfranco 

S. R. Alexander and P. Cochat
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Rizzoni, and many others who stressed the 
importance of concentrating pediatric ESKD 
patients in multidisciplinary pediatric centers 
specially equipped for children and with the 
experience and expertise to care for children on 
dialysis and their families [86]. These units were 
usually attached to university departments of 
pediatrics, as was the case in similar units estab-
lished in North America. However, no single 
pediatric center in Europe or North America 
could hope to treat enough patients to properly 
develop the therapy. As a result, the concept of 
large national and international patient databases 
or registries of children receiving dialysis was 
born.

The first of these was the work of the European 
Dialysis and Transplant Association (EDTA), 
which in 1971 published the first report devoted 
entirely to the care of pediatric dialysis patients 
[90]. The 1971 report presented data on 296 
patients less than 15 years of age at the start of 
RRT who were receiving treatment at 122 cen-
ters, only 5 of which had treated 3 or more pedi-
atric patients, reflecting the practice in Europe at 
that time of managing children on dialysis in 
adult units. In 1976, the components of a pediat-
ric dialysis center were rigorously defined by the 
EDTA to include pediatricians, pediatric nurses, 
dieticians, social workers, child psychologists, 
and school facilities, along with a separate chil-
dren’s ward in which therapy was provided away 
from adult patients [91]. Close association with a 
transplant program was also prescribed, reflect-
ing early recognition of the critical importance of 
transplantation as the therapy of choice for chil-
dren with ESKD.  By 1989, nearly 80% of all 
children receiving dialysis in the countries of the 
EDTA were cared for in specialized pediatric 
centers [92].

Pediatric dialysis in Europe was summarized 
in 2010 with a report on 483 incident and 2512 
prevalent pediatric dialysis patients (age 
<15 years) from 28 countries [93]. In comparison 
to a previous demographic report of the former 
EDTA registry 14 years earlier, the authors found 
a nearly threefold higher incidence and preva-
lence of RRT among children aged younger than 
15 years. They speculated that the difference was 

likely to be due to underreporting to the previous 
EDTA registry, the recent achievement of RRT 
programs for all children in many countries and 
an increasing acceptance and survival of infants 
and children with multiple comorbidities in pedi-
atric RRT programs in Europe, resulting in a 
truly increased incidence and prevalence of RRT 
[93].

In North America, the success of the EDTA 
pediatric registry prompted over 60 pediatric 
ESKD programs to band together in 1987 under 
the leadership of Amir Tejani, Richard Fine, 
Steven Alexander, William Harmon and others to 
form what is now called the North American 
Pediatric Renal Trials and Collaborative Studies 
(NAPRTCS) [94]. The NAPRTCS is a voluntary 
registry restricted to pediatric centers in Canada, 
the United States, Mexico, and Costa Rica that 
initially focused on transplant patients. In 1992, 
the NAPRTCS expanded to include dialysis 
patients and in 1994 expanded again to include 
children with chronic kidney disease (CKD). As 
of July 2019, data have been recorded on 21,316 
children entered into the NAPRTCS registry. 
This includes 10,874 courses of dialysis among 
8507 children and 13,611 kidney transplants per-
formed in 12,525 children and young adults. A 
complete listing of the more than 150 publica-
tions based on NAPRTCS data that have appeared 
since 1990 is available on the NAPRTCS web-
site, as are all of its most recent Annual Data 
Reports (http://web.emmes.com/study/peds).

The most recent addition to the international 
pediatric patient registries is the International 
Pediatric Dialysis Network (IPDN). The IPDN is 
a global consortium of pediatric nephrology cen-
ters dedicated to the care of children on chronic 
dialysis. Currently, 245 institutions participate in 
the network from Europe; Scandinavia; North, 
Central, and South America; and Oceania. The 
IPDN is composed of the IPPN registry for chil-
dren on chronic peritoneal dialysis and the IPHN 
registry for children on hemodialysis. To date 
3773 patients have been enrolled in the IPPN reg-
istry at 128 contributing centers in 43 countries, 
and 1005 patients have been enrolled in the IPHN 
at 85 contributing centers in 36 countries (http://
pedpd.org).
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 Conclusion

The EDTA, NAPRTCS, and the IPDN registries 
have catalogued and promoted the steady growth 
and development of RRT for children that has 
occurred since the 1970s and 1980s. During the 
last four decades, HD and PD in children have 
dramatically improved, with the near disappear-
ance of many of the complications that once 
plagued pediatric hemodialysis; advances in 
peritoneal dialysis have occurred in parallel 
with those in hemodialysis for children, although 
not always at the same pace.

The history of maintenance HD and PD in 
children has been characterized by a series of 
major developments, nearly all of which are dis-
cussed in the ensuing chapters [95–100]:

• Introduction of more efficient and biocompat-
ible synthetic membranes and peritoneal dial-
ysis solutions (Chaps. 13 and 20)

• Erythropoietin treatment (Chap. 32)
• Growth hormone therapy (Chap. 28)
• The development of new therapeutic 

approaches to bone disease and calcium- 
phosphate disorders (Chap. 29)

• Advances in vascular accesses (microsur-
gery for arteriovenous fistulae, new materi-
als for cuffed tunnelled venous catheters) 
(Chap. 19)

• Introduction of pediatric data for dialysis ade-
quacy measurement (Kt/V, urea reduction 
ratio) (Chaps. 13 and 20)

• Novel dialysis strategies (e.g., high-flux dialy-
sis, hemodiafiltration) (Chap. 21)

• Optimizing the use of anticoagulation (low 
molecular weight heparins, regional trisodium 
citrate) (Chap. 20)

• Improving dialysis water quality and bacterial 
safety (ultrapure dialysate)

• Non-invasive investigation of vascular access 
blood flow

• Using urokinase or tPA for the management 
of the thrombosed hemodialysis catheter 
(Chap. 25)

• Improving nutritional assessment and support 
(Chap. 27)

• Using new machines with precise control of 
ultrafiltration by volumetric assessment and 
continuous blood volume monitoring during 
dialysis sessions

• The availability of specific small-size dialyz-
ers and tubing for infants (Chap. 22)

• The use of sodium modelling

In the meantime, HD and PD practice has ben-
efited from specific medical and staff training, 
including educational courses, fellowship pro-
grams, and congresses. Specific regulations have 
also been established for HD and PD practice in 
children. During this period, patient morbidity 
and mortality have significantly decreased. 
Worldwide clinical experience has resulted in 
general practical guidelines for pediatric HD and 
PD, many of which will be discussed in the chap-
ters that follow.

All these improvements have led to better 
quality of life, better nutritional status, better 
neurological development, better psychosocial 
outcome, and better patient survival for those 
children who receive chronic dialysis. All have 
their origins in the work of pioneering medical 
teams, patients, and families beginning almost a 
century ago. It has been a truly exciting story 
that continues to this day. The chapters that fol-
low in this text will address these and other 
recent advances in dialysis therapy for 
children.
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The Biology of Dialysis

William R. Clark and Claudio Ronco

 Introduction

Dialysis forms the cornerstone of therapy for most 
patients with chronic kidney disease Stage V (end-
stage renal disease; ESRD) and many patients 
with acute kidney injury (AKI). Consequently, 
it is imperative that clinicians managing these 
patients understand the fundamental principles of 
dialytic therapies, especially those having a bio-
logic basis. In this chapter, many of these prin-
ciples are reviewed. The topic of uremic toxicity 
is first addressed, with emphasis on the classifica-
tion of uremic toxins based on solute molecular 
weight (MW) and chemical characteristics. The 
dialytic solute removal mechanisms (diffusion, 
convection, and adsorption) broadly applicable to 
all renal replacement therapies are subsequently 
reviewed. As the major determinant of overall effi-
ciency of hemodialysis (HD), the most commonly 
applied renal replacement therapy, diffusive solute 
removal will be rigorously assessed by apply-

ing a “resistance- in-series” model to a dialyzer. 
Moreover, new perspectives on the importance of 
specific membrane characteristics, including pore 
size and fiber inner diameter, will be discussed. 
In much the same way, fluid and mass transfer in 
peritoneal dialysis will be assessed by examining 
the elements of the system: peritoneal microcir-
culation, peritoneal membrane, and the dialysate 
compartment. Finally, from a kinetic perspective, 
the differences between intermittent, continuous, 
and semi-continuous therapies will be discussed, 
with emphasis on quantification of solute removal.

 Biology of Uremic Toxicity

One of the major functions of the kidney is to elim-
inate waste products and toxins generated from a 
variety of metabolic processes [1]. Normal kidney 
function provides efficient elimination of these sol-
utes, allowing for control of their blood and tissue 
concentrations at relatively low levels. On the other 
hand, toxin retention is felt to be a major contribu-
tor to the development of uremia in patients with 
advanced chronic kidney disease and ESRD [2].

In the classic taxonomy, uremic retention 
compounds are divided into three categories [3]: 
small solutes, “middle molecules,” and protein- 
bound toxins. Compounds comprising the first 
category, for which the upper molecular weight 
limit is generally considered to be 500 Da, pos-
sess a high degree of water solubility and mini-
mal or absent protein binding [4]. Despite having 
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significant kinetic differences, both urea and 
creatinine are considered to be representative 
molecules (surrogates) for the small solute class. 
Nevertheless, as discussed below, it remains a 
matter of debate whether these two solutes them-
selves are toxic per se.

The second category of middle molecules 
has largely evolved now to be synonymous with 
peptides and proteins that accumulate in ure-
mia [5]. Although not precisely defined, low 
molecular weight proteins (LMWP) as a class 
have a molecular weight spectrum ranging from 
approximately 500 to 60,000 daltons [6]. Thus, 
peptides with as few as ten amino acids and pro-
teins nearly as large as albumin comprise this 
group. In patients with intact kidney function, 
these compounds are initially filtered by the 
glomerulus and subsequently undergo catabo-
lism with reclamation of the constituent amino 
acids at the level of the proximal tubule [7, 8]. 
While the kidney is not the sole organ responsi-
ble for detoxification of these compounds, renal 
elimination accounts for 30–80% of total meta-
bolic removal.

The final category of uremic retention com-
pounds, one which has received much less atten-
tion than the other two, is protein-bound uremic 
toxins (PBUTs) [9, 10]. As opposed to the above 
small, highly water-soluble toxins, which are 
largely by-products of protein metabolism, 
PBUTs have diverse origins and possess chemi-
cal characteristics that preclude the possibility of 
circulation in an unbound form despite being of 
low molecular weight (<500 daltons also). These 
organic molecules typically have ionic and/or 
hydrophobic characteristics and bind avidly to 
albumin in the blood. Under conditions of nor-
mal kidney function, they are eliminated primar-
ily by organic acid transporters (OATs) residing 
in the proximal tubule [11, 12]. Uremia is associ-
ated with elevated concentrations of both bound 
and unbound forms of PBUTs, with both reduced 
renal elimination and impaired albumin binding 
considered to be important factors [13]. Attention 
has focused on the metabolic products of the 
gut microbiome as the source of many PBUTs, 
including indoxyl sulfate and p-cresol [14, 15] 
(Fig.  2.1). The general topic of uremic toxicity 
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has been comprehensively assessed in a recent 
review by Clark et al. [15].

 Solute Removal Mechanisms 
in Extracorporeal Dialysis

 Diffusion

Diffusion involves the mass transfer of a solute in 
response to a concentration gradient. The inher-
ent rate of diffusion of a solute is termed its dif-
fusivity [16], whether this in solution (such as 
dialysate and blood) or within an extracorporeal 
membrane. Diffusivity in solution is inversely 
proportional to solute MW and directly propor-
tional to solution temperature [17]. Solute dif-
fusion within a membrane is influenced by both 
membrane thickness (diffusion path length) and 
membrane diffusivity [18], which is a function of 
both pore size and number (density).

In hemodialysis (HD), the overall mass trans-
fer coefficient-area product (KoA) is used to 
quantify the diffusion characteristics of a par-
ticular solute–membrane combination under a 
defined set of operating conditions [19]. The 
overall mass transfer coefficient is the inverse of 
the overall resistance to diffusive mass transfer, 
the latter being a more applicable quantitative 
parameter from an engineering perspective:

 K RO O= 1 /  (2.1)

The overall mass transfer resistance can be 
viewed as the sum of resistances in series [20]:

 R R R RO B M D� � �  (2.2)

where RB, RM, and RD are the mass transfer resis-
tances associated with the blood, membrane, and 
dialysate, respectively. In turn, each resistance 
component is a function of both diffusion path 
length (x) and diffusivity (D):

 R x D x D x DO B M D
� � � � � � � � �/ / /  (2.3)

The diffusive mass transfer resistance of 
both the blood and dialysate compartments for 

a hemodialyzer is primarily due to the unstirred 
(boundary) layer just adjacent to the mem-
brane [21, 22]. Minimizing the thickness of 
these unstirred layers is primarily dependent on 
achieving relatively high shear rates, particularly 
in the blood compartment [23]. For similar blood 
flow rates, higher blood compartment shear rates 
are achieved with a hollow fiber dialyzer than 
a flat plate dialyzer. Indeed, based on the blood 
and dialysate flow rates (generally at least 250 
and 500 mL/min, respectively) achieved in con-
temporary HD with hollow fiber dialyzers, the 
controlling diffusive resistance for solutes larger 
than approximately 200 daltons is that due to the 
membrane itself [24] (Fig. 2.2).

Another approach to quantifying diffusive 
mass transfer specifically through an extracorpo-
real membrane is by use of Fick’s law of diffu-
sion [25]:

 N D A C x� � � �� �/  (2.4)

where D is the solute diffusivity (area/time), A 
is the membrane area, ΔC is the transmembrane 
concentration gradient, and Δx is the diffusion 
path length. With increasing solute molecular 
weight, pore size limitations become increasingly 
important in restricting solute entry and limiting 
(“hindering”) diffusion of molecules that gain 
pore entry [26, 27]. Thus, for a given concentra-
tion gradient across a membrane, the rate of dif-
fusive solute removal is directly proportional to 
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the membrane diffusivity and indirectly propor-
tional to the effective thickness of the membrane.

Membrane diffusivity is determined both by 
the pore size distribution and by the number of 
pores per unit membrane area (pore density). 
Based on a model in which a membrane has N 
(straight) cylindrical pores (per unit membrane 
surface area) of radius r oriented perpendicular 
to the flow of blood and dialysate, diffusive sol-
ute flux (φ: mass removal rate per unit membrane 
surface area) can be expressed as [28]:

 � � �� D C t� /  (2.5)

where λ is the solute partition coefficient, D is 
solute diffusivity, ρ is membrane porosity, ΔC is 
the transmembrane concentration gradient, and t 
is membrane thickness. (While the partition coef-
ficient is essentially unity for solutes such as urea 
and creatinine, larger solutes with incomplete 
access to the membrane pores have λ values that 
are less than one.) Membrane porosity is a func-
tion of both pore size and number:

 � �� N r2
 (2.6)

Equations (2.5) and (2.6) suggest diffusive 
transport is relatively favorable for low molecu-
lar weight (LMW) solutes, due not only to the 
inverse relationship between MW and diffusivity 
but also to the greater access of small solutes to 
the membrane pore structure. Equation (2.5) also 
indicates diffusive transport is enhanced at low 
values of membrane thickness.

Diffusive mass transfer rates within a mem-
brane decrease as solute MW increases not only 
due to effect of molecular size itself but also 
due to the resistance provided by the membrane 
pores. The difference in mean pore sizes between 
low-permeability dialysis membranes (e.g., 
regenerated cellulose) and high-permeability 
membranes (e.g., polysulfone, polyacrylonitrile, 
polyethersulfone) has a relatively small impact on 
small solute (urea, creatinine) diffusivities. This 
is related to the fact that even low- permeability 
membranes have pore sizes that are significantly 
larger than the molecular sizes of these solutes. 
However, as solute MW increases, the tight pore 

structure of the low-permeability membranes 
plays an increasingly constraining role such that 
diffusive removal of solutes larger than 1000 
daltons is minimal by these membranes. On the 
other hand, the larger pore sizes which character-
ize high-flux membranes account for their higher 
diffusive permeabilities. Nevertheless, as dis-
cussed subsequently, the relatively limited ability 
of conventional high-flux membranes to remove 
large MW toxins due to pore size restrictions has 
generated interest in the use of membranes with 
larger pore dimensions.

 Solute Removal by Convection

Convective solute removal is primarily deter-
mined by the sieving properties of the mem-
brane used and the ultrafiltration rate [29]. 
The mechanism by which convection occurs is 
termed solvent drag. If the molecular dimensions 
of a solute are such that some degree of mem-
brane permeation can occur, the solute is swept 
(“dragged”) across the membrane in association 
with ultrafiltered plasma water. Thus, the rate of 
convective solute removal can be modified either 
by changes in the rate of solvent (plasma water) 
flow or in the mean effective pore size of the 
membrane.

Hydraulic flux (water permeability), the most 
common criterion traditionally used to classify 
dialysis membranes [16], is an important deter-
minant of convective solute removal. The clinical 
parameter used to quantify water permeability 
is the ultrafiltration coefficient (Kuf), which is 
derived from the relationship between ultrafiltra-
tion rate (Qf) and TMP over a clinically relevant 
range of TMP. As suggested previously, a com-
mon first-order approximation of dialysis mem-
brane pore structure is to assume that all pores 
are parallel and have the same radius, which 
results in ultrafiltrate flow that is perpendicular to 
the flow of blood and dialysate [30]. According to 
the Hagen–Poiseuille law [31], the rate of ultra-
filtrate flow is proportional to the fourth power of 
the pore radius (i.e., r4) at constant TMP. Thus, 
the membrane parameters that have the most sub-
stantial influence on water flux are the average 
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pore size and, to a lesser extent, the pore density 
per unit surface area.

The sieving coefficient is classically used to 
define the convective transport properties of a 
membrane for a specific solute. In Eq. (2.7), the 
sieving coefficient (SC) is the ratio between the sol-
ute concentration in the filtrate (Cf) and the solute 
concentration in the plasma water (Cp)  [25, 29]:

 SC Cf Cp= /  (2.7)

The observed (measured) SC values are influ-
enced by interactions between the membrane and 
blood elements during dialysis. The nonspecific 
adsorption of a plasma protein layer, variously 
known as the secondary membrane, gel, or pro-
tein cake, reduces effective membrane permeabil-
ity immediately upon exposure to blood [32–35] 
in a process known as fouling. In the convective 
removal of specific solutes, the influence of sec-
ondary membrane formation is directly propor-
tional to solute molecular weight. The proteins 
found in the highest concentrations in the plasma, 
such as albumin, fibrinogen, and immunoglobu-
lins, are the predominant components of the 
secondary membrane. This layer of proteins, by 
serving as an additional resistance to mass trans-
fer, effectively reduces both the water and solute 
permeability of an extracorporeal membrane. 
Evidence of this is found in comparisons of sol-

ute sieving coefficients determined before and 
after exposure of a membrane to plasma or other 
protein-containing solution [36]. In general, the 
extent of secondary membrane development and 
its effect on membrane permeability is directly 
proportional to the membrane’s adsorptive ten-
dencies (i.e., hydrophobicity). Therefore, this 
process tends to be most evident for high-flux 
synthetic membranes, such as polysulfone and 
polymethylmethacrylate.

Both the water and solute permeability of 
a membrane used for therapies which involve 
relatively high ultrafiltration rates are influenced 
not only by secondary membrane formation but 
also concentration polarization [29] (Fig.  2.3). 
Although concentration polarization primarily 
pertains to plasma proteins, it is distinct from 
secondary membrane formation. Concentration 
polarization specifically relates to ultrafiltration- 
based processes and applies to the kinetic 
behavior of an individual protein. Accumulation 
of a plasma protein that is predominantly or 
completely rejected by a membrane used for 
ultrafiltration of plasma occurs at the blood 
compartment membrane surface. This surface 
accumulation causes the protein concentration 
just adjacent to the membrane surface (i.e., the 
submembranous concentration) to be higher than 
the bulk (plasma) concentration. In this manner, 
a submembranous (high) to bulk (low) concen-
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tration gradient is established, resulting in “back-
diffusion” from the membrane surface out into 
the plasma. At steady state, the rate of convec-
tive transport to the membrane surface is equal 
to the rate of backdiffusion. The polarized layer 
of protein is the distance defined by the gradi-
ent between the submembranous and bulk con-
centrations. This distance (or thickness) of the 
polarized layer, which can be estimated by mass 
balance techniques, reflects the extent of the con-
centration polarization process.

Conditions which promote concentration 
polarization are high ultrafiltration rate (high rate 
of convective transport), low blood flow rate (low 
shear rate), and the use of post-dilution (rather 
than pre-dilution) replacement fluids (increased 
local protein concentrations) [37]. By definition, 
concentration polarization is applicable in clini-
cal situations in which relatively high ultrafil-
tration rates are used. Therefore, in the chronic 
dialysis setting, this phenomenon is potentially 
important in convective therapies (hemofiltration 
and hemodiafiltration).

The extent of the concentration polarization 
process determines its effect on actual solute 
(protein) removal. In general, the degree to which 
the removal of a protein is influenced correlates 
directly with that protein’s extent of rejection by 
a particular membrane. In fact, concentration 
polarization actually enhances the removal of a 
MW class of proteins (30,000–70,000 daltons) 
that otherwise would have minimal convective 
removal. This is explained by the fact that the 
pertinent blood compartment concentration sub-
jected to the ultrafiltrate flux is the high submem-
branous concentration primarily rather than the 
much lower bulk concentration. Therefore, the 
potentially desirable removal of certain proteins 
in this size range (e.g., β2M in ESRD patients) has 
to be weighed against the undesirable increase in 
convective albumin losses.

On the other hand, the use of very high ultra-
filtration rates in conjunction with other con-
ditions favorable to protein polarization may 
significantly impair overall membrane perfor-
mance. The relationship between ultrafiltration 

rate and transmembrane pressure (TMP) is lin-
ear for relatively low ultrafiltration rates, and the 
positive slope of this line defines the ultrafiltra-
tion coefficient of the membrane. However, as 
ultrafiltration rate further increases, this curve 
eventually plateaus [38]. At this point, main-
tenance of a certain ultrafiltration rate is only 
achieved by a concomitant increase in TMP. At 
sufficiently high TMP, gelling of the membrane 
with denatured proteins may occur, and an irre-
versible decline in solute and water permeability 
of the membrane ensues. Therefore, the ultrafil-
tration rate (and associated TMP) used for a con-
vective therapy with a specific membrane needs 
to fall on the initial (linear) portion of the UFR 
vs. TMP relationship with avoidance of the pla-
teau region.

 Solute Removal by Internal Filtration

Conventional membranes that are used in hemo-
dialysis generally provide high clearance rates for 
small solutes such as urea and creatinine, irre-
spective of flux. However, membranes in current 
use, even those that are traditionally considered 
to be highly permeable, provide limited clear-
ance of compounds >10  kDa for several rea-
sons. Although these membranes have relatively 
large mean pore sizes (at least in comparison to 
unmodified cellulosic membranes), they still offer 
substantial mass transfer resistance to the diffu-
sive removal of large solutes. Furthermore, foul-
ing has a considerable effect on convective solute 
clearances, especially for molecules >10  kDa 
[35]. These constraints are particularly relevant 
in conditions involving high ultrafiltration rates, 
which promote secondary membrane formation 
by more effectively delivering plasma proteins to 
the membrane surface through convection (versus 
lower ultrafiltration rates). In typical hemodialysis 
operating conditions, the water permeability char-
acteristics for a standard high-flux dialyzer result 
in a fairly large drop in the blood compartment 
axial (i.e., arterial end to venous end) pressure 
during treatment. The pressure drop is sufficiently 
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large that, at some point along the length of the 
dialyzer, the blood compartment pressure is less 
than the dialysate  compartment pressure in nor-
mal operating conditions. Thus, especially con-
sidering the oncotic effects of plasma proteins in 
the blood compartment, there is a point at which 
the ultrafiltrate begins to be driven from the dial-
ysate to the blood, as opposed to the “standard” 
(blood–dialysate) direction in the more proximal 
part of the dialyzer (Fig. 2.4). In fact, this com-
bination of filtration and “backfiltration” [39–41] 
is considered to be the predominant mechanism 
by which larger compounds are removed dur-
ing standard high- flux hemodialysis [42, 43], as 
explained further below.

The concentration of a molecule that is 
removed from the blood by convection in the 
proximal part of a high-flux dialyzer is sub-
stantially reduced once it crosses the membrane 
owing to the combination of sieving and the 
diluting effect of dialysate flow. When a portion 
of the dialysate is reinfused back into the blood 
as backfiltrate in the distal segment of the dia-
lyzer, the amount of solute reinfused by solvent 

drag is negligible compared with that removed 
in the proximal part of the dialyzer owing to the 
blood–dialysate concentration difference, even if 
the filtration and backfiltration rates are similar. 
In fact, the reinfused fluid can be considered an 
“internal” substitution fluid because the concen-
tration of the solute of interest is essentially zero. 
As such, in the context of high-flux hemodialy-
sis, this mechanism has been termed “internal 
hemodiafiltration” or, more commonly, internal 
filtration. Maximizing the extent of internal fil-
tration during high-flux hemodialysis through a 
combination of increased membrane permeabil-
ity (increased pore size) and higher axial blood 
compartment resistance (decreased hollow fiber 
inner diameter) (44–46; see below) can provide 
clinically meaningful increases in large solute 
clearance. Internal filtration rates are estimated 
to be as high as 60 ml/min (~3.5  l/h) [40], and 
new membrane designs may be able to extend 
this range. However, strict control of dialysate 
quality is clearly of paramount importance in 
high-flux hemodialysis, especially when using 
such membranes.
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 New Membrane Designs 
for Enhanced Removal of Large 
Toxins

While dialyzer classification has been based tradi-
tionally on water permeability (flux), new schemes 
that focus more on solute permeability properties 
have been proposed. These new classification 
systems acknowledge the importance of larger 
MW uremic toxins and the need to incorporate 
additional membrane classes that have extended 
removal spectra. High-flux and “protein-leaking” 
membranes have been defined on the basis of a 
combination of water permeability, β2m removal 
parameters (sieving coefficient or clearance), and 
albumin parameters (sieving coefficient or amount 
removed) [47]. In this system, the high-flux class 
is defined by a water permeability of 20–40 ml/h/
mmHg/m2, a β2m SC of 0.7–0.8, and albumin 
loss of <0.5 g (on the basis of a 4 h hemodialysis 
treatment), whereas the same parameters defining 
a protein-leaking membrane are >40 m/h/mmHg/
m2, 0.9–1.0, and 2–6 g, respectively. Although not 
explicitly stated, the Kuf and β2m SC values cor-
respond to “virgin” membrane performance and 
do not reflect potential diminutions during treat-
ment as a result of secondary membrane effects. 
Two new membrane classes, medium cut-off 
(MCO) and high cut-off (HCO), have been pro-

posed, extending the earlier classification scheme 
[24]. The HCO class is characterized by a substan-
tial increase in water permeability (relative to both 
the high-flux and the protein-leaking classes) and 
a virgin β2m SC of 1.0 [48]. However, the high 
albumin loss rates associated with this membrane 
class generally preclude their long-term use for 
patients with ESRD [49].

Thus, the design challenge is to maximize the 
removal of large uremic toxins while also main-
taining albumin losses in a clinically acceptable 
range for long-term treatment of patients with 
ESRD.  MCO membranes incorporate high- 
retention onset (HRO) properties, and this class 
may hold promise in addressing the challenge 
of achieving acceptable albumin losses. In com-
parison to HCO membranes, the MCO class is 
intended to preserve the β2m sieving character-
istics and to improve the clearance of other large 
molecular weight solutes (e.g., free antibody light 
chains) while demonstrating a marked reduction 
in albumin permeability (Fig. 2.5).

 Solute Removal by Adsorption

For certain HD membranes, adsorption (binding) 
may be the dominant or sole mechanism by which 
some hydrophobic compounds (e.g., peptides 
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and proteins) are removed [50–52]. The adsorp-
tive surface area of a membrane resides primar-
ily in the pore structure rather than the nominal 
surface area. As such, the adsorption of a LMW 
protein is highly dependent on access of the pro-
tein to a membrane’s internal pore structure [53]. 
Consequently, adsorption of peptides and LMW 
proteins, such as β2M, to low-flux membranes is 
not expected to be clinically significant, at least 
in comparison to that which occurs to high-flux 
membranes. The adsorption affinity of certain 
high-flux synthetic membranes for proteins and 
peptides is particularly high, generally attribut-
able to the relative hydrophobicity of these mem-
branes [54].

 Peritoneal Dialysis: Biologic and Mass 
Transfer Considerations

The peritoneal dialysis system has three major 
components: (1) the peritoneal microcirculation, 
(2) the peritoneal membrane, and (3) the dialysate 
compartment that includes the composition of the 
solution and the modalities of delivery. All these 
three components may have an important impact 
on the final performance of the technique [55].

 Factors Affecting Solute Transport

The Dialysate Compartment In Fig. 2.6, urea 
clearance is plotted against dialysate flow rate. 
The curve identifies three specific regions. The 
first region includes the dialysate flow rates typ-
ical for continuous ambulatory peritoneal dialy-
sis (CAPD) involving three to five exchanges/
day. In this region, the correlation is very steep, 
and clearance displays significant changes even 
in response to minimal changes in the dialysate 
flow. This region is therefore dialysate flow 
dependent or flow limited, since the volume of 
the dialysate per day is the factor that chiefly 
limits the clearance value. In this region, it 
would be simple theoretically to increase the 
dialysate flow by a few mL/day to achieve 
much higher clearances and, consequently, 
significant increases in Kt/V.  However, while 
theoretically possible this would not be fea-
sible in practice since it would mean carrying 
out six to ten exchanges/day. Therefore, a typi-
cal CAPD technique is basically dialysate flow 
limited. The only possible way to increase the 
dialysate flow without increasing the number of 
exchanges is to increase the volume of solution 
per exchange.
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The second part of the curve is the typical region 
of automated or intermittent peritoneal dialysis. 
The dialysate flows may vary significantly due 
to a variation of the dwell time (from 30  min 
to 0) and on the number of exchanges per day. 
Assuming a 30 min dwell time and 20 min for 
influx and outflow, 12 2 liter exchanges can be 
performed overnight for an overall duration of 
10 h. Finally, the third part of the curve of Fig. 2.6 
is the region where the plateau is reached, and fur-
ther increases in dialysate flow rates do not result 
in parallel increases in clearance. This region has 
been explored experimentally utilizing continu-
ous flow peritoneal dialysis (CFPD) performed 
with double lumen peritoneal catheters [56] and 
theoretical mathematical models based on mass 
transfer-area coefficient (MTC) calculations 
[57]. The value of the mass transfer coefficient is 
a function of the product of the overall permea-
bility of the peritoneum and the available surface 
area of the membrane. This parameter is based 
on the calculation made for each single subject of 
the maximal clearance theoretically achievable at 
infinite blood and dialysate flow rates (i.e., at a 
constantly maximal gradient for diffusion).

The abovementioned regions of the curve 
describe the relationship between dialysate flow 
and solute transport. Other factors such as dialy-
sate temperature, intraperitoneal volume, and 
dialysate osmolality represent further factors 
affecting solute transport either by increasing the 
diffusion process or by adding some convective 
transport due to increased ultrafiltration rates.

The Peritoneal Dialysis Membrane The perito-
neal dialysis membrane is a living structure that 
can be considered more a functional barrier than 
a precisely defined anatomical structure. Based 
on the flow/clearance curve described above, a 
question may arise: Why is the value of the MTC 
so low in peritoneal dialysis compared with other 
dialysis treatments, and is the membrane involved 
in such limitations?

The three-pore model has been proposed by 
Rippe et  al. to explain the peculiar behavior of 
the peritoneal membrane in relation to macro-

molecules, micromolecules, and water transport 
[58]. According to this model, human peritoneum 
appears to behave as a membrane with a series 
of differently sized pores: large pores of 25 nm 
(macromolecule transport), small pores of 5 nm 
(micromolecule transport), and ultrasmall pores 
(water transport). The anatomical structure of 
these ultrasmall pores corresponds to the water 
channels created by a specific protein (aquapo-
rin) acting as a carrier for water molecules.

This model locates the main resistance to 
transport at the level of the capillary wall, con-
sidering all other anatomical structures as a 
negligible site of resistance. Only recently, the 
interstitium has been included as an additional 
site of resistance. A controversial opinion is 
offered by the “distributed model” of Flessner 
et al. [59]. In this model, the main resistance to 
transport is apparently located in the interstitial 
tissue. This anatomical entity consists of a dou-
ble density material, containing water and gly-
cosaminoglycans in different proportions. The 
interstitial matrix seems to act as the main site of 
resistance to solute and water transport from the 
blood stream to the peritoneal cavity. The sol-
ute diffusivity in free water is greater than that 
in the tissue by more than one order of magni-
tude. Accordingly, not only the structure of the 
interstitium but also the thickness of the glycos-
aminoglycan layer may play an important role 
in restricting the diffusive transport of solutes. 
There is a certain discrepancy between the two 
models, and overall transport process is prob-
ably governed by a more complex and integrated 
series of events, each with a remarkable but not 
absolute importance.

The Peritoneal Microcirculation Despite sev-
eral lines of evidence suggesting that peritoneal 
blood flow should be high enough to avoid any 
limitation in solute clearances and ultrafiltration, 
the real impact of effective blood flow on the effi-
ciency of the peritoneal dialysis system is still 
controversial [60]. Experimental work has in fact 
suggested that peritoneal ultrafiltration and solute 
clearances might be blood flow limited at least in 
some conditions [61].
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Although mesenteric blood flow averages 
10% of cardiac output, peritoneal capillary blood 
flow seems to vary between 50 and 100 mL/min. 
“Effective” flow involved in peritoneal exchanges 
is, however, unknown and it could be much lower. 
Gas clearance studies have suggested that peri-
toneal blood flow may be as high as 68–82 mL/
min [62], while other studies have suggested 
much lower values of effective blood flow [63]. 
Gas clearance studies were based on the assump-
tion that peritoneal gas clearance is equivalent 
to effective blood flow, but this assumption may 
not necessarily represent the actual condition. In 
recent studies, we have obtained an indirect mea-
sure of effective blood flow of between 25 and 
45 mL/min [64].

When peritoneal dialysis is carried out with 
short exchanges and high dialysate flows, solute 
clearances and ultrafiltration rate are still rather 
low if compared with extracorporeal HD. Some 
authors have hypothesized these parameters to be 
limited mostly by the permeability of peritoneal 
mesothelium or by the peritoneal membrane as 
a whole (vascular endothelium, interstitium, and 
mesothelium). As an alternative, we have pro-
posed that peritoneal blood flow might be the 
major limiting factor in rapid peritoneal dialysis 
exchanges [63, 65, 66].

The results obtained by a study in which a 
fragment of human peritoneum was perfused in a 
closed vascular loop displayed a linear correlation 
between the inlet blood flow and the rate of ultra-
filtration, with a stable value of the filtration frac-
tion [61]. The linear correlation between small 
solute clearance and blood flow, even at these 
high blood flows, seems to suggest that small 
solute clearance in peritoneal dialysis is probably 
limited more by the low effective blood flow than 
by the low permeability of the peritoneal mem-
brane [67]. For larger solutes such as inulin, the 
low diffusion coefficients of the molecule may 
represent the most important limitation to trans-
port. All these observations led to the formulation 
of the “nearest capillary hypothesis” [68].

Considering the peritoneal microvascula-
ture as a network of capillaries with a three- 

dimensional distribution and different distances 
from the mesothelium, the diffusion distances 
of solutes as well as the glucose backdiffusion 
distances may be different in different popula-
tions of capillaries. In this condition, the capil-
lary situated closest to the mesothelium would 
experience a greater osmotic effect compared 
with those located further away, presenting a fil-
tration fraction much higher compared with the 
others. The final effect would be represented by 
an average value of clearance and ultrafiltration 
to which proximal and distant capillaries are dif-
ferently contributing. Clearance and ultrafiltra-
tion could be limited by low blood flow at least 
in the capillaries closest to the peritoneal meso-
thelium. While in distant capillaries blood flow 
could be enough to avoid significant limitations, 
the effective blood flow in the capillaries closest 
to mesothelium might be too low. The vascular 
reserve, represented by the most distant capillar-
ies, would only participate partially in the perito-
neal exchanges because of the greater distance to 
the mesothelium and the interference of the inter-
stitial surrounding tissue. In such a condition, the 
central role of the interstitium becomes evident 
as well as its hydration state.

 Relationship Between Clearance 
and Mass Removal Rate Among 
Various Renal Replacement Therapies

Quantification of solute removal by RRT is com-
plicated by the confusion relating to the relation-
ship between clearance and mass removal for 
different therapies. Exploring this relationship 
for the renal handling of urea at differing levels 
of native kidney function is an instructive first 
step. By definition [69], solute clearance (K) is 
the ratio of mass removal rate (N) to blood solute 
concentration (CB):

 K N C= / B (2.8)

From this relatively simple expression, it is 
clear that a defined relationship between clear-
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ance and mass removal rate is not necessarily 
expected to exist. The assumption of a steady- 
state condition in this situation implies that 
overall removal of a solute is exactly balanced 
by its generation to produce a constant blood 
concentration. Therefore, for two patients with 
widely different levels of native kidney func-
tion but the same rate of urea generation (i.e., 
dietary protein intake), steady state is charac-
terized by equivalent mass removal rates but 
significantly different urea clearance and BUN 
values.

The situation is more complicated in renal 
failure patients treated with various forms of 
RRT.  As discussed by Henderson et  al. [70], 
the mass removal rate of small solutes like 
urea is very high during the early stage of an 

intermittent HD treatment due to a favorable 
transmembrane concentration gradient for dif-
fusion at this time. However, as this gradient 
dissipates, mass removal rate declines despite 
a constant dialyzer urea clearance (assuming 
dialyzer function is preserved during the treat-
ment) (Fig.  2.7a). A different time-dependent 
relationship between instantaneous clearance 
and mass removal rate is observed during a 
typical CAPD exchange. As also described 
by Henderson et  al. (Fig.  2.7b), instanta-
neous clearance progressively falls during 
the course of an exchange concomitant with 
a decreasing transmembrane concentration 
gradient. Therefore, both mass removal rate 
and clearance, derived by measuring solute 
mass in the effluent dialysate collected over 
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an entire exchange, are actually time-averaged 
parameters. Finally, continuous RRT (CRRT) 
used in AKI provides additional proof that 
the relationship between clearance and mass 
removal rate is therapy specific. In Fig.  2.7c, 
this relationship for CRRT operated at steady 
state with respect to BUN (in a patient with a 
constant protein catabolic rate) is shown [71]. 
In this situation, as long as urea clearance by 
the hemofilter is constant, mass removal rate 
is also constant such that the two parallel one 
another, and cumulative removal is related to 
time in a linear manner.

 Clearance as a Dialyzer 
Performance Parameter

 Whole-Blood Clearance

For a hemodialyzer, mass removal rate is simply 
the difference between the rate of solute mass (i.e., 
product of flow rate and concentration) presented 
to the dialyzer in the arterial bloodline and the rate 
of solute mass leaving the dialyzer in the venous 
blood line. This mass balance applied to the dia-
lyzer results in the classical (i.e., arteriovenous) 
whole-blood dialyzer clearance equation [72]:

 K Q C Q C C Q C CB Bi Bi Bo Bo Bi F Bo Bi� �� � � �� ��� �� � �� �/ /   (2.9)

In this equation, KB is whole-blood clearance, QB 
is blood flow rate, CB is whole-blood solute con-
centration, and QF is net ultrafiltration rate. [The 
subscripts “i” and “o” refer to the inlet (arterial) 
and outlet (venous) blood lines.]

It is important to note that diffusive, convec-
tive, and possibly adsorptive solute removal 
occur simultaneously in HD. For a non-adsorb-
ing solute like urea, diffusion and convection 
interact in such a manner that total solute removal 
is significantly less than what is expected if 
the individual components are simply added 
together. This phenomenon is explained in the 
following way. Diffusive removal results in a 
decrease in solute concentration in the blood 
compartment along the axial length (i.e., from 
blood inlet to blood outlet) of the hemodialyzer. 
As convective solute removal is directly propor-
tional to the blood compartment concentration, 
convective solute removal also decreases as a 
function of this axial concentration gradient. 
On the other hand, hemoconcentration result-
ing from ultrafiltration of plasma water causes a 
progressive increase in plasma protein concen-
tration and hematocrit along the axial length of 
the dialyzer. This hemoconcentration and resul-
tant hyperviscosity causes an increase in diffu-
sive mass transfer resistance and a decrease in 

solute transport by this mechanism. The effect 
of this interaction on overall solute removal has 
been analyzed rigorously by numerous investi-
gators. The most useful quantification has been 
developed by Jaffrin [73]:

 K K Q TT D F r� � �  (2.10)

In this equation, KT is total solute clearance, KD 
is diffusive clearance under conditions of no net 
ultrafiltration, and the final term is the convec-
tive component of clearance. The latter term is 
a function of the ultrafiltration rate (QF) and an 
experimentally derived transmittance coefficient 
(Tr), such that:

 T S K Qr D B� �� �1 /  (2.11)

where S is solute sieving coefficient. Thus, Tr 
for a particular solute is dependent on the effi-
ciency of diffusive removal. At very low values 
of KD/QB, diffusion has a very small impact on 
blood compartment concentrations, and the 
convective component of clearance closely 
approximates the quantity S*QF. However, with 
increasing efficiency of diffusive removal (i.e., 
increasing KD/QB), blood compartment concen-
trations are significantly influenced. The result is 
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a decrease in Tr and, consequently, in the convec-
tive contribution to total clearance.

 Blood Water and Plasma Clearance

An implicit assumption in the determination of 
whole-blood clearance is that the volume from 
which the solute is cleared is the actual volume 
of blood transiting through the dialyzer at a cer-
tain time. This assumption is incorrect for two 
reasons. First, in both the erythron and plasma 
components of blood, a certain volume is com-
prised of solids (proteins or lipids) rather than 
water. Second, for solutes like creatinine and 
phosphate which are distributed in both the ery-
thron and plasma water, slow mass transfer from 
the intracellular space to the plasma space (rela-
tive to mass transfer across the dialyzer) results 
in relative sequestration (compartmentalization) 
in the former compartment [74–76]. This reduces 
the effective volume of distribution from which 
these solutes can be cleared in the dialyzer. As 
such, whole-blood dialyzer clearances derived by 
using plasma water concentrations in conjunc-
tion with blood flow rates, a common practice 
in dialyzer evaluations, result in a significant 
overestimation of actual solute removal. The 
more appropriate approach is to employ blood 
water clearances, which account for the above 
hematocrit- dependent effects on effective intra-
dialyzer solute distribution volume [77]:
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(2.12)

where QBW is blood water flow rate. In this equa-
tion, for a given solute, K is the RBC water/
plasma water partition coefficient for a given 
solute, α is the transcellular rate constant (units: 
time−1), and t is the characteristic dialyzer resi-
dence time. Estimates for these parameters have 
been provided by numerous prior studies and 
have been summarized by Shinaberger et al. [78]. 
(The factor 0.93 in Eq. (2.12) corrects for the vol-
ume of plasma occupied by plasma proteins and 
lipids.) Finally, KBW can be calculated by substi-
tuting QBW for QB in Eq. (2.9).

Although the distribution volume of many ure-
mic solutes approximates total body water, it is 
much more limited for other toxins, particularly 
those of larger MW.  For example, the distribu-
tion space of β2M and many other LMW pro-
teins is the extracellular volume. Consequently, 
when using Eq. (2.2) to determine β2M clear-
ance, plasma flow rates (inlet and outlet) should 
replace blood flow rates in the first term of the 
right-hand side of the equation.

The distinction between whole blood, blood 
water, and plasma clearances is very important 
when interpreting clinical data. However, clear-
ances provided by dialyzer manufacturers are 
typically in  vitro data generated from experi-
ments in which the blood compartment fluid is 
an aqueous solution. Although these data provide 
useful information to the clinician, they overes-
timate actual dialyzer performance that can be 
achieved clinically (under the same conditions). 
This overestimation is related to the inability of 
aqueous-based experiments to capture the effects 
of red blood cells (see above) and plasma pro-
teins (see below) on solute mass transfer.

 Dialysate-Side Clearance

As indicated in Eq. (2.8), solute clearance is the 
ratio of mass removal rate to blood concentration. 
Although blood-side measurements are typically 
used to determine solute mass removal rate, 
clearance can also be estimated from dialysate- 
side measurements:

 K Q C CD Do Do Bi� � /  (2.13)

In this equation, dialysate-side solute clearance 
(KD) is determined by measuring the rate of 
mass appearance in the effluent dialysate stream 
(QDo*CDo). Dialysate-side measurements provide 
more accurate mass transfer information than 
do blood-side determinations and are generally 
considered the “gold standard” dialyzer evalua-
tion technique. Relative to dialysate-side values, 
whole-blood clearances substantially overesti-
mate true dialyzer performance [77]. Blood water 
clearances also moderately overestimate dialyzer 
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performance, although the agreement between 
these and simultaneous dialysate-side values 
(for non-adsorbing solutes) is usually within 5% 
under rigorous test conditions. The major disad-
vantage of dialysate-based clearance techniques 
is the need to assay solute concentrations at very 
low concentrations. For some solutes (e.g., phos-
phate), these dilute concentrations may be diffi-
cult to assay with standard automated chemistry 
devices.

 Whole-Body Clearance

The discussion to this point has focused on clear-
ance of a solute by the dialyzer but has not focused 
on the effects of solute compartmentalization on 
effective dialytic removal. As discussed above, one 
compartment in which solute sequestration occurs 
is the red blood cell water. Compartmentalization 
may also occur during HD within other organ 
systems or anatomical spaces. During HD, direct 
removal of a particular solute can only occur from 
that portion of its volume of distribution which 
actually perfuses the dialyzer, and sequestration 
of solute occurs in the remaining volume of dis-
tribution. Solute compartmentalization involves 
an interplay between dialyzer solute clearance 
and patient/solute parameters, such as compart-
ment volumes and intercompartment mass trans-
fer resistances [79]. Even if solute removal by the 
dialyzer is relatively efficient, overall (effective) 
solute removal may be limited by slow intercom-
partment mass transfer within the body.

To account for these effects of “intra- 
corporeal” solute compartmentalization on over-
all solute removal, many clinicians prefer to use 
whole-body rather than dialyzer clearance, as the 
former is felt to be a better measure of overall 
treatment efficacy [80]. Whole-body clearance 
methodologies employ blood samples obtained 
before and after the HD treatment. An example 
of a widely used whole-body clearance approach 
is the second-generation Daugirdas equation 
[81]. In this approach, a logarithmic relation-
ship between delivered urea Kt/V and the extent 
of the intradialytic reduction in the BUN is 
assumed. Two issues complicate the use of these 

methodologies. One is the assumed distribution 
volume of the solute for which the clearance is 
being estimated and whether or not this volume is 
multi- compartmental. The second important con-
sideration, incorporation of the effects of post-
HD rebound, is closely tied to multi- compartment 
kinetics [79].
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 Introduction

The use of chronic dialysis to sustain the lives of 
children with end-stage kidney disease (ESKD) 
has been available in developed countries since 
the 1970s [1, 2]. Advances in technology have 
made long-term dialysis a viable treatment 
option for pediatric ESKD patients of all ages, 
from newborns to adolescents [2, 3]. While a 
successful kidney transplant remains the treat-
ment of choice for all pediatric ESKD patients, 
almost three-fourths of these children require 
chronic dialysis while awaiting transplantation 
for periods ranging from a few months to several 
years [4, 5].

The pediatric dialysis population is remark-
ably heterogeneous in many ways, as will be 
described in this chapter. Unlike adult dialysis 
populations in which the primary kidney disease 
diagnoses tend to cluster within a narrow range 
of etiologies, pediatric dialysis populations dis-
play a variety of different primary kidney disor-
ders, many of which must still be considered in 

overall patient management, despite having 
reached end-stage levels of kidney function [6].

In this chapter, we have attempted to broadly 
describe the pediatric dialysis patient population 
by examining available data on such basic demo-
graphic characteristics as age at presentation, pri-
mary kidney disease diagnosis, and dialysis 
modality choice. Comprehensive data on the 
demographics of a region’s or a nation’s pediatric 
dialysis patient population are available from 
several large ESKD patient registries and a few 
published reviews [7–13]. Our objective is not to 
attempt a precise accounting of these data, nor is 
it to systematically compare findings from one 
pediatric ESKD registry to another. While the 
methodology required for such rigorous cross- 
registry analyses exists, it would require access to 
data elements beyond the summaries published 
in available registry reports. Rather, we have 
attempted to use and interpret available informa-
tion to provide a snapshot of pediatric chronic 
dialysis as it has been practiced around the world 
during the early decades of the twenty-first 
century.

 Sources of Demographic Data 
on Pediatric Dialysis Patients

The European Dialysis and Transplant 
Association  – European Renal Association 
(EDTA) The importance of differences that 
characterize pediatric dialysis patient 
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 demographics when compared to adult patients 
was first understood as a result of the pioneering 
efforts of the EDTA, which has published an 
annual report containing pediatric summary data 
from a group of European countries for more 
than 20 years. Many of the survey techniques and 
conventions piloted and refined by the EDTA 
were later adopted by pediatric registries in other 
regions. During the past few decades, the work of 
the EDTA with regard to pediatric dialysis was 
supplanted by the development of national ESKD 
patient registries, some of which have focused on 
pediatric issues. From its new coordinating cen-
ter at the University of Amsterdam, the EDTA 
resumed publication of an annual report in 1998. 
The latest ERA-EDTA 2016 Report, available at 
https://www.era-edta-reg.org/index.jsp, contains 
summary data from 36 European countries on 
patients of all ages in which information on chil-
dren is largely reported in aggregate for the age 
group 0–19 years.

The North American Pediatric Renal Trials 
and Collaborative Studies (NAPRTCS) The 
NAPRTCS is a voluntary collaborative data- 
sharing and research effort supported by more 
than 140 pediatric kidney treatment centers in 
the United States, Canada, Mexico, and Costa 
Rica. Founded in 1987 to study kidney trans-
plantation, the NAPRTCS expanded in 1992 to 
include children receiving dialysis in participat-
ing NAPRTCS transplant centers. NAPRTCS 
enrolls dialysis patients up to their 21st birthday 
and thus describes a slightly older cohort than 
the other registries. Information was obtained for 
the present review from the NAPRTCS 2011 and 
2014 Annual Data Reports, available at https://
web.emmes.com/study/ped/annlrept/annlrept.
html [9, 14].

The United States Renal Data System 
(USRDS) The USRDS provides a different per-
spective on pediatric dialysis in the United States 
from that seen in the NAPRTCS.  The USRDS 
pediatric data are compiled from reports submit-
ted to the US government healthcare funding 
agency on all dialysis patients eligible for gov-

ernment support, which includes almost all pedi-
atric patients. Thus, while the NAPRTCS contains 
pediatric data compiled only in specialized pedi-
atric kidney centers in four North American 
countries, the USRDS includes data on children 
treated in both adult and pediatric centers in the 
United States. In addition, patients are included 
in USRDS pediatric reports only if they initiated 
dialysis prior to their 19th birthday. The 2018 
USRDS Annual Data Report is available on the 
Internet at https://www.usrds.org/adr.aspx [15].

The International Pediatric Peritoneal Dialysis 
Network (IPPN) IPPN started as a database for 
peritoneal dialysis (PD) but has now expanded to 
include hemodialysis (HD) patients as well so 
that its new name is the International Pediatric 
Dialysis Network (IPDN). The network is a 
global consortium of pediatric nephrology cen-
ters dedicated to the care of children on chronic 
dialysis. To date, 3582 patients have been enrolled 
in the PD registry at 126 contributing centers in 
43 countries, and 864 patients have been enrolled 
in the HD registry at 82 contributing centers in 36 
countries (http://www.pedpd.org).

The International Pediatric Nephrology 
Association (IPNA) IPNA is currently develop-
ing a new global registry, the aim being to 
improve knowledge about the incidence and out-
comes of pediatric renal replacement therapy 
(RRT) around the globe. By use of a question-
naire to its members, so far 94 countries (repre-
senting 86.2% of the world childhood population) 
have responded, and 84 countries report they 
have the means to provide RRT to children. 
Among the 84 countries providing RRT, 51 
(60.7%) had national registries for both dialysis 
and transplantation, 9 (10.7%) had either a dialy-
sis or a transplant registry, 6 participated in inter-
national registries only (7.1%), and in 18 
(21.4%), children on RRT were not followed in 
any registry (Fig.  3.1). A systematic search of 
the literature related to this study identified 92 
pediatric RRT registries, primarily national reg-
istries located in Europe, North America, and 
Asia [7].
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 Incidence and Prevalence

 Access to Dialysis Around the World

Significant variations in the incidence of RRT in 
children exist in the world. Figure  3.2 shows the 
incidence of RRT in children in 2008 by country 
[16]. There are huge disparities in access to dialysis 
for children around the world (Fig.  3.3) [7, 17]. 
Management of the child with ESKD is labor-inten-
sive and costly and is restricted in countries where 
resources are limited. Indeed, over three quarters of 
children on RRT live in Europe, North America, or 
Japan, where such treatment is available to the 
majority of children. However, children in the rest 
of the world are not so advantaged: a recent meta-
analysis of studies and reports from sub-Saharan 
African countries found that most children with 
ESKD remain undiagnosed and untreated and die. 
Among those who were dialyzed, 61% received one 
or more dialysis sessions, and only 35% remained 
on dialysis for at least 3 months. One-third died or 
were presumed to have died without transplanta-
tion. The most likely explanation for the inability to 
commence or continue treatment was that families 
were unable to pay [18].

The IPDN looked at the impact of economic 
conditions on chronic PD practices and outcomes 
in 33 countries around the world. Compared to 

higher-income countries, in low-income coun-
tries, the dialysis populations had a smaller frac-
tion of children younger than 3 years of age at 
dialysis initiation and were less likely to have 
comborbidities in addition to kidney disease. 
Children on PD in low-income countries were 
also found to be approximately 1 standard devia-
tion shorter and had worse survival compared to 
those in wealthier countries [19].

Differences in access to and outcomes of 
RRT have also been described in developed 
countries. The incidence of pediatric RRT 
between 2007 and 2011 varied widely between 
countries in Europe, with the lowest incidence 
in Eastern Europe (3.6  per  million children 
[pmc]) and the highest incidence in Northern 
Europe (8.1 pmc). There was not much variation 
in the occurrence of specific kidney diseases by 
region. Among countries that were wealthier 
and spent more on healthcare and where patients 
pay less out of pocket for healthcare, rates of 
RRT were higher. Thus, differences in the mac-
roeconomics of the countries, which limit equal 
access to healthcare services, are speculated to 
be the primary driver of the varation in pediatric 
RRT rates in Europe [20].

In the United States, Medicare, a national 
health insurance program, pays for dialysis in 
children and adults if private insurance is not 

Missing data

National Tx and Dx registry

Incomplete Tx and Dx registry

Dx registry only

International registry only

No registry

No pediatric RRT

Fig. 3.1 Countries with national pediatric RRT registries in place according to survey. Tx Transplantation, Dx dialysis. 
(Source: Adapted from Ploos van Amstel/Pediatric Nephrology) [7]
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available. However, differences in access to ther-
apies for ESKD exist. Time to first RRT was 
examined among African American and non- 
African American children with CKD with a 
median age of 10 years. Times to dialysis were 
shorter among African American children even 
when accounting for socioeconomic status, yet 
access to kidney transplant occurred later [21]. 
Disparity in access to kidney transplant is thought 

to underly the increased risk of mortality observed 
in non-Hispanic black children compared to 
white children on dialysis [22]. Among children 
with CKD in the USRDS, GFR decline was simi-
lar across income groups, but better blood pres-
sure control and correction of height deficits were 
observed among the highest-income group 
(≥$75,000/year) compared to the lower groups 
[23]. Efforts to improve universal access to RRT 
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Fig. 3.2 Incidence of RRT in children in 2008 by coun-
try. The orange bars correspond to incidence in children 
aged 0–14 years; the sum of the orange and blue bars cor-
responds to the incidence in children aged 0−19 years. 

Pmarp, Per million age-related population. *France 16 out 
of 26 regions, Italy 13 out of 20 regions, Spain 4 out of 18 
regions in the 15- to 19-year-old age group. (Source: 
Adapted from Harambat/Pediatric Nephrology) [16]

Missing data

All modalities offered

HD snd PD

HD only

No pediatric RRT

Fig. 3.3 Countries where pediatric RRT (HD, PD, and/or transplant) is offered according to survey of 94 countries. 
(Source: Adapted from Ploos van Amstel/Pediatric Nephrology) [7]
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are needed globally, and particularly in nations 
with less economic advantages.

 Effect of Era on the Incidence 
and Prevalence of ESKD in Children

The incidence of ESKD per million population in 
the United States has declined slightly over the 
past decade (Fig.  3.4), although the prevalence 
has been stable (Fig. 3.5) [15]. In Europe, the inci-
dence of ESKD in children aged 0–19 years per 
million age-related population in 2015–2016 was 
8.4. From 2011 to 2016, neither the age ranges 
nor the proportion of children managed by PD, 
HD, or transplant has changed (Fig. 3.6) [10].

 Effect of Age on the Incidence of RRT 
and Treatment Modality

The breakdown of patients according to age and 
treatment modality in Europe is also shown in 
Fig.  3.6. The USRDS also provides incidence 

data by age group. In 2015, there were 237 cases 
in those aged 0–4 years, 115 aged 5–9, 165 aged 
10–13, 336 aged 14–17, and 547 aged 
18–21 years, for a total of 1400 children in the 
United States with incident ESKD. Within these 
age-based cohorts, incidence rates in 2015 were 
11.4 per million population (PMP) per year for 
0–4-year-olds, 5.0 for 5–9-year-olds, 9.3 for 
10–13-year-olds, 19.3 for 14–17-year-olds, and 
31.6 for 18–21-year-olds. PD was the most com-
mon initial ESKD treatment modality for chil-
dren aged 9  years and younger. Hemodialysis 
was the most common initial modality for 
patients aged 10  years and older (Fig.  3.7). 
Similar relationships are shown by patient 
weight, with PD most commonly prescribed as 
the initial modality in small children weighing 
less than 20 kg, and initiation with HD becoming 
more common with increasing patient weight 
[15]. In Australia and New Zealand from 2008 to 
2013, PD was the most common mode of initial 
RRT among children 0–9 years of age (59%), and 
HD was the most common among those 10–17 
years of age (45%) [24].
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 Primary Kidney Disease Diagnosis

Data from Chile, India, Italy, Japan, Kuwait, 
Nigeria, and the NAPRTCS (United States, 
Canada, Mexico, Costa Rica) on selected primary 
kidney diagnoses are summarized in Table 3.1 [5, 
25–31]. Data from Chile, India, and Nigeria repre-
sent children with advanced chronic kidney dis-
ease and ESKD.  The Kuwaiti, Italian, and 
NAPRTCS data describe the primary kidney dis-
orders of prevalent dialysis patients, whereas the 
data from Japan are from all ESKD patients. The 

Indian, Kuwaiti, and Nigerian data were obtained 
from a single center in each country, although in 
Kuwait at least, the center provided virtually all of 
the pediatric nephrologic care in the country. Data 
from the other countries represent multiple cen-
ters. Only major diagnostic categories are included. 
Note the similarities among the registries for many 
primary kidney disorders. Whereas differences do 
exist, some are likely due to the lack of uniform 
coding among registries. The distinction between 
dysplasia/hypoplasia and vesicoureteral reflux 
appears particularly variable by registry.
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Fig. 3.6 Incidence ESKD per million age-related European population by age and treatment modality, 2011–2016. 
(Source: Adapted from ESPN/ERA-EDTA Registry) [10]
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The distribution of primary kidney diagnoses 
is also different depending on the age at time of 
ESKD presentation, as shown in Fig. 3.8 from the 
United Kingdom’s Renal Registry [32]. The pre-
dominance of renal dysplastic syndromes and 
obstructive uropathy seen in Table 3.1 clusters in 
the younger age groups, whereas older patients 
are more likely to present with glomerular 
diseases.

 Mortality Risk

The overall 5-year survival rate for 6473 patients 
under 19 years of age from 36 European coun-
tries for the years 2000 through 2013 starting on 
dialysis was 89.5%. The mortality rate was 28.0 

deaths per 1000 patient years overall. The mortal-
ity rate was highest (36.0/1000) during the first 
year of dialysis and in the 0- to 5-year age group 
(49.4/1000). Children who were selected to start 
on HD had an increased mortality risk compared 
with those on PD (adjusted HR 1.39). Compared 
to PD, those on HD had a higher risk of death in 
the first year of dialysis (adjusted HR 1.70), when 
starting at older than 5 years of age (adjusted HR 
1.58) and when children had been seen by a 
nephrologist for only a short time before starting 
dialysis (adjusted HR 6.55). Selection bias may 
explain the higher mortality risk in the HD popu-
lation [33].

Survival for a cohort of 2995 North 
American pediatric dialysis patients is shown 
in Fig.  3.9. Data collection was initiated in 
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Fig. 3.7 Distribution in 
pediatric ESKD 
modality at initiation in 
the United States by age, 
1996–2016. (Source: 
Adapted from USRDS 
2018 Annual Data 
Report) [15]

Table 3.1 Primary kidney diagnoses as percent of total prevalent patients in seven different areas of the world

Diagnosis Chile India Italy Japan Kuwait Nigeria NAPRTCS
Aplasia/dysplasia/hypoplasia 20.7 4.9 23.8 28.9 18.7 – 14.2
Glomerulonephritis/FSGS 16.3 27.5 19.7 27.1 6.3 53.3 29.6
Obstructive uropathy/neurogenic bladder 22.0 36.3 13.8 1.7 16.6 28.9 12.6
Congenital nephrotic syndrome 0.004 – – 5.8 4.2 – 2.6
Polycystic kidney disease 7.5 – 2.2 2.5 8.3 – 2.9
Hemolytic uremic syndrome 7.5 1.6 5.2 2.2 2.1 4.4 3.1
Nephronophthisis 1.8 – 9.0 4.0 2.1 – –
Reflux nephropathy 16.7 16.7 5.9 5.2 16.6 – 3.5
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1992 [5]. Survival has improved over time in 
this cohort, with later year of entry into the 
registry associated with decreased risk of mor-
tality (HR 0.95, P < 0.001) after adjusting for 
patient age. Patient survival curves in Fig. 3.10 

show that survival varies significantly by age, 
with the youngest patients having the lowest 
survival estimates.

Similar to NAPRTCS data, the USRDS has 
also revealed that the 5-year survival probability 
for children initiating dialysis therapy between 
2007 and 2011 was lowest in the youngest 
patients (Fig. 3.11) [15]. Survival has also been 
shown to improve by era in the USRDS.  In a 
study of 1723 infants in the USRDS database 
who initiated chronic peritoneal dialysis at 
≤12  months of age between 1990 and 2014, 
there was an increased risk of mortality in all 
infants in the earlier initiation era (1990–1999) 
versus the later era (2000–2014) (adjusted HR 
1.95, P < 0.0001). An increased risk of mortality 
was also observed for female versus male infants 
(aHR 1.43, P = 0.0003) and for those with a pri-
mary diagnosis of cystic kidney diseases versus 
congenital anomalies of the kidney and urinary 
tract (aHR 1.84, P < 0.0001) [34]. USRDS data 
also reveal that, remarkably, the expected 
remaining lifetime in years of the prevalent pedi-
atric dialysis population is exceedingly poor 
when compared to the data of the general US 
population and prevalent transplant recipients 
(Fig. 3.12) [15].

The most common causes of death (mortality 
rate per 1000 patient years of risk) among preva-
lent pediatric dialysis patients listed in the 
USRDS include cardiac arrest (7.1), septicemia 
(2.1), cerebrovascular disease (1.5), withdrawal 
from dialysis (2.8), and other/unknown/missing 
causes (12.7) [15]. The main causes of death 
among European children with ESKD included 
cardiovascular events (18.3%) and infections 
(17.0%) [33]. In Japan, infections (39.5%) and 
cardiovascular disease (17.9%) were also the 
most common [31].

Fortunately, most children in the United 
States terminate a course of dialysis due to 
transplantation, not death (Fig.  3.13) [5]. 
Complications associated with a dialysis modal-
ity, and patient/family choice, lead to a switch in 
modality for almost 20% of pediatric dialysis 
patients. Median time from incident dialysis to 
first kidney transplant was approximately 
12  months in the United States in 2015. For 

Age by diagnoses

35

30
ESKD start <5yrs
ESKD start 5-10yrs
ESKD start 10-15yrs

25

20

P
er

ce
n

ta
g

e 
o

f 
ea

ch
 a

g
e 

co
h

o
rt

15

10

5

0

Cause of ERF

P
rim

ar
y 

R
en

al
 D

ys
pl

as
ia

O
bs

tr
uc

tiv
e 

U
ro

pa
th

y

C
on

ge
ni

ta
l N

ep
hr

ot
ic

 S
yn

dr
om

e

G
lo

m
er

ul
ar

 D
is

ea
se

R
en

al
 V

as
cu

la
r 

D
is

ea
se

P
ol

yc
st

ic
 K

id
ne

y 
D

is
ea

se

P
rim

ar
y 

Tu
bu

la
r 

an
d 

in
te

rs
tit

ia
l D

is
or

de
rs

R
ef

lu
x 

N
ep

hr
op

at
hy

 a
nd

 C
R

F
 o

f U
nc

er
ta

in
 A

et
io

lo
gy

M
al

ig
na

nt
 a

nd
 R

el
at

ed
 D

is
ea

se

M
et

ab
ol

ic
 D

is
ea

se
s 

an
d 

D
ru

g 
N

ep
hr

ot
ox

ic
ity

Fig. 3.8 Distribution of primary kidney diagnoses by age 
of initiation of RRT in the United Kingdom. ERF, End- 
stage renal failure (ESKD). (Source: Adapted from 2002 
Report of the United Kingdom Renal Registry) [32]

J. J. Fadrowski and L. Rees



43

Patient suvival by era
from first dialysis initiation to last NAPRTCS follow-up
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children age 0–4  years, the median time to 
transplant was closer to 18 months [15].

Survival data for children on dialysis has been 
published for other areas of the world over the 
last 20 years [11, 18, 35–42].

 Conclusion

We have reviewed the most current demo-
graphic data available to describe pediatric 
dialysis patients treated around the world. 
Similarities and differences among patient pop-
ulations have been described. It must be stressed 
that comparisons between patient groups can at 
best be considered qualitative. Rigorous analy-
sis of data summaries reported by different reg-
istries is impossible due to fundamental 
differences in coding, patient grouping, referral 
patterns, data collection, and availability of 
complete datasets. The trend toward national 
registries is likely to further interfere with com-
parison efforts, unless the approach to pediatric 
ESKD patient data reporting and analysis is 
standardized [7].

There is no doubt, however, that regional and 
national pediatric patient registries can continue 
to serve important functions. Demographic data 
can provide information vital to national health-
care planning and resource allocation. Registries 
are also adept at identifying trends in therapy, and 
perhaps most important, they can provide the 
context and stimulus for clinical research by 
properly framing questions and hypotheses. 
Finally, with the pediatric ESKD and dialysis 
population small in the context of the global 
ESKD patient number, it is hoped that collabora-
tive efforts among national registries will be 
encouraged and will in turn result in improved 
patient outcomes.

Notice: Some data reported here have been 
supplied by the United States Renal Data 
System (USRDS). The interpretation and 
reporting of these data are the responsibility of 
the author(s) and in no way should be seen as 
an official policy or interpretation of the US 
government.
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Chronic Dialysis in Developing 
Countries

Hui-Kim Yap and Francisco Cano

 Introduction

Worldwide, the number of end stage renal dis-
ease (ESRD) patients has been rapidly increas-
ing, with more than a million patients receiving 
dialysis therapy. Coverage of renal replacement 
therapy (RRT) is usually directly related to 
country- specific gross national income (GNI). In 
pediatrics, global data from the International 
Pediatric Peritoneal Dialysis Network (IPPN) 
showed that dialysis patient survival was associ-
ated with GNI status, being significantly higher 
in high-income economies (94.1% at 5  years), 
compared to middle- and low-income countries 
combined (88.7%). The provision of RRT, fund-
ing, dialysis modality, ESRD etiology, technical 
resources and trained healthcare professionals 
also show important variation across regions 
around the world, most of the cases directly 
related to economic and cultural factors. The 
IPPN data also showed that these differences do 
have an impact on growth, nutrition, biochemical 
status and dialysis-related complications such as 
peritonitis, especially in children with chronic 
kidney disease in the developing world. This 
chapter provides an analysis of the differences in 

RRT around the world, allowing a better under-
standing of the ways to improve dialysis pro-
grams for children and adolescents in developing 
regions.

 Economic Indicators

Since more than 30 years ago, chronic dialysis 
has become the cornerstone of the treatment for 
patients with end-stage renal disease (ESRD). 
However, access to dialysis is limited in several 
regions of the world due to a lack of financial 
resources and technical development [1]. The 
coverage of renal replacement therapy (RRT) is 
far from being uniform around the world, and 
usually is directly related to country-specific 
gross national income (GNI). According to the 
World Bank (WB) 2019 data [2], countries/econ-
omies are classified into 4 income groups, low, 
lower-middle, upper-middle, and high-income 
countries. Low-income economies are defined as 
those with a GNI per capita of US$ 995 or less; 
lower-middle-income economies are those with 
a GNI per capita between US$ 996 and 3895; 
upper-middle-income economies are those with 
a GNI per capita between US$ 3896 and 12,055, 
and high-income economies are those with a 
GNI per capita of US$12,056 or more. Of note, 
the developing world which includes the low-
income and lower-middle-income economies is 
estimated to account for 80% of the global 
population.
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 Epidemiology of Renal 
Replacement Therapy 
in Developing Countries

Worldwide, the number of ESRD patients has 
been rapidly increasing. A decade ago, more than 
1 million patients were reported to receive dialy-
sis therapy, with an annual estimated growth rate 
of 7% [3, 4]. Among the main factors associated 
with this growth are the longer life expectancy, an 
increasing survival rate of ESRD patients, and a 
growing access of younger patients to RRT thera-
pies in developing countries, where the access 
has been previously limited. A large survey shar-
ing a global dialysis company program represent-
ing more than 90% of the global population, and 
which included 122 countries with a wide range 
of socioeconomic levels, was published more 
than a decade ago [3]. The prevalence ESRD val-
ues per million population (pmp) showed impor-
tant differences between regions. The 
high-income regions, North America (1505 ESRD 
patients pmp/1030 on dialysis pmp), Europe 
(585/400  pmp), and Japan (2045/1945  pmp), 
showed a higher prevalence rate for ESRD and 
dialyzed patients, compared to Latin America 
(380/320 pmp), Middle East (190/140 pmp), and 
Asia and Africa (70/70  pmp), respectively. The 
prevalence dialysis data showed that 52% of the 
global dialysis population was located in four 
countries, namely, the United States of America, 
Japan, Germany, and Brazil, with the first three 
belonging to the high-income WB classification. 
However, these countries accounted for only 
around 11% of the world population. Given that 
the survey included mostly adult data, hemodial-
ysis (HD) was the most common RRT modality. 
The prevalence values for HD vs peritoneal dial-
ysis (PD) therapy showed higher rates in Japan 
(1865/80  pmp), North America (940/95  pmp), 
and Europe (360/40  pmp), followed by Latin 
America (240/75  pmp), Middle East 
(130/10 pmp), and Africa (65/<5 pmp).

In developing regions, there exists an impor-
tant heterogeneity among countries, which makes 
it difficult to obtain representative data for ESRD 
and RRT therapies. Most of these countries 
belong to the low and low-middle GNI classifica-

tion [5–10]. In Latin America, the prevalence of 
ESRD was 119 patients pmp in 1991, increasing 
to 669 patients pmp in 2013, according to a global 
survey involving both adult and pediatric patients 
[6]. Of these, 442 patients pmp were on HD and 
67 pmp on PD. Argentina, Brazil, Chile, Mexico, 
Puerto Rico, and Uruguay were the countries 
reporting the highest rates of ESRD in the region, 
between 707 and 1846 patients pmp.

The number of ESRD patients undergoing 
dialysis is growing rapidly, especially in the 
developing world, with a variable predominance 
between PD and HD. A large study [11] includ-
ing adults and children from 130 countries 
showed that 195,555 patients were treated with 
PD, 58% of them in developing countries and 
42% in developed countries. In contrast, HD was 
less frequently used in developing versus devel-
oped countries, 32% versus 68%, respectively, 
for a total of 1,550,000 patients. Nevertheless, 
the authors found an important variation in PD 
use across countries. Mexico, China, and Brazil 
were the most important countries using PD in 
the developing world, whereas the United States, 
Japan, and South Korea were the main countries 
treating patients with PD in the developed world. 
On the other hand, 24 countries from the devel-
oping world did not offer PD as a treatment 
modality to ESRD patients. When the prevalence 
of PD during the last decade was analyzed for 67 
developing and 30 developed countries, an 
increase in both groups was observed, 10.0–
34.9  pmp in developing regions, versus 69.7–
91.5  pmp in the developed countries, with no 
significant difference between them. The preva-
lence of HD, obtained from 51 developing and 30 
developed countries showed a similar HD 
increase in developed countries from 347.8 to 
605.8 pmp, versus 128.5 to 309.2 pmp in devel-
oping countries [11]. Results from that survey 
confirm that the number of patients pmp treated 
with PD in both developing and developed coun-
tries has increased over the last decade, although 
the overall proportion of dialysis patients treated 
with PD is declining in the developed world. 
Data from years 1997 to 2008 showed an abso-
lute change of −5.3% (20.6–15.3%, 95% CI 
−6.7%, −3.8%). Similar data was presented in 
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another large survey from 122 countries compris-
ing approximately 99% of all treated ESRD 
patients worldwide at the end of year 2004 [3]. 
The global distribution of patients under HD and 
PD between the developed world, the United 
States, Japan, and Europe, versus all other coun-
tries together, was 62% for HD and only 42% for 
PD.  The authors highlighted that 58% of PD 
patients were from developing countries where 
80% of the world’s population reside. Although 
PD therapy in these countries is increasing rap-
idly, with a 2.5-times increase in PD prevalence 
over 12  years of follow-up, global data on the 
type of dialysis confirmed that HD remains the 
most common treatment modality in all regions 
of the world, when adults and children are 
included [3]. Worldwide, 89% of 1,371,000 
patients were undergoing HD therapy, in contrast 
to 11% of patients treated by PD. In that survey, 
Mexico, Korea, and the United Kingdom had a 
higher proportion of patients undergoing PD, 
while HD was the predominant treatment modal-
ity in each of the 15 major countries analyzed. In 
111 of the 122 countries evaluated, the percent-
age of dialysis patients on HD exceeded 66% of 
the ESRD population.

Pediatric ESRD patients represent a small 
proportion of the global ESRD population [3, 6, 
9, 12, 13]. In North America, pediatric ESRD 
patients represented less than 2% of the chronic 
kidney disease (CKD) population [12]. Pediatric 
ESRD registries are scarce and lack global infor-
mation, as most data are geographically limited 
and imprecise, mostly due to economic develop-
ment differences, environmental, racial, and cul-
tural factors. One of the most important pediatric 
dialysis registries, the North American Pediatric 
Renal Trials and Collaborative Studies 
(NAPRTCS), started as a transplant registry in 
1987, and included dialysis data since 1992 [14]. 
The registry includes data from the United States, 
Canada, Mexico, and Costa Rica, the last 2 
belonging to the upper-middle-income econo-
mies, and describes important genetic, cultural, 
and social differences among those 4 countries. A 
recent analysis of NAPRTCS [15] comparing 
dialysis data from the decade 1992–2001 with 
the decade 2002–2011 showed a total of 6482 

patients, of whom 4373 enrolled from 1992 to 
2001 and 2109 from 2002 to 2011. In this analy-
sis, a significant increase in the use of HD as the 
initial dialysis modality was observed between 
cohorts, with 36% of patients starting renal 
replacement therapy on HD in the first period, 
compared to 42% in the later decade. Conversely, 
64.4% of patients were started on PD in the first 
decade, and 57.9% in the last evaluated period. 
Although the registry suggested that this trend 
was related in part to increased availability of 
pediatric HD facilities, data separated by country 
or GNI classification were not provided. As stated 
by the authors, because the NAPRTCS registry is 
a voluntary database, sampling bias could be 
present and results should be interpreted cau-
tiously, considering that the prevalence of ESRD 
and dialysis therapy are directly related to coun-
try GNI.

Global data on pediatric RRT mostly comes 
from the International Pediatric Peritoneal 
Dialysis Network (IPPN) [1, 9, 16]. The registry 
is an international consortium of pediatric dialy-
sis centers that prospectively collects dialytic and 
clinical information for PD children. A compre-
hensive report on the impact of global economic 
disparities on pediatric PD therapy was published 
in 2012 [1]. Eighty-three countries were included, 
of which 47% of patients were from high-income, 
11% from upper-middle-income, 34% from 
lower-middle-income, and 8% from low-income 
countries. Low-income countries, representing 
more than 70% of the sample when analyzed in 
terms of country population, showed a low pro-
portion of PD in patients under 3 years of age, as 
well as a low percentage of patients with co- 
morbidities and cognitive/motor deficits. With 
regard to PD modality, continuous ambulatory 
PD was inversely correlated with GNI, while 
automated PD, in particular night intermittent PD 
was associated with a higher income GNI level. 
Despite differences in PD mode and GNI status, 
a non-significant variation was found in urea 
clearance and PD technique survival between 
countries, as well as PD function at 5  years, 
reflecting successful therapy implementation in 
the IPPN participating countries. GNI status was 
associated with patient survival, which was 
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 significantly higher in high-income economies 
(94.1% at 5 years), compared to middle- and low- 
income countries combined (88.7%).

 Demographics of the ESRD 
Population in Developing Countries

The etiology of CKD in children differs accord-
ing to the economic status despite being in the 
same region [1, 14, 17, 18], with low-income 
countries having a higher proportion of unknown 
ESRD etiology. In low-income countries, CKD 
risk factors include low birth weight, reflux 
nephropathy, and glomerulonephritis secondary 
to infectious diseases such as human immunode-
ficiency virus and hepatitis B.  In contrast, etio-
logical factors in middle-income countries 
approach those found in the developed world [6]. 
Congenital anomalies of the kidney and urinary 
tract accounted for at least 50% of the causes of 
CKD in high-income countries due to active 
antenatal detection programs and comprehensive 
post-natal management. Another important factor 
that is now recognized as a possible cause of pro-
gressive CKD in adulthood is acute kidney injury 
(AKI) occurring during infancy and childhood 
[19]. In high-income countries, the etiologies of 
AKI are commonly hospital acquired, including 
multi-organ failure, post-cardiac surgery, solid 
organ, or bone marrow transplantation. On the 
other hand, in low- and low-middle-income 
countries, infections with sepsis and dehydration, 
severe malaria, toxins, or snake bites are com-
mon causes of AKI requiring RRT.

Data from the IPPN registry showed that chil-
dren with CKD from low-income regions had 
lower stature with one standard deviation score 
(SDS) below patients from developed countries, 
higher parathyroid hormone levels, lower plasma 
calcium and hemoglobin values, and lower use of 
calcium-free phosphate binders and cinacalcet to 
treat mineral bone disorder [1]. A recent report 
from the IPPN registry focused on nutritional dif-
ferences among countries [16]. Data included 
1000 PD incident patients from 85 nephrology 
centers in 35 countries. Nutritional status was 
recorded at PD initiation, with 8.9%, 71.4%, and 

19.7% reported as underweight, normal weight, 
and overweight/obesity, respectively. 
Overweight/obese children belonged in general 
to higher GNI countries, namely, the United 
States and Middle East. Underweight children 
were most prevalent in South and Southeast Asia, 
followed by countries from Central Europe and 
Turkey. In a multivariate analysis, body mass 
index SDS at the time of initiation of dialysis 
showed a positive correlation with glomerular fil-
tration rate (GFR), as well as the use of gastros-
tomy feeding, with no significant relationship to 
GNI. Patients with low GFR are at more nutri-
tional and biochemical risk; hence this positive 
association with GFR highlights the importance 
of an opportune referral to start RRT in these 
patients [1, 8, 12, 20–22]. IPPN data represents a 
remarkable source of information, but it should 
be cautiously interpreted, considering that a high 
proportion of low-income countries do not have 
reliable registries nor access to pediatric PD pro-
grams and hence do not participate in global sur-
veys on dialysis in children.

 Challenges Faced by Developing 
Countries in the Provision 
of Pediatric RRT

Inequities in health care delivery are especially 
magnified in low- and low-middle-income coun-
tries. Because funding and resources for RRT in 
such economies are generally limited, access to 
RRT may be restricted to certain groups of the 
population. Additionally, low- and low-middle- 
income countries have complex logistic issues, 
geographical and cultural factors, as well as inad-
equate numbers of trained healthcare profession-
als who can provide RRT to children. In such 
situations, RRT is generally not available to pedi-
atric patients unless they are in the late adoles-
cent age group where RRT can be performed in 
adult dialysis centers [5, 7, 8, 19, 23–25]. In a 
recent comprehensive review of dialysis services 
in Africa [23], only 29 of 54 countries represent-
ing approximately 82% of the total population 
reported dialysis programs with widely variable 
levels of development and maintenance. Only 8 
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countries had implemented national dialysis pro-
grams, defined as dialysis therapy for at least 100 
dialysis patients pmp. According to this survey, 
Egypt, Morocco, Libya, Tunisia, Mauritius, 
South Africa, Algeria, and Gabon gave full cover-
age to dialysis programs in state hospitals. In 
Sub-Saharan countries, PD has been selected as 
the first option to treat ESRD patients, in contrast 
to the North African countries where PD is sel-
dom used. In countries like Tanzania, one of the 
poorest countries in the world, where two-thirds 
of the population live in poverty and in rural 
areas, PD programs have been implemented suc-
cessfully with the support of the International 
Society of Nephrology (ISN), but only for AKI 
patients. The cost of chronic dialysis appears to 
be prohibitive in view of the limited resources in 
these countries [24–26].

Pending questions on the sustainability of PD 
in low-income countries are the high reported 
rates of infection and the cost of importing dialy-
sis solutions and supplies for treatment. Patients 
from low-income countries tend to present late in 
the course of CKD, and hence an urgent start for 
dialysis is often required [20, 21]. Advantages of 
PD as the modality of choice especially in chil-
dren in developing countries would include diffi-
culties and infectious complications associated 
with central venous catheter insertion, and less 
requirements for highly trained dialysis person-
nel as well as expensive equipment and electric-
ity [27–30]. Thailand, a low-middle-income 
country in South-East Asia, launched its PD First 
Policy in 2008 [31], despite the prevailing popu-
larity of HD in the country due to economic rea-
sons. This resulted in an increase in the incidence 
and prevalence of ESRD from 68.34  pmp and 
419.9 pmp in 2007 prior to the implementation of 
the program, to 249.06  pmp and 1072  pmp in 
2013, respectively. Such a policy allows for cost 
containment on a national level with reduction in 
the cost of the dialysate bags, community support 
for the PD patients including assistance to estab-
lish a clean environment in the home to perform 
PD exchanges, and organizations helping with 
transportation to district PD centers for routine 
visits and emergencies. These measures resulted 
in successful implementation of a nation-wide 

PD program, which is a good model for develop-
ing countries. The success of this program is seen 
in the more than 20,000 ESRD patients in 
Thailand undergoing PD, including pediatric 
patients.

In a global survey of children on chronic PD, 
patient mortality was strongly affected by GNI 
stratum independent of patient age and number 
of co-morbidities present, a finding also corrobo-
rated by others [1, 19, 21]. The country-specific 
peritonitis incidence rates did not differ signifi-
cantly according to GNI strata; however, this may 
be due to the lack of data from countries where 
chronic PD was done on an ad hoc basis in adult 
units rather than in a pediatric dialysis center 
[28]. However, the lower GNI groups did show 
an increased incidence of culture-negative perito-
nitis episodes. More importantly, the mortality in 
patients from low-income countries was mainly 
due to infections unrelated to the PD process.

Another challenge facing the developing 
world is AKI in children. Recent initiatives have 
been aimed at AKI prevention, one of the major 
factors leading to advanced CKD in these areas. 
As noted by Lilje, et al., children’s access to kid-
ney care is based on 5 key actions [19]. Firstly, 
AKI prevention programs in particular should 
include good access to a clean water supply to 
reduce pre-renal damage secondary to diarrheal 
illness such as the Easy Water for Everyone 
Initiative (https://www.easywaterforeveryone.
org). Secondly, health education campaigns, such 
as the World Kidney Day (https://www.worldkid-
neyday.org), are critical efforts directed at the 
general public and health community in low- 
resource regions to improve the knowledge of 
kidney care at a primary level. Thirdly, access to 
computer and database information systems by 
the medical team in order to collect patients’ data 
and identify the magnitude of the problem of 
AKI, especially that leading to CKD, is impor-
tant for health care planning. Emerging countries 
show the highest incidence of AKI illness, result-
ing in 1.4  million deaths per year in low- and 
low-middle-income countries, a burden that the 
0by25 initiative (https://www.theisn.org/all-
articles/616-0by25) has proposed to eliminate 
worldwide by 2025. Fourthly, health care 
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 workforce training, including pediatricians, 
nurses, dietitians, and other health care workers, 
will improve the care of CKD children in some 
settings where pediatric nephrologists are not 
available. The Saving Young Lives project is a 
partnership established in 2012 involving the 
ISN, International Pediatric Nephrology 
Association (IPNA), International Society of 
Peritoneal Dialysis (ISPD), and Sustainable 
Kidney Care Foundation (SKCF). Since then 
almost 200 clinicians have been trained to recog-
nize AKI and perform acute PD across 15 centers 
in sub-Saharan Africa and Southeast Asia, with a 
plan to extend this program to South America. 
Successful recovery has been documented from 
acute PD treatment in more than 400 AKI chil-
dren, at a reported cost of less than US$25 per 
therapy. Finally, development of more affordable 
dialysis modalities has been advocated for use by 
local health authorities. Given that in most low- 
middle- income countries there is no national sys-
tem for paying for dialysis, the authors proposed 
the use of makeshift catheters (such as nasogas-
tric tubes) and homemade PD solutions as practi-
cal and low-cost options “that bypass potential 
corruption and bureaucracy that can affect the 
importation of dialysis supplies”. 19) The 
Affordable Dialysis Project led by the George 
Institute for Global Health (https://www.
georgeinstitute.org/projects/the-affordable-dialy-
sis-project) could provide ambulatory dialysis 
therapies with machines that can be used in up to 
5 people for US$850.

 Conclusion

Developing countries are dependent on a combi-
nation of government funding and private charity 
organizations to provide RRT facilities for their 
populations. Access to such programs tends to be 
limited to the adult population, with pediatric 
chronic dialysis care being limited to metropoli-
tan centers in the low-middle-income countries. 
Key strategies in the provision of chronic RRT to 
children in the low-income countries lie in the 
availability of cheaper forms of dialysis such as 
PD [32–34]. However, the ultimate reality is 

whether these children will be able to obtain a 
living-related kidney transplant with the use of 
cheaper generic immunosuppressants, as 
deceased donor kidney transplantation is largely 
unavailable and long-term dialysis is unsustain-
able in these low-income countries.
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Organization and Management 
of a Pediatric Dialysis Program

Amy Nau

 Introduction

The organization and management of a pediatric 
dialysis unit is a multi-faceted endeavor which 
requires a unique mindset and perspective for 
services provided. The environment of care is not 
an outpatient clinic or a critical care ward, but 
rather a merging of the two. Providing safe and 
effective patient care that enhances the life expe-
riences of patients, their families, and staff is the 
ultimate goal of care and treatment in the pediat-
ric dialysis unit. This chapter will review opera-
tional management  – culture, organization, 
regulatory, physical space, human factors influ-
ences, and staffing  – as well as components of 
care implementation, modality selection, patient/
family education, patient care plans, patient/fam-
ily support, quality improvement, infection pre-
vention, and safety.

 Operational Management

 Facility Culture and Organization

In today’s environment, an organization’s culture 
and environment play an ever-increasing role of 
importance influencing all aspects of the dialysis 

unit – from patient care to staffing to billing and 
reimbursement. Each organization has the oppor-
tunity to foster their own unique cultural ideals. 
In recent years, cultural focus has shifted in many 
organizations to include patient and staff satisfac-
tion, as well as financial efficiencies. Balancing 
these somewhat conflicting priorities remains a 
delicate and complicated task.

Common themes among organizations that suc-
cessfully recruit and retain staff are an overarching 
commitment to shared values, support of employee 
work-life balance, and encouraging top of license 
practice with an autonomous staff all while provid-
ing safe and effective patient care [1, 2].

In healthcare settings, patient outcomes are 
linked with workplace culture; positive environ-
ments are associated with increased patient satis-
faction, decreased patient re-admissions, and 
decreased volume of treatment complications. 
An essential factor in creating a positive work-
place culture and environment is the tone of inter-
actions between members of the healthcare team. 
In fact, a positive nurse-physician relationship is 
one of the biggest predictors of a safe and posi-
tive healthcare work environment for patients and 
staff [1]. This relationship has been shown to 
influence nurse retention in healthcare facilities 
with nurses remaining in their professions longer 
when positive nurse-physician relationships are 
present [1, 3]. Additionally, a positive nurse- 
physician relationship is associated with 
decreased infection and complication rates 
among patients [4].
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Another aspect which must be considered and 
which, in the US pediatric population, is unique 
to dialysis facilities is the influence of the Centers 
for Medicare and Medicaid Services (CMS) on 
culture, organization, and function. CMS is the 
regulatory agency responsible for administering 
the ESRD payment program for all patients cov-
ered by Medicare insurance. US dialysis facilities 
are required to be licensed by CMS in order to 
bill Medicare for services provided to dialysis 
patients. CMS requirements, otherwise known as 
Conditions for Coverage, are well defined and 
available via the CMS ESRD website [5]. The 
imperatives of dialysis care defined by CMS do 
not dictate organizational culture. However, the 
way an organization incorporates these require-
ments does play a large role in defining culture in 
a dialysis unit.

 Physical Space Needs

Pediatric dialysis units are places where children 
with dialysis-dependent ESRD will spend a great 
deal of time. On average, a child requiring in- 
center hemodialysis will be present in the unit a 
minimum of 15 hours each week. The few chil-
dren who require in-center peritoneal dialysis 
may spend up to 50  hours per week inside the 

dialysis unit. Because of this, it is important to 
consider the physical environment as a compo-
nent of the treatment being provided. The space 
must be designed as an element of a healing envi-
ronment that alleviates anxiety through distrac-
tion, age-appropriate play, and inclusion of a 
patient’s support system (such as a parent or 
other caregiver). In contrast to the traditional 
design of an adult-centered healthcare facility 
where the emphasis is on functionality, a pediat-
ric center demands a unique approach to design 
and aesthetics including the use of bright colors, 
integration of friendly characters or other art-
work, and opportunities for interactive play. 
These elements work to reduce patient/family 
stress and enhance the care experience including 
helping to bolster the interpersonal relationships 
between the patient/family and the medical team 
[6] (Fig. 5.1).

The most important and basic factor in design-
ing a physical space is the ability to perform a 
dialysis treatment. At a minimum, a dialysis 
treatment area should include the following:

 1. Treatment station: There are no standard rec-
ommendations for minimum square footage 
for a dialysis treatment station. A treatment 
station must have enough space for the 
machine, a patient chair, electrical access, a 

Fig. 5.1 Child-friendly artwork in the pediatric dialysis unit at Children’s Mercy Kansas City. (Copyright © 2019. The 
Children’s Mercy Hospital. All rights reserved. Used with permission)
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place for liquids to drain, and a water source 
(for hemodialysis). Additionally, the treat-
ment station must provide “sufficient space” 
as defined by CMS for the performance of 
emergency procedures (such as CPR) and to 
allow for patient privacy and the prevention of 
cross-contamination between treatment sta-
tions [7]. The layout and design of the treat-
ment station space should consider human 
factors influences, meaning the design should 
be such that it is easy and convenient to follow 
policies and provide safe treatments within 
the space.

 2. Handwashing sink: An easily accessible hand-
washing sink should be designated as a 
“clean” area and should be plumbed with both 
hot and cold water [5]. Ideally, handwashing 
sinks should have a hands-free mechanism for 
turning the water on/off, and there should be a 
visible clock in the line of sight to help facili-
tate proper handwashing duration and 
procedure.

 3. Patient restroom: Patients need a place to use 
the restroom before or after their treatments. 
Some patients are required to perform bladder 
catheterization before or after treatment, and a 
space is needed for this.

 4. Scale: Dialysis treatment settings are often 
weight-based. A scale is needed to record pre- 
treatment weights to determine treatment 
goals. Post-treatment weights are needed to 
evaluate treatment effectiveness and assist 
with establishing a future plan of care.

 5. Medication preparation: Dialysis facilities 
should have a clean space designated for med-
ication preparation. This space should be 
established after consultation with the facili-
ty’s pharmacy and infection control and pre-
vention departments.

 6. Visibility: Irrespective of the number of treat-
ment stations in a unit, each station must 
always be visible by the nursing staff. If a unit 
has a station which is not visible from the 
place a staff person is working (such as a cen-
tral nursing station), a patient cannot receive 
treatment in that station. In order to utilize that 
station, workflow modifications are required 

to ensure a staff member always has an unob-
structed view of the station.

 7. Storage: Dialysis units require a variety of 
supplies. Depending on the services provided 
by a unit (inpatient, outpatient, in-center, 
home, hemodialysis, or peritoneal dialysis), 
the list of supplies can seem endless. From 
dressing change supplies to machine tubing to 
dialysate bags, it all needs a clean and dry 
place to be stored. Having supplies ready and 
available on the unit can involve storage of all 
supplies in a storage room within the dialysis 
unit or can involve storing a small amount of 
supplies in the dialysis unit and having the 
bulk of supplies stored in a centralized materi-
als management area elsewhere in the facility. 
Either way, supplies must be routinely 
checked to ensure that out of date supplies are 
removed from the stock and disposed of.

 8. Training/meeting space. A dialysis program 
should have a designated place within or 
nearby the unit for patient and family training 
to occur. Dialysis, regardless of modality, is a 
life-altering therapy. It requires patients and 
families to undergo education and training to 
learn how to keep themselves or their loved 
ones healthy and safe. Additionally, patients 
in the USA are required by CMS to have for-
mal care plan meetings with the dialysis team 
at 30 days and 90 days post-dialysis initiation 
and then annually thereafter [7]. These meet-
ings can also take place in the designated 
training/meeting space.

For infection control purposes, it is ideal if 
equipment is not shared between treatment sta-
tions. Every item that enters a treatment station 
must be wiped down and thoroughly cleaned 
upon exiting a treatment station. Each unit should 
consult their infection control and prevention 
team for guidance on ways to ensure infection 
control practices are initiated and maintained.

As mentioned previously, hemodialysis treat-
ment stations do require a water source. 
Depending upon the size of the unit, this can be a 
portable system or a permanent loop system. 
Individual units can contract with a local dialysis 
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water professional to determine the ideal setup 
for the size and volume of the unit. While uncom-
mon in pediatrics, if dialyzer reuse is practiced, a 
reuse processing plan would also be required.

Each unit will encounter specific challenges 
and needs. It is advisable for unit administrators 
to familiarize themselves with the CMS 
Conditions for Coverage and ESRD Interpretive 
Guidelines [5, 7] in order to collaborate with 
organizational architects, planners, and human 
factors engineers when creating a new dialysis 
space or repurposing an existing space.

 Staffing the Unit

The American Nephrology Nurses’ Association 
(ANNA) Nephrology Nursing Scope and 
Standards of Practice recommends a team 
approach to dialysis unit staffing and patient care. 
Dialysis teams should encompass a variety of 
multidisciplinary team members to provide a 
robust and comprehensive plan of care for each 
patient. In general, the dialysis care team should 
include medical directors, physicians, nurses, 
technicians (dialysis, biomedical, and patient 
care), social workers, dietitians, and the patient/
family [8]. Additionally, for the pediatric popula-
tion, the American Society of Pediatric 
Nephrology (ASPN) recommends that the team 
include child life specialists, teachers, and psy-
chologists. This interdisciplinary approach 
encourages a holistic plan of care that fosters the 
growth and development of the child who is 
receiving chronic dialysis care.

A challenge to dialysis unit leaders is the lack 
of standardized staffing ratios in the dialysis unit. 
To date, there are no universally accepted stan-
dards or guidelines regarding staff to patient 
ratios in pediatric units. Guidance provided by 
CMS simply states there must be enough staff to 
provide a safe environment. This is a subjective 
statement and leaves much open to interpretation. 
Some states have established their own staffing 
guidelines for adult dialysis units. Staffing in 
pediatric units is complex and is made more so 
by the inclusion of infants in the patient popula-
tion as well as by the inclusion of inpatient and 

outpatient services including, in some cases, con-
tinuous renal replacement therapy (CRRT) or 
plasmapheresis. All facility administrators are 
responsible for adhering to state guidelines and 
regulations, if applicable. Units should collabo-
rate with organizational leadership to establish 
acceptable staffing ratios and should document 
these ratios in a unit specific structure standards 
document. This document outlines the function 
and form of a unit and provides standard guid-
ance for daily management as well as the defini-
tion of unit roles and responsibilities. Examples 
of role definition can be found in Table  5.1. 
Facilities that are part of a larger organization 
may have a specific structure standards template 
to use when developing unit specific structure 
standards. As a reference for free-standing units 
or units without an established template, the 
components of a comprehensive structure stan-
dards document can be found in Table 5.2.

Along with staffing ratios, another important 
staffing challenge for dialysis unit leaders is staff 
retention. Gone are the days when employees 
worked long hours in the same job for 30 years. 
Individuals in the modern workforce seek oppor-
tunity for growth, new challenges, and the ever- 
elusive work-life balance.

Recent workforce data from the RN Work 
Project found that 18.1% of newly licensed 
nurses leave their first employer within the first 
year of employment. That number jumps to 
26.2% when looking at the number of newly 
licensed nurses who leave their employer with 
2 years of employment [14]. This trend presents 
an important challenge for unit leaders as the 
financial impact of staff turnover can dominate a 
unit’s budget and prevent dollars from being 
spent in other areas. It is estimated that between 
$20,000 and $40,000 is spent on recruitment, hir-
ing, and training when new nurses are added to a 
unit [9, 10]. In the pediatric dialysis setting, lead-
ers should expect this figure to lean toward the 
high end of that range due to long orientation 
periods and the need to attract and recruit highly 
skilled staff.

While the financial impact of nurse turnover is 
significant, the effect this turnover has on patient 
care and outcomes cannot be overlooked. Nursing 
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Table 5.1 Examples of role definition

Service line 
director/facility 
administrator

The nephrology service line director (SLD) manages division- based patient care services 
including personnel, financial management, and development of programs and services. 
Participates in department and hospital performance improvement activities

Nurse manager The dialysis unit nurse manager (NM) manages unit-based patient care services and department 
performance improvement activities. The nurse manager promotes family-centered patient care 
that is based on scientific theory and is outcome oriented

Dialysis unit 
educator

The dialysis unit educator uses the principles of adult education to provide appropriate 
education and training for all nursing and technical support personnel, as well as patient 
families. The educator develops and facilitates ongoing education to help start and maintain 
their skills. The educator utilizes nursing processes and knowledge of scientific principles to 
provide comprehensive nursing care for patients

Dialysis 
registered nurse

The dialysis registered nurse utilizes nursing process and knowledge of scientific principles to 
provide comprehensive nursing care for patients, to include providing dialysis treatments and/or 
case management services to patients. The nurse assists with the supervision of non-
professional personnel as necessary and demonstrates commitment to maintaining and 
improving department/unit standards

Quality 
improvement 
coordinator

The quality improvement coordinator (QIC) assists with development and implementation of 
the unit QAPI plan. The QIC oversees the collection, organization, and presentation of QAPI 
data

Dialysis 
technician

The dialysis technician is responsible for a variety of clinical, technical, and clerical tasks as 
directed by the SLD or NM. The dialysis technician assists in the maintenance of a safe 
environment and promotes efficiency of operations

Social worker The social worker is responsible to evaluate and provide resources for psychosocial and 
financial needs or concerns of ESRD patients and families while demonstrating commitment to 
quality improvement activities of the unit

Psychologist The ESRD psychologist works with the interdisciplinary team to provide psychological support 
and guidance for patients undergoing dialysis treatments and their families

Administrative 
assistant

The dialysis administrative assistant acts as a receptionist and performs a variety of clerical 
functions and assists in the maintenance of a safe environment and promotes efficiency of 
operations

Registered 
dietitian

The dialysis registered dietitian is responsible for evaluating and overseeing nutritional 
requirements for patients undergoing dialysis. The dietitian monitors growth and weight of 
patients for appropriateness and provides nutritional interventions and education to patients and 
their families

Biomedical 
technician

The dialysis biomedical technician is responsible for maintaining hemodialysis machines and 
equipment

Advanced 
practice 
registered nurse

The dialysis advanced practice registered nurse (APRN) utilizes the nursing process and 
knowledge of scientific principles to provide comprehensive care to the dialysis patient/family

Child life 
specialist

The child life specialist (CLS) utilizes principles of neurocognitive and physical development to 
provide age- appropriate education and enrichment for patients undergoing dialysis

Dialysis unit 
teacher

The dialysis unit teacher is a hospital-based school teacher who works to ensure dialysis 
patients are able to stay current in their school studies while spending time out of the classroom 
and in the dialysis unit

Copyright © 2019. The Children’s Mercy Hospital. All rights reserved. Used with permission

units with higher turnover rates show an increase 
in patient complications and adverse events and a 
decrease in patient satisfaction and loyalty [11].

Interestingly, data shows that the driving 
 factors for nurse retention and intention to stay in 
a position do not include salary considerations. 
The American Association of Critical-Care 
Nurses identified six standards for establishing 

and sustaining healthy work environments. The 
standards of skilled communication, true collab-
oration, effective decision-making, appropriate 
staffing, meaningful recognition, and authentic 
leadership [18] fall in line with data showing that 
the most important positive influences on nurse 
retention are often relationship based. The rela-
tionships a nurse develops with peers, leaders, 
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physicians, and patients, as well as the ability to 
maintain relationships with family and friends 
outside of work, have been found to be a predic-
tor of a nurse’s intent to stay in a position [10, 
11]. Thus, it should be a primary focus of a dialy-
sis unit leader to encourage and foster the growth 
and development of these relationships. Team 
building exercises, the provision of supplies, 
space and education needed to do their jobs, and 
a leadership style that encourages open and hon-
est communication are of utmost importance to 
developing and maintaining meaningful relation-
ships in the workplace.

 Billing and Regulatory Guidelines

In the USA, dialysis centers are heavily regulated 
by the federal government via CMS.  As men-
tioned previously, pediatric dialysis patients in 
the USA are eligible to receive health insurance 
coverage through Medicare, and thus, dialysis 
centers are able to receive reimbursement for 
dialysis services by submitting bills to Medicare. 
However, Medicare has very specific rules and 
regulations that must be followed in order for a 

center to be eligible for reimbursement. These 
regulations and requirements can be found in the 
CMS ESRD Conditions for Coverage documents. 
Facility administrators and leaders should con-
sult these documents for guidance on program 
requirements.

 Care Implementation

 Modality Selection

Patient modality selection is an integral part of 
providing dialysis services. Patients must be pre-
sented with all treatment options, including the 
expectations and requirements for each, in a way 
that utilizes the principles of health literacy so 
they are able to provide meaningful input into the 
modality selection process. Modality selection is 
best approached as a team effort between patients, 
families, and the healthcare providers as outlined 
by the Renal Physicians Association (RPA) 
Clinical Practice Guidelines [19]. Each modality 
has specific care requirements and regulations 
that the center and the patient/family must com-
ply with. For example, it is recommended by the 
International Society for Peritoneal Dialysis 
(ISPD) that families of pediatric patients choos-
ing to perform at-home peritoneal dialysis have 
the physical dexterity to perform dialysis treat-
ments and dressing changes [12, 13]. Program- 
specific requirements may expand upon that to 
say a home patient must meet additional require-
ments such as the ability to provide a physically 
and emotionally stable and safe treatment envi-
ronment or the availability of two caregivers able 
to commit time to complete the program’s train-
ing requirements. Each dialysis candidate and 
their caregivers should be evaluated to assess 
their ability to meet all program-specific criteria 
before an ultimate decision on modality choice is 
made.

Modality choices at many centers include in- 
center hemodialysis or home peritoneal dialysis. 
Less common choices offered at some centers 
include home hemodialysis or in-center perito-
neal dialysis. In-center peritoneal dialysis may be 
offered as an option when patients would benefit 

Table 5.2 Structure standards components

General description
  (a) Type of unit
  (b) Location/size of unit
  (c) Narrative-physical space
Administration/organization
  (a) Mission/vision statement
  (b) Department organization
  (c) Program goals and objectives
Hours of operation
  (a) Regular operating hours
  (b) After hours operation
  (c) Emergency dialysis services
Utilization of the area
  (a)Admission criteria
  (b) Follow-up care
  (c) Services provided
  (d) Transfer/discharge criteria
Staffing
  (a) Delivery of care methodology
  (b) Role definitions
  (c) Staffing ratios

Copyright © 2019. The Children’s Mercy Hospital. All 
rights reserved. Used with permission
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most from peritoneal dialysis, but the parents/
caregiver do not have the capacity to conduct the 
treatments at home.

Considerations for modality selection include 
type of kidney disease, age of the patient, loca-
tion of the patient, parental preference, and fam-
ily support system [24]. The goal of the 
nephrology team is to provide information, edu-
cation, and support for the modality preferred by 
the family. For example, a family who is inter-
ested in home dialysis will benefit from a home 
visit before the final modality selection to evalu-
ate if any environmental changes or modifica-
tions are needed before starting home therapy. 
This allows the family to be fully informed of the 
program requirements for the home environment 
prior to committing to a home therapy solution.

 Patient/Family Education

So much of what we do as dialysis professionals 
relies on the patient/family to be a partner in the 
care being provided. A center’s outcomes are a 
result of a combination of the medical team’s 
effort and patient/family participation. Because 
of this, it is important to ensure proper emphasis 
is given to the development of patient/family 
education programs and materials. Patients 
should receive initial education and training 
upon diagnosis and treatment initiation but also 
should receive on-going, regularly scheduled 
education during their time as a dialysis patient/
family. The SCOPE (Standardized Care to 
Improve Outcomes in Pediatric Endstage Renal 
Disease) Collaborative recommends at least 
monthly education for patients/families on dial-
ysis therapies to ensure ongoing compliance 
with treatment protocols and to provide opportu-
nities for open dialog between staff and patients/
families regarding barriers or problems they may 
be experiencing. Since the implementation of the 
SCOPE bundles for patient care and education, 
the collaborative has seen a collective 41% 
reduction in the rate of peritonitis across all 44 
participating centers.

Education materials should be developed by 
employing the principles of health literacy as 

defined by the Agency for Healthcare Research 
and Quality (AHRQ). Studies show that utilizing 
these principles increases readability and com-
prehension for people of all abilities and educa-
tion levels [15, 16]. It is important never to 
assume a person will be able to understand and 
apply information based upon their level of for-
mal education. Making this assumption disad-
vantages all learners by providing them with 
learning opportunities that may not be appropri-
ate for their learning style or comfort level with 
the educational material. For this reason, it is 
wise to perform a health literacy and learning 
style assessment on all new learners to a pro-
gram. This assessment can help educators iden-
tify the ways in which a learner best learns 
(visual, hands-on, written, or auditory) to provide 
education in a format that best suits the needs of 
the learner. Common examples of these assess-
ment tools include the STOFHLA, BRIEF, and 
REAM. The STOFHLA tool is recommended for 
use in dialysis programs by the CKiD (Chronic 
Kidney Disease in Children) Study because it is a 
quick and simple tool which has been validated 
in both English and Spanish.

Upon completion of a health literacy assess-
ment, the educator should employ principles of 
education that are designed to optimize the learn-
ing experience of parents/caregivers by custom-
izing the way content is provided in combination 
with adult learning strategies or other develop-
mentally appropriate approaches.

For written materials, health literacy experts 
emphasize evaluating both the readability (the 
length of words and sentences) and the under-
standability (word choice and format) of the con-
tent. Recommendations from the CDC and 
AHRQ include maintaining a fifth or sixth grade 
reading level, giving the most important informa-
tion first, limiting the number of messages being 
conveyed at one time, telling the reader what 
actions they need to take, and utilizing pictures 
and white space to provide relief to the eye and 
give the brain an opportunity to process the infor-
mation provided [17].

Authors of patient education materials can use 
online tools such as the Fry formula, SMOG, or 
the Flesch-Kincaid assessment to determine 
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readability of written materials. Understandability 
can be assessed using the AHRQ PEMAT, the 
CDC Clear Communication Index, or the SAM 
evaluation. More information and resources 
regarding health literacy and patient communica-
tion can be found online utilizing the CDC’s 
health literacy web page.

 Patient Care Plans

Services provided by a dialysis facility include 
evaluating and monitoring the whole patient. 
Dialysis care not only encompasses the actual 
dialysis treatments of the patient but also includes 
attention to growth, development, nutrition, car-
diovascular health, bone and mineral disease, and 
psychosocial health. These components of dialy-
sis care are addressed during the patient care plan 
process.

Patient care plans are designed to provide a 
patient and their family a clear representation of 
the current status of the patient’s health and well- 
being, as well as defined goals for medical care. 
In the USA, this occurs at a minimum at 30 days 
and 90  days post-dialysis initiation and then 
annually thereafter. However, care plan meetings 
can occur at any time at the request of the patient/
family or the medical team. Engaging patients 
and families in the care plan process allows them 
to be active participants in their care. Research 
suggests that patient and family participation in 
care leads to better medical outcomes as well as 
an increased sense of control, awareness, and 
self-esteem [20].

While the development of care plans and the 
implementation of care is largely an interdisci-
plinary effort, the role of the nurse in the process 
is vital to success. The dialysis nurse serves as a 
coordinator of care for these patients. This unique 
role allows the patient/family to have one point of 
contact for dialysis care and allows the medical 
team to identify one individual to be responsible 
for ensuring all follow-up tasks are assigned and/
or completed. Patients requiring dialysis care 
have complex medical and psychosocial needs, 
and it is near impossible to ensure that all needs 
are met without a designated care coordinator. 

This coordination of care occurs at the care plan 
meetings as previously mentioned but also at the 
regular dialysis patient clinic visits, during phone 
calls with patients/families which should occur at 
least every 2  weeks (and more frequently with 
young patients), during interdisciplinary care 
conferences, and as needed to follow up on lab 
results, radiologic testing, and treatment/medica-
tion changes.

 Patient and Family Support

The care of the child requiring dialysis often 
extends beyond the child to include familial and 
environmental care, so as to ensure a safe and 
stable environment for the child. Families who 
are thrust into the realities of living with a child 
who has ESRD can be surprised or caught off 
guard by the complexities of caring for a loved 
one with ESRD. It is essential for pediatric dialy-
sis programs to offer education and support for 
the families facing this challenge. It is not uncom-
mon for families or caregivers to experience a 
feeling of loss of control or even to go through a 
period of grieving and mourning as the realiza-
tion of this life-altering diagnosis sets in.

According to PedsQL data, patients with kid-
ney disease rate themselves as having a signifi-
cantly lower quality of life than their healthy 
peers. This stems from a variety of factors includ-
ing the decreased interaction with peers (from 
missing school to attend dialysis treatments), the 
dietary limitations of a renal diet, the uncertainty 
of the future (will they receive a transplant?), 
activity restrictions (bathing, swimming, sports), 
and body image concerns. Knowing quality of 
life is an impactful factor in longevity and future 
success, we must be prudent in providing oppor-
tunities for these patients/families to participate 
in meaningful experiences that work to enhance 
the quality of life and overall growth and devel-
opment of the patients and their families [21]. 
Examples of such activities that should be incor-
porated into the organization of a dialysis pro-
gram include involving patients/families in unit 
advisory boards or engaging them in open forums 
to allow patients/families to give input and feed-
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back into unit operations and practices. The per-
spective of the patient/family is often different 
than that of a healthcare provider. Asking them to 
provide input helps them become more indepen-
dent and allows them to feel more in control of 
what is happening to them.

Another opportunity that allows growth and 
development, encourages independence, and 
enhances the experience patients and families have 
is summer camp. As dialysis patients, children are 
not able to experience traditional summer camps 
alongside their friends from school or church 
because of their medical needs. Encouraging chil-
dren to attend a summer camp specifically for chil-
dren with kidney disease allows them to spend 
time with other children facing the same chal-
lenges they face. ESRD in children is relatively 
rare, and children requiring dialysis may not actu-
ally know any other children in their community 
who also have kidney disease. Allowing children 
to come together in the camp setting gives the kids 
a sense of normalcy. They experience the joys of 
being a kid without having to worry about what 
others are thinking about their catheter, their scars, 
or their handful of medications [22]. This time also 
affords the families much needed respite time. 
Families and caregivers of children with ESRD 
experience burnout and need time to recharge and 
focus on taking care of themselves. Providing a 
safe place for their child with ESRD to go and be 
cared for is an unexpected gift for parents and 
caregivers. Dialysis programs can support the 
efforts of their own camp, or a camp operated by 
another program, by incorporating the camp expe-
rience into the culture and expectations for pro-
gram staff. Some patients may be reluctant to 
participate in an overnight camp away from their 
caregivers. Staff who are invested in the camp 
experience will encourage these patients to partici-
pate and will help them to receive the benefits of 
the camp experience.

 Transition and Transfer of Care

Pediatric dialysis programs are designed to meet 
the needs of children requiring dialysis and their 
families. There comes a time when children grow 

into adults and therefore must transfer to an adult 
care provider. The age at which this happens 
ranges from 18 years to 22 years depending on 
the program and facility rules. Transition and 
transfer of care are often used interchangeably, 
but the reality is they refer to two very different 
processes. Transition is defined as the prepara-
tion leading up to and immediately after the 
transfer. Transfer of care is the actual act of shift-
ing care from one provider to another (such as 
from the pediatric to adult provider). Ideally, the 
transfer of care occurs once the process of transi-
tion is complete. Because dialysis programs care 
for children from diagnosis until adulthood, it is 
necessary to establish and implement a transition 
curriculum to educate and prepare children for 
the transfer of care to an adult provider. The tran-
sition education curriculum should utilize the 
principles of health literacy and should focus on 
helping children learn about their kidney disease 
and how they can help keep themselves healthy. 
The material should arm the children with the 
knowledge needed to live a long and productive 
life with kidney disease. Ideally, this education 
should begin when a patient is 12 years of age 
with the slow accumulation of knowledge and 
skills over many years. Examples of topics which 
may be included in the education modules are 
anemia, bone disease, lab values, the functions of 
a kidney, and information about a patient’s dialy-
sis access. Patient knowledge and retention 
should be tracked utilizing a transition readiness 
tool which can provide information to help the 
medical team identify areas of educational need 
(Table 5.3).

Centers should also define a process for the 
actual transfer of care. Approaches to this event 
vary. Anecdotally, successful transfers of care 
have occurred when both the giving and receiv-
ing medical teams work in concert with each 
other. Some centers choose to host joint clinics 
with both providers present, while some choose 
to arrange a post-transfer visit with the pediatric 
provider to allow the patient and family to debrief 
after visiting the adult center. Regardless of the 
approach to integrating the transfer process into 
the program, it is beneficial for pediatric dialysis 
programs to establish and cultivate a relationship 
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Table 5.3 Transition Patient Readiness Tool, Children’s Mercy Kansas City ESRD Transition Readiness Tool

Patient name: Date:
Transition Patient Readiness Tool
Instructions: Read the question to the patient, and mark the choice that best describes the patient’s response
1. Chronic kidney disease Ready Approaching Not 

Ready
What is the name of your kidney disease?
What is your GFR, creatinine, or stage of kidney disease?
Does a kidney transplant last a lifetime?
What are the treatment options if your transplant fails?
Why is it important to save your veins?
What is the preferred arm to have labs drawn from or IVs placed?
2. Rx: Medications Ready Approaching Not 

Ready
Do you carry a list of your medications?
What could happen if you do not take your medication?
Are there any medications you should not take?
Can you tell me what each of your medications is for?
Do you have a system to organize your medication?
What would you do if you ran out of refills?
3. Lab information Ready Approaching Not 

Ready
What time do you take your immunosuppressive medications?
What time should your transplant labs be drawn?
Why is it important to get labs?
4. Health Ready Approaching Not 

Ready
Does having a transplant/being on dialysis affect your ability to:
Female – become pregnant
Male – get someone pregnant
Do you feel comfortable talking to your doctor by yourself?
Why is exercise and good nutrition important?
Why is it important to control your blood pressure?
What are important reasons for you to call your nurse or doctor?For example, 
fever, refills, blood pressure, medication issues
How can using drugs, alcohol, or smoking affect your health?
Why is it important to receive your dialysis treatments prescribed by your 
physician or nurse?
Why is it important to meet your fluid goal or restriction?
Do you perform your medical procedures yourself?For example, 
catheterizations, bladder irrigations, or Epogen shots
5. Self-management skills Ready Approaching Not 

Ready
Do you remember to take your medications on your own?
Do you call in your prescription refills yourself?
Do you review your own lab results with your doctor or nurse?
Do you know how to schedule an appointment?
Do you plan your transportation to clinic?
Do you carry your insurance card with you?
Do you know who to call if you have questions or concerns? How do you find 
this number?

A. Nau
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with regional adult care providers to assist with 
program design and objectives. It is essential to 
the success of transfers of care for pediatric and 
adult programs to maintain common goals and 
expectations. One way to ensure the teams are in 
sync is to participate in or develop city-wide or 
regional transition and transfer of care work-
shops. A workshop in this format allows pediatric 
and adult programs to develop solutions as a team 
that ultimately benefit the patients who are trans-
ferring from one program to another.

 Quality Improvement and Safety

Quality improvement in the dialysis unit is vital to 
ensuring optimal patient outcomes. Ideally, units 
should have a dedicated quality improvement coor-
dinator to identify and facilitate quality improve-
ment projects and activities. Units regulated by 
CMS have pre-defined minimum standards for qual-
ity improvement monitoring which can be found on 
the Measures Assessment Tool (MAT) published 
by CMS (https://www.cms.gov/Medicare/Quality-
Initiatives-Patient-Assessment-Instruments/MMS/
Quality-Measure-and-Quality-Improvement-). 
Units not regulated by CMS may also find the MAT 
a helpful resource for defining quality metrics and 
goals [23].

While the MAT is a starting place for identify-
ing quality initiatives, pediatric dialysis units 
should seek to identify additional ways to 

improve the care being provided. Facility leaders 
and staff can consult benchmarking resources 
from the International Pediatric PD Network 
(IPPN) or North American Pediatric Renal Trials 
and Collaborative Studies (NAPRTCS) databases 
to assist with project and metric identification.

Additionally, many healthcare facilities are 
shifting to a LEAN mentality to identify and sur-
face quality or safety problems. LEAN organiza-
tions encourage front-line staff to voice concerns 
and to be an active participant in the problem- 
solving process to ultimately provide better and 
safer patient care. Examples of LEAN problem- 
solving tools that can easily be integrated into the 
dialysis unit quality and safety program are the 
use of STP (situation, target, and proposal) 
boards, daily safety and readiness huddles, and 
standard work documents.

 Oversight and Ongoing Operations

In addition to quality and safety reviews, dialysis 
units are required by CMS to show evidence of 
communication and oversight within the parent 
organization, whether that be an independent 
dialysis company or as a component of a hospital 
system. The overarching purpose of this require-
ment is to ensure the organizational leadership is 
informed and aware of the challenges and suc-
cesses impacting the patients and staff in dialysis 
units and a forum for bidirectional communica-

Table 5.3 (continued)

Patient name: Date:
6. Insurance Ready Approaching Not 

Ready
Do you know the name of your insurance?
Do you understand you may have to pay a fee for clinic visits, labs, and 
medications?
7. Ongoing support Ready Approaching Not 

Ready
Who is your primary care doctor?
Who is your support system that will help you manage your care (e.g., family, 
friends, clergy, or community members)?
What concerns or questions do you have about transition?

Copyright © 2019. The Children’s Mercy Hospital. All rights reserved. Used with permission
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tion exists. Members of a dialysis unit oversight 
committee should include leadership from all 
areas and service lines in the organization that 
have a stake in dialysis unit operations. This can 
include organizational nursing leadership, the 
medical director of the dialysis program, and 
leadership representatives from biomedical engi-
neering, intensive care and medical/surgical units 
associated with the program, quality and safety 
departments, as well as unit-based leadership. 
The oversight committee serves as an avenue for 
open communication.

While communication at the oversight level is 
extremely important, it is impossible to overem-
phasize the importance of open, honest, and fre-
quent communication between the nursing and 
medical leadership. This communication and the 
development of a collegial relationship between 
medical and nursing leaders sets the tone for the 
culture and atmosphere of the dialysis unit. As 
mentioned earlier, staff satisfaction is associated 
with better patient outcomes, and a significant 
factor in staff satisfaction is relationship- based 
including the RN-MD relationship. The leaders 
of the program have a responsibility to shape and 
protect the relationship between team members. 
This can be accomplished by regular communi-
cation that leads to the surfacing of problems and 
the facilitation of problem-solving.

One such way communication and problem- 
solving can occur is through strategic planning 
for the future of the program. Each organization 
likely has enterprise-wide strategic goals that can 
and should be honed in on at the unit level. The 
dialysis program should embrace the goals and 
develop a way to incorporate goal achievement 
into daily practice. Common goals among orga-
nizations may include metrics around access to 
care, financial stewardship, or patient satisfac-
tion. Programs should engage front-line staff and 
leadership as well as quality and safety personnel 
to develop action plans and common unit-level 
goals. This requires an ongoing commitment to 
the fostering of relationships as well as to a team 
mentality.

 Conclusion

The organization and management of a dialysis 
unit presents unique challenges and opportunities 
for leaders. The balance between regulatory, 
organizational, and interpersonal goals is delicate 
and is unique to pediatric dialysis programs. The 
principles and practices described in this chapter 
can provide a solid foundation for the organiza-
tion and management of a pediatric dialysis unit; 
however, executing a unit organization and man-
agement plan with finesse is the key to success.
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Role of the Advanced Practice 
Provider in a Pediatric Dialysis 
Program

Jessica J. Geer and Kathleen F. Mallett

 Introduction

There is a growing demand for pediatric 
nephrology as children with chronic illness 
are surviving kidney-related complications 
due to improvement in technology [1]. 
However, according to a survey completed by 
the American Academy of Pediatrics on the 
workplace in pediatric nephrology, there is a 
potential shortage for pediatric nephrologists 
in the future. From 2010 to 2014, 43% of fel-
lowship positions were unmatched [2]. At the 
end of 2013, the average age of pediatric 
nephrologists in the United States was 
57.8 years. Nurse practitioners and physician 
assistants, both commonly referred to as 
advanced practice providers (APPs), can be 
vital members of the multidisciplinary team to 
help care for children with chronic kidney dis-
ease and improve the shortage of pediatric 
nephrology providers.

 History of the Advanced Practice 
Provider (APP)

 Nurse Practitioner

The first nurse practitioner (NP) program was 
started at the University of Colorado in 1965 by 
Dr. Loretta Ford and Dr. Henry Silver in response 
to the expansion of Medicare and Medicaid cov-
erage to include low-income women, children, 
elderly, and people with disabilities [3]. The 
increase in the size of the population needing 
healthcare services created a shortage of primary 
care providers, especially in rural areas of the 
United States. According to the American 
Association of Nurse Practitioners (AANP), 
there are currently about 248,000 nurse practitio-
ners in the United States [4]. There are multiple 
synonymous titles for this role, including 
advanced practice registered nurse (APRN), 
advanced registered nurse practitioner (ARNP), 
and nurse practitioner (NP). For the purposes of 
this chapter, this role will be referred to as APRN. 
APRNs are registered nurses (RNs) who have 
completed a four-year degree in nursing (bache-
lor of science in nursing or BSN) and then obtain 
either a graduate or doctorate degree in a 
population- focused area of study. There are a 
myriad of program tracks for either degree level 
including, but not limited to, family practice, 
pediatrics, acute care, emergency medicine, and 
psychiatric-mental health [5–7]. Graduate 
degrees include the master of science in nursing 
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(MSN) and post-master’s certificate. Doctorate 
degrees include the doctor of nursing practice 
(DNP) and doctor of philosophy (Ph.D.). A MSN 
must be completed prior to obtaining a doctoral 
degree. Some programs offer a dual degree BSN- 
DNP option, where in a MSN is obtained as part 
of the terminal DNP degree. Post-DNP certifi-
cates are also available for those who wish to pur-
sue further expansion of their scope of practice. 
Single-track programs prepare the APRN for 
national certification and to provide comprehen-
sive care for a population-focused area, whereas 
dual track programs prepare the APRN to become 
nationally certified and to practice in either two 
population-focused areas, or one population- 
focused area in both primary and acute care. For 
single-track programs, a minimum of 500 direct 
patient care clinical hours is required for the 
MSN. However, for APRNs studying to care for 
patients across the lifespan (i.e., family practice), 
or in dual track programs, it is expected that this 
minimum requirement would be exceeded [8]. 
For those pursuing the emerging DNP degree, a 
minimum of 1000 post-baccalaureate practice 
hours along with a final doctoral project (such as 
original research, journal publication, or quality 
improvement projects) are required through the 
program of study [9]. According to the 2015 
American Association of Nurse Practitioners 
(AANP) Scope of Practice for Nurse Practitioners 
position statement [10], this additional training 
allows the APRN to practice in ambulatory, acute, 
and long-term care as a primary and/or specialty 
care provider. APRNs assess, diagnose, treat, and 
manage acute episodic and chronic illnesses. 
They order, conduct, supervise, and interpret 
diagnostic and laboratory tests, prescribe phar-
macological agents and non-pharmacologic ther-
apies, and teach and counsel patients. 
Additionally, the APRN typically obtains certifi-
cation in the patient population in which their 
practice is focused, depending on state regula-
tions. In terms of pediatric dialysis settings, the 
APRN may have specific certification in family 
practice, pediatrics, or clinical nurse specialist 
areas. Additional specialty certification may be 
obtained in nephrology to demonstrate clinical 
expertise, but nephrology certification is not a 

requirement for licensure or employment at this 
time.

Licensure and scope of practice as an APRN is 
determined individually by each state’s Board of 
Nursing through the state rules/regulations and 
nurse practice acts (NPA). Certification is main-
tained by either retesting and passing the test spe-
cific for original certification or obtaining 
continuing nursing education (CNE). Most states 
do require initial certification as part of the licens-
ing process. Each state’s Board of Nursing also 
regulates the level of physician involvement in 
patient care (for instance, interval follow-up and 
chart review), the number of APRNs with whom 
each physician can collaborate, distance between 
the collaborating provider and the APRN, or if 
the APRN can admit patients to the hospital [11]. 
In 2010, the Institute of Medicine (now called the 
National Academy of Medicine) published a 
report on “The Future of Nursing,” recommend-
ing APRNs be allowed to practice at the fullest 
extent of their education and training in order to 
increase access to healthcare for all [12]. To 
address the wide variation among states in the 
rules and regulations governing ARRN practice, 
the National Council of the State Boards of 
Nursing (NCSBN) and the National Academy of 
Medicine (NAM) have launched a collaborative 
effort termed the APRN Campaign for Consensus. 
The goal of the campaign is to align APRN 
licensing and regulation across the participating 
states to allow APRNs to practice to the full 
extent of their training and licensure [13]. 
Currently, there are three levels of APRN prac-
tice: (1) full practice authority; (2) reduced prac-
tice; (3) restricted practice. Given the 
ever-changing policies and requirements, it is 
prudent to know your state’s specific require-
ments for licensure and scope of practice for the 
APRN.

Some expectations and responsibilities of the 
APRN are participation in development and 
assessment of medication protocols, and to 
assess, diagnose, theorize, and analyze complex 
clinical and nonclinical problems. See Table 6.1 
for competencies for the APRN in nephrology 
according to the American Nephrology Nurses 
Association (ANNA) Position Statement [14].
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 Physician Assistant

Similar to the APRN, the role of the physician 
assistant (PA) was born out of necessity in the 
mid-1960s due to an impending primary care 
shortage and implementation of Medicaid and 
Medicare. The first physician assistant program 
was started in 1965 by Dr. Eugene A. Stead Jr. at 
Duke University. It began with four Navy 
Hospital Corpsmen who had received extensive 
medical training in the military. This role was ini-
tially geared toward the returning serviceman 
who could be fast-tracked on their training [15]. 
Five years later, Dr. Silver also developed the 
child health associate’s program, a PA program 
with an emphasis on pediatrics.

The PA requires a graduate degree called the 
masters of health science (MHS). While a non- 
healthcare bachelor’s degree is acceptable, all 
applicants to a PA program must meet program 
pre-requisites that include college-level classes in 
chemistry, anatomy/physiology, biology, and 
microbiology along with a minimum of 
2000  hours of healthcare experience. This is 
often obtained through employment as an emer-
gency medical technician (EMT), paramedic, lab 
assistant, medical assistant, emergency room 
technician, certified nurse assistant (CNA), or 
other healthcare fields. Acceptable healthcare 
hours may be program specific [16]. Most PA 
programs take approximately 2 years to complete 
and include classroom instruction along with 
2000 clinical hours in a variety of settings that is 

not limited to family practice, internal medicine, 
pediatrics, general surgery, OB/GYN, emergency 
rooms and psychiatry. Physician Assistants must 
pass a national certification known as the 
Physician Assistant National Certification Exam 
(PANCE) which is required by all states for ini-
tial licensure. Whereas APRNs are regulated by 
each state’s Board of Nursing, PAs are regulated 
by state medical boards; these boards do not 
always have PAs as members to represent the 
profession. Currently, PAs must have a practice 
agreement with a specific physician, although 
there is a policy change occurring within the 
American Association of Physician Assistants 
(AAPA) referred to as Optimal Team Practice 
[17]. The goal is to remove the burden of having 
a specific physician with whom the PA has a legal 
agreement. Practice-level decisions about col-
laboration are emphasized, allowing more flexi-
bility to collaborate in medical teams and 
avoiding administrative infractions that are unre-
lated to patient care and outcomes [18].

Licensure is also individualized by state or 
jurisdiction including the District of Columbia. 
Initial licensure always includes passing the 
PANCE, but renewal of the PA license requires 
either Continuing Medical Education (CME), 
retesting and passing the PANCE, or a combina-
tion of the two. Scope of practice for the PA is 
regulated at the core by the state regulatory body. 
It is also determined by the physician’s scope and 
practice setting in which they work. Additional 
optional certification called a Certificate of 
Added Qualifications (CAQ) may be obtained to 
illustrate further competence and commitment 
within a specialty such as nephrology. Just as 
with the APRN, it is prudent to be knowledgeable 
of each state’s regulations regarding the practice 
requirements of the PA.

 Orientation for the APP

Dialysis units with a pediatric designation make 
up <0.1% of all dialysis units [19]. Consequently, 
the role of an APP in this setting is varied based 
on the needs of the institution. Some APPs are 
responsible for both outpatient and inpatient 

Table 6.1 Examples of competencies for the APRN in 
nephrology

1.  Independently assess, conceptualize, diagnose, and 
coordinate care for complex health problems

2.  Provide expert nursing care to individuals with 
varying degrees of kidney impairment

3. Assist patients and families with modality choices
4.  Prescribe, administer, and evaluate pharmacologic 

and non-pharmacologic therapeutic treatment 
regimens

5.  Focus on care that promotes health and prevents 
kidney disease

6.  Manage acute and chronic kidney disease in a 
variety of healthcare settings

American Nephrology Nurses Association [14]
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management, while others may work in only one 
of these settings; the same may be true for dialy-
sis or transplant. Each program is unique, and 
experience levels of APPs will differ even within 
the specialty. In turn, orientation for an APP will 
depend on previous experience and can be tai-
lored accordingly. Although some APPs may 
have experience in other areas, it is common for 
an APP to be brand new to dialysis with no prior 
experience in nephrology. There are currently 
no standardized curriculum or fellowship pro-
grams for APPs interested in further training in 
nephrology. Therefore, orientation for nephrol-
ogy APPs, whether it be in the acute care set-
ting, dialysis, or transplant programs, is 
primarily developed by the specific department. 
The APP should be motivated to create his or 
her own orientation pathway and to initiate 
learning experiences. Through an extensive ori-
entation, APPs can learn the complex medical 
management of patients with end stage kidney 
disease. At most institutions, a typical hospital 
orientation is 3 months, but learning and obtain-
ing competency in pediatric ESKD care can take 
1–2  years depending on the experience of the 
APP. However, care of the nephrology patient is 
complex, so learning is life-long. Little is known 
regarding specific orientation practices in pedi-
atric nephrology for APPs, so forming relation-
ships with peers and other providers with 
experience in this setting is crucial. Practically 
speaking, incorporating the necessary education 
into the daily job duties can be a major chal-
lenge. Scheduling and keeping dedicated time 
for education will require support from division 
leadership.

First, it is important for the APP to learn the 
physiology and pathophysiology of renal disease 
to better understand treatment options. 
Membership in national organizations may also 
be useful in identifying relevant topics and con-
tinuing education opportunities to include in the 
orientation process. Additionally, attending 
national conferences on nephrology and dialysis 
is vital in the learning process. At conferences, 
the new APP will be able to network with others 
around the country, hear descriptions of roles and 
day-to-day responsibilities, and learn important 

concepts for practice. Other recommended learn-
ing activities can be found in Table 6.2.

For dialysis, APPs should spend time learning 
all dialysis modalities, including the operation of 
dialysis equipment and management of all access 
types. Spending time with front line dialysis 
nurses to learn the nuances of treatments is essen-
tial. It is often helpful for the APP to attend home 
dialysis training sessions with the home training 
nurse and the patient’s caregiver in order to better 
understand issues that can occur during treatment 
that the APP will be expected to manage. Dialysis 
nurses and technicians offer a wealth of knowl-
edge of patient care at the bedside. The APP 
should orient with the dialysis unit educator and 
nursing manager to learn about the unit and the 
important regulatory standards that govern its 
operations.

Since there are fewer APPs in pediatric dialy-
sis, it may be helpful to shadow an adult dialysis 
APP to learn workflow and responsibilities in a 
given unit. The APP should understand manage-
ment of common complications that arise during 
dialysis treatments such as blood pressure man-
agement, fever, access malfunction, and other 
issues discussed in this textbook. Working closely 
with a vascular surgeon is helpful in learning the 
management of arteriovenous fistulas and grafts. 
It is also helpful to collaborate with pediatric sur-
gery or interventional radiology to understand 

Table 6.2 Recommendations for orientation activities 
for the APP

Read nephrology 
journal articles 
and textbooks

Attend nephrology lectures and 
other didactic opportunities

Round on 
nephrology 
patients (inpatient 
and outpatient)

Become a member in national 
organizations (ex: American 
Nephrology Nurses Association 
(ANNA), National Kidney 
Foundation (NKF)

Attend national 
conferences in 
nephrology and 
dialysis

Network with other APPs around 
the country

Shadow dialysis 
nurses and 
technicians

Attend home training sessions 
and home visits
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the placement of hemodialysis central venous 
lines and peritoneal dialysis catheters.

In addition, it is important for the dialysis APP 
to understand renal transplantation. For most 
pediatric patients, dialysis is considered a bridge 
to transplant. The APP should understand the 
medical and psychosocial requirements for trans-
plantation; coordinating care of the dialysis 
patient with the transplant team is another impor-
tant APP role. If possible, the APP should observe 
a kidney transplant during orientation so ques-
tions can be answered when they arise from the 
patient and family.

 The APP in the Dialysis Unit

Once licensed and certified, the APRN or PA can 
manage children on dialysis. Children on chronic 
dialysis have unique needs requiring ongoing 
coordination of care. There can be multiple co- 
morbid conditions managed by other specialists 
leading to numerous healthcare providers, medi-
cations, and testing. The ideal multidisciplinary 
team consists of the nephrologist, APP, case man-
ager, dialysis nurse, pharmacist, dietitian, social 
worker, psychologist, child life specialist, sur-
geon, vascular access coordinator, quality 
improvement coordinator, and pre-transplant 
nurse coordinator. In the chronic outpatient dialy-
sis setting, APPs are becoming increasingly vital 
members of the interdisciplinary team, function-
ing as clinician, educator, case manager, quality 
improvement leader, and consultant. APPs are 
considered the bridge between the front line 
nursing, patients and families, ancillary staff, and 
nephrologists. Parents often look to APPs because 
they are the constant members of the provider 
team seeing their child routinely during most 
dialysis treatments. Directing and managing care 
according to evidence-based guidelines and hos-
pital policy is crucial to ensuring optimal care 
and outcomes for the patient who requires 
dialysis.

There is an overlap of clinical management 
issues for both the hemodialysis and peritoneal 
dialysis patient including anemia, mineral-bone 
disease, cardiovascular disease, growth and 

development, infection prevention, and dialysis 
access. The APP is well-equipped to manage 
these issues. Additionally, there are secondary 
management opportunities that the APP can lead 
including medication reconciliation and end- 
stage renal disease education.

 Role of the APP in Hemodialysis

Rounding
APPs generally round during each dialysis shift, 
reviewing inter-dialytic weight gains, blood pres-
sure trends, lab results, and any new acute issues 
that have developed since the last treatment. 
APPs help guide dialysis nurses and technicians 
on fluid removal goals. Most APPs are responsi-
ble for writing the dialysis weekly note, docu-
menting any acute issues that arose, and 
participating in the multidisciplinary visit that 
occurs monthly.

Vascular Access
The role of the APP in the hemodialysis unit 
involves many aspects including vascular access 
and troubleshooting. APPs work closely with the 
unit vascular access coordinator, or in many 
cases, serve as the vascular access coordinator. 
For hemodialysis catheters, APPs are responsible 
for working with the dialysis nurses in monitor-
ing the need for thrombolytic agents such as tis-
sue plasminogen activator (tPA). If a catheter is 
found to be malfunctioning, the APP must coor-
dinate care for replacement of the line, deciding 
on urgency of replacement, need for hospital 
admission, management of fluid and electrolytes 
prior to surgery, and coordinating dialysis once 
the catheter is replaced. An example of an APP- 
led quality initiative is the creation of an algo-
rithm to standardize packing hemodialysis 
catheters with tPA.

In addition, the APP is another member of the 
team who can provide education on long-term 
access for patients and their families. The APP 
coordinates the referral to the vascular surgeon 
and ensures vessel mapping is completed prior to 
arterial-venous fistula (AVF) creation. Post op, 
the APP assesses the AVF during each dialysis 
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session to monitor for infection, incision healing, 
and maturation of the AVF.  Once the fistula is 
ready to be used, the APP helps provide educa-
tion and support, along with dialysis nurses and 
child life specialists, with the goal of a successful 
first attempt at accessing the fistula.

Prior to every treatment, the dialysis RN is 
required to assess the AVF. If there is an abnor-
mality noted on exam, this gets reported to the 
APP who also does a physical exam. If there is 
concern for infection, the APP can order cultures 
and prescribe appropriate antibiotics.

Routine monitoring of the AVF with ultra-
sound dilution (Transonic®) exams may uncover 
a drop in estimated blood flow through the fistula. 
This would warrant further investigation, and the 
APP can coordinate a fistulagram and angio-
plasty if indicated. The APP is often the person 
who is very familiar with a patient’s access and is 
a vital member of the access support team.

Lab Review
Once stable on chronic hemodialysis, patients 
usually receive less frequent laboratory monitor-
ing, typically once monthly. The APP can be 
responsible for reviewing labs and making medi-
cation changes as needed with support by the pri-
mary nephrologist.

APPs can play an important role in anemia 
management and renal osteodystrophy control in 
children with CKD.  APPs might develop 
evidence- based guidelines for erythropoetin 
adjustments and iron supplementation to manage 
renal anemia or algorithms for medication 
changes to manage bone mineral metabolism.

 Role of the APP in Peritoneal Dialysis

Initiating Peritoneal Dialysis
The APP is an integral component of the success-
ful management of the pediatric peritoneal dialy-
sis (PD) patient. Providing evidence-based care 
is multi-faceted and offers several opportunities 
for the APRN or PA to improve outcomes in this 
population. For a new PD patient, the APP often 
coordinates care across a wide spectrum, includ-
ing monitoring the procedure for PD catheter 

placement, reviewing microbiology results, pre-
scribing appropriate prophylactic medications, 
managing initial treatments, ensuring proper 
post-op care, monitoring for complications and 
assisting with the discharge process. In order for 
the family to be successful for home PD therapy, 
the APP must work alongside the healthcare team 
to evaluate caregiver readiness and ability to 
safely provide this complex medical treatment at 
home.

Managing Outpatient Peritoneal Dialysis
For the patient who receives PD at home, the APP 
is responsible for reviewing treatment data, mak-
ing necessary adjustments to the PD prescription 
to optimize clearance, updating the medication 
list for accuracy, ensuring medications for possi-
ble contamination or peritonitis are ordered and 
reviewing complicated cases with the nephrolo-
gist. Additionally, the APP may be responsible 
for monthly ESKD clinic visits which is an 
opportune time to review and reinforce education 
regarding proper catheter care, treatment tech-
niques, and dialysis adequacy.

Managing Complications of Peritoneal 
Dialysis
The most common complications of PD are 
infectious and fall into two categories: exit-site/
tunnel infections and peritonitis [20]. The APP 
can be counted on to provide preliminary care for 
the patient who may be experiencing an exit-site/
tunnel infection or peritonitis episode. Knowledge 
of evidence-based guidelines such as the 
International Society of Peritoneal Dialysis 
Consensus Guidelines for the Prevention and 
Treatment of Catheter-Related Infections and 
Peritonitis in Pediatric Patients Receiving 
Peritoneal Dialysis: 2012 Update [21] is essential 
in providing the best care and outcomes for the 
pediatric PD patient who may have an exit-site/
tunnel infection or suspected peritonitis. As pre-
viously mentioned, the APP is often the first-line 
provider to be notified of concerns for potential 
infection and is able to initiate work-up and 
treatment.

Exit-site/tunnel infections are known to 
increase the risk of peritonitis and catheter failure 
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[22]. The initial evaluation of a suspected exit- 
site/tunnel infection can be done in person or via 
a cell-phone picture sent to staff by the caregiv-
ers. Many of the patients at the authors’ centers 
who are receiving PD live several hours away 
from our hospital. Questionable infection at the 
PD catheter exit-site is quantified using a scoring 
system as outlined in the ISPD Guidelines. 
Having the ability to initiate evaluation with a 
picture can help expedite scoring and direct treat-
ment until face-to-face assessment can take place. 
See the chapter on infectious complications in 
peritoneal dialysis (Chap. 16) for more informa-
tion regarding management.

Patients who receive PD at home must have 
trained caregivers who have demonstrated com-
petency in reconstituting antibiotics for instilla-
tion into PD fluid in the event of touch 
contamination or signs and symptoms of perito-
nitis. The caregiver is then expected to notify the 
dialysis staff per defined parameters from train-
ing. When the APP is notified, he or she is then 
responsible for coordinating further evaluation, 
including a formal assessment (in clinic or the 
Emergency Department), ordering the cell count 
and culture and/or exit site cultures, interpreting 
results, initiating treatment, and coordinating 
admission (if indicated based on results). 
Documenting and discussing the findings and 
treatment plan with the nephrologist and other 
members of the healthcare team is also the 
responsibility of the APP to ensure thorough 
communication and care coordination.

 Role of the APP in Critical Care 
Nephrology

The role of the APP in critical care nephrology 
has many similarities to the chronic setting. The 
APP in the acute care setting participates in con-
sults, daily care coordination, patient manage-
ment, and quality improvement as described in 
previous sections. Depending on the institution, 
the acute care APP is often trained on all acute 
procedures including therapeutic plasma 
exchange, acute peritoneal dialysis, acute hemo-
dialysis, continuous renal replacement therapy 

(CRRT), and extracorporeal liver support (ELS). 
As in the chronic setting, the APP is a member of 
the interdisciplinary inpatient team, which 
includes the nephrology attending physician and/
or fellow, and nursing staff.

Acute Procedures
The APP can obtain procedural consents and 
complete appropriate orders. If managing the 
patient, the APP is usually present for the initia-
tion of all new procedures including CRRT and 
ELS to help manage complications and is usually 
present at the bedside until all prescribed renal 
replacement therapy (RRT) settings are achieved 
and the patient is hemodynamically stable. For 
critically ill patients that are managed by the 
APP, there are daily comprehensive evaluations 
of the patient including review of patient fluid 
balance, laboratory findings, medications, nutri-
tion, and patient condition.

In addition, there are occasionally patients 
with acute kidney injury (AKI) that transition to 
intermittent hemodialysis while remaining inpa-
tient for a prolonged period of time without 
recovering renal function. These patients are 
treated similarly to chronic dialysis patients who 
are managed in the acute setting. The APP is 
helpful in coordinating care and managing asso-
ciated chronic conditions. For example, ensuring 
chronic labs (Kt/V, PTH, iron stores, etc.) are 
checked monthly while in the hospital until the 
patient is stable enough for discharge to the out-
patient chronic dialysis unit.

 Billing Practices for the APP

According to Centers for Medicare and Medicaid 
services (CMS) regulations, the monthly capita-
tion payment (MCP) must be furnished face-to- 
face by a physician, clinical nurse specialist, 
nurse practitioner, or physician assistant. For 
center-based patients, payment is based on the 
number of face-to-face visits each month with 
one visit being the lowest payment amount and 
four or more visits the highest payment amount. 
The physician or APP who provides the com-
plete assessment and establishes the patient’s 
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plan of care should submit the bill for the 
monthly service [23]. For home-based patients, 
 documentation should support at least one face-
to-face encounter per month by the physician or 
APP.

Of note, decisions made regarding APP reim-
bursement for Medicaid services are made at the 
state rather than the federal level, so rates vary 
state by state. It is important for the APP to be 
aware of billing practices individual to their 
location.

 The Role of the APP in Transitions 
of Care

Living with a chronic illness such as chronic kid-
ney disease adversely affects the quality of life of 
the pediatric patient, especially in those diag-
nosed at a later age [24]. Feelings of vulnerabil-
ity, anxiety, and identity crisis can disrupt the life 
of the pediatric patient. Caregivers may also 
experience uncertainty, fear, and difficulties man-
aging the patient’s health issues [25]. As previ-
ously stated, the APP is often the most consistent 
provider for this population and has a unique role 
in providing reassurance and continuity of care 
for the patient and family during these vulnerable 
times. Three major periods of transition may be 
identified after a patient is diagnosed with CKD: 
(1) transition from CKD-ESKD, (2) transition to 
transplant, and (3) transition from pediatric to 
adult care. All of these transition periods can 
prove difficult to navigate for the patient and 
family, presenting a crucial opportunity for the 
APP to alleviate the aforementioned struggles. 
Excellent communication skills that include 
understanding the principles of motivational 
interviewing, health literacy, and shared-decision 
making are paramount for the success of each 
transition period.

At the basic level, “…health literacy describes 
the patient’s ability to access, understand, inter-
pret, and use health-related information to 
improve health” [26]. The Institute of Medicine 
recognizes health literacy as an important com-
ponent of high-quality health care [27]. Many 

institutions are recognizing the importance of tai-
loring treatment for the patient and family utiliz-
ing the shared decision-making approach [28]. 
Healthcare providers should understand the rela-
tionship between health literacy and shared 
decision- making, recognizing that adequate 
health literacy is vital for participation in the 
shared decision-making process. It is crucial for 
the APP to understand that half of all parents 
have difficulty reading and understanding patient 
education materials, and many struggle to com-
prehend medical advice that is critical to the care 
of their child [29]. Additionally, there is a paucity 
of research with implicit findings on the effect of 
low parental health literacy in the ESKD 
population.

 CKD-ESKD

Advanced practice providers are essential team 
members who can fill a knowledge gap for fami-
lies that are transitioning from CKD-ESKD. This 
transition is often a period of uncertainty and 
apprehension for the patient and their caregiver(s). 
The APP is in a unique position to champion 
health literacy efforts and shared decision- 
making policies for their unit. It is not uncom-
mon to see fluctuations in labs and patient 
well-being as he or she teeters on the verge of 
ESKD status. Including the patient and caregiv-
ers in health literate conversations early on in 
their CKD journey is one way to enhance shared 
decision- making and positively affect adherence, 
outcomes, and patient satisfaction [26]. In addi-
tion, as GFR declines, the burden of self-care and 
shared decision-making increases, but the ability 
to understand, apply, and take part in these activi-
ties may decrease secondary to the effects of 
declining renal function [28]. A recent study by 
Rak et al. [30] found that low word reading liter-
acy skills (<7th grade) contributed to higher 
numbers of ER visits in the adolescent CKD or 
ESKD population.

In some programs, the CKD and ESKD teams 
function separately, while others demonstrate 
overlap between the teams. This may cause con-
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fusion for not only the teams involved, but also 
the patient and caregiver who may not understand 
which team is refilling meds, reviewing labs, or 
whom to call if new issues arise. Transferring 
care from the CKD team to the ESKD team 
should ideally be well defined with roles and 
timelines mutually agreed upon between the 
teams; the APP is in an ideal position to facilitate 
this communication effectively.

A meeting to discuss treatment options for 
ESKD including hemodialysis, peritoneal dialy-
sis, and kidney transplant is required not only 
from a regulatory perspective, but also to allow 
the family to make an informed decision. This 
could also serve as an introduction for the 
patient and family to the ESKD team and facili-
tate the transfer of care from CKD to ESKD. The 
APP can lead a multi-disciplinary team to 
develop a structured health-literate presentation 
regarding treatment options for ESKD.  This 
approach also facilitates the shared decision-
making process that is proving to be vitally 
important for patient outcomes [31]. The APP 
must also work closely with the dialysis staff to 
coordinate access placement for the chosen dial-
ysis modality in addition to formulating the ini-
tial dialysis prescription.

 Dialysis to Transplant

Kidney transplant is widely recognized as the 
treatment with the best outcomes for the patient 
with ESKD [32]. As mentioned previously, 
APRNs and PAs may wear many different hats 
depending on the needs of their program. The 
role of liaison between the dialysis and transplant 
teams is crucial to help facilitate readiness for 
transplant. This may include ensuring vaccina-
tions and required workup such as imaging are 
ordered and completed, as well as alerting the 
transplant team of severe illness or situations 
which would require a patient to become inactive 
on the wait list. In many programs the APP is the 
consistent provider for the dialysis patient and 
proves to be a vital member of the team to advo-
cate for or alert the transplant selection team to 

situations that would indicate a patient is not 
ready to be placed on the waitlist.

 Pediatric to Adult Care

The transition to adult care requires advanced 
planning and preparation from the multidisci-
plinary team. This should incorporate a collabo-
ration between the healthcare team along with 
the patient and caregiver to teach self-care. 
Helping the adolescent/young adult (AYA) gain 
autonomy and responsibility for her or his own 
care is necessary prior to transitioning to adult 
care, but this can be a stressful time for the patient 
and caregiver, creating feelings of anxiety and 
depression. The recommended age to begin the 
transition process is 12–14 years of age; however, 
many factors play a role in education readiness 
including emotional, psychological, and physio-
logical maturity. As previously stated, the decline 
in GFR may affect the ability of the patient to 
achieve adequate health literacy.

The caregiver’s level of health literacy should 
also be taken into account, recognizing that edu-
cational level does not always correlate with how 
health literate a caregiver is [24]. Care should be 
tailored accordingly, and the APP is in an excel-
lent position to help develop or improve existing 
materials to not only ensure they are designed to 
promote health literacy, but also are individual-
ized for each patient. The AYA is at greatest risk 
for non-adherence/attendance at clinic visits and 
preventable hospitalizations in the first 3–4 years 
after transition to adult care. Transition champi-
ons from both the pediatric and adult sides facili-
tate a smoother transition for the adolescent/
young-adult [25], and this is an excellent role for 
the APP in dialysis.

 The Role of the APP in Improving 
Patient Outcomes

Assessing and improving the quality of care pro-
vided to patients with end-stage renal disease is 
an important responsibility for the entire dialysis 
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team, including the APP.  As part of quality 
improvement, evidence-based processes of care 
are monitored and evaluated. A systematic 
approach for improvement is implemented and 
results are discussed routinely [33]. APPs are 
often involved in quality improvement projects in 
the dialysis unit. Since outcomes are tracked on a 
monthly basis, problems can be easily identified. 
For example, if a unit is not meeting their goal for 
anemia management, the APP can collaborate 
with the medical director, nursing leadership, 
pharmacist, and other members of the interdisci-
plinary team to review the current practice and 
decide on interventions to be implemented. After 
each intervention, results are tracked and dis-
cussed on a regular basis.

In addition to quality improvement projects, 
the APP can impact the overall quality of care 
delivered. There are few studies in the adult litera-
ture examining the role of the APP in the dialysis 
unit and the impact on quality of care. In one 
study, a joint model of care delivery utilizing an 
advanced practice nurse with a nephrologist was 
compared to a nephrologist alone. Team satisfac-
tion and perceptions of care delivery were higher 
in the advanced practice nurse/nephrologist 
model. In addition, more frequent adjustments to 
dry weights, labs, and medications were made, 
leading to a conclusion that this model may be 
more efficient for the chronic dialysis patient [34].

 Conclusion

Care of the pediatric patient with ESKD is multi-
faceted and requires management from an inter-
disciplinary team of which advanced practice 
providers have proven themselves to be a vital 
member. The APP is often considered the front- 
line healthcare provider, offering continuity of 
care and follow-up of complex medical issues. 
Nephrology practices that include APPs as part 
of their ESKD healthcare team often appreciate 
improved outcomes and satisfaction from 
patients, other dialysis team members, and care-
givers secondary to the experiences and leader-
ship that he or she provides. The APP can thrive 
in an environment that is supportive of his or her 

learning needs, with structured orientation that 
allows for customization and flexibility. APPs are 
capable of not only working with physicians and 
staff to provide the best evidence-based care, but 
are also capable of leading QI projects that will 
improve practices and standards of care at their 
institution as well as nationally.
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 Introduction

In 1999, when the Institute of Medicine (IOM) 
report from the USA revealed the high incidence 
of preventable medical errors, it shook not only 
the healthcare system but also the public’s faith 
in the system [1, 2]. More recently, preventable 
medical errors are considered the third-leading 
cause of death in the USA [3]. The IOM defines 
high-quality care as care that is safe, effective, 
efficient, equitable, timely, and patient-centered 
[1]. Establishing a culture of transparency and 
safety allows for all members of the health-
care system to speak up if there is an area that 
is not meeting the quality standards. Once an 
area of improvement is identified and there is an 
acknowledgment of a gap between knowledge 
and clinical practice, only then can we deliver 
better quality of care to our patients.

 Clinical Practice Guidelines 
and Clinical Performance Measures

Quality metrics in chronic kidney disease (CKD) 
programs are driven by clinical practice guide-
lines (CPG) and clinical performance measures 
(CPM). “Clinical practice guidelines are state-
ments that include recommendations intended to 
optimize patient care that are informed by a sys-
tematic review of evidence and an assessment of 
the benefits and harms of alternative care options. 
Rather than dictating a one-size-fits-all approach 
to patient care, clinical practice guidelines offer 
an evaluation of the quality of the relevant sci-
entific literature and an assessment of the likely 
benefits and harms of a particular treatment. This 
information enables healthcare providers to pro-
ceed accordingly, selecting the best care for a 
unique patient based on his or her preferences” 
[4]. CPMs provide a method to measure quality 
quantitatively through data collection and evalu-
ation [5].

There are two well-established CPGs in 
dialysis: the Kidney Disease Outcomes Quality 
Initiative (KDOQI), which provides guidelines 
and commentaries produced by the National 
Kidney Foundation and published in the 
American Journal of Kidney Diseases (AJKD), 
and the Kidney Disease: Improving Global 
Outcomes (KDIGO), which is a self-managed 
charity incorporated in Belgium. In 1960, the 
International Society of Nephrology (ISN) 
Clinical Practice Guidelines Committee was 
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established, to oversee the increasing number of 
guidelines being issued. The ISN is a nonprofit 
organization “dedicated to advancing worldwide 
kidney health [6].” ISN Practice Committee 
members do not develop guidelines, they evalu-
ate, form recommendations, encourage devel-
opment, and endorse guidelines; however, they 
support dissemination of KDIGO guidelines 
through the ISN journal, Kidney International, 
and contribute to the KDIGO advisory board [6].

Although the dialysis CPGs are widely based 
on adult research and evidence, pediatric recom-
mendations have been established in most guide-
lines (Table 7.1). For example, KDOQI updated 
its guidelines to include a CPG for Nutrition in 
Children with chronic kidney disease (CKD), 
which addresses the nutritional needs of infants, 
children, and adolescents with CKD stages 2–5, 
end-stage kidney disease (ESKD) on dialysis, or 
a kidney transplant [7].

Outpatient chronic dialysis in the USA has 
moved from a fee-for-service to a pay-per- 
performance (also known as “value-based 
purchasing”) system. These systems provide 
incentives that are tied to improved outcomes, so 
the need to provide and measure quality of care 
is critical in this industry. Although acute dialy-

sis programs are currently not held to the same 
requirements, establishing measurable quality 
metrics is necessary to improving care across the 
spectrum of acute kidney injury (AKI) and associ-
ated acute therapies. It is not uncommon for pedi-
atric nephrology practitioners to care for dialysis 
patients in both outpatient and acute settings. This 
can be challenging for a pediatric dialysis pro-
gram with limited resources. Oftentimes, metrics 
for measuring and reporting meaningful care have 
been adopted from the adult dialysis population 
without being validated for pediatric- specific out-
comes. “The pediatric ESRD patient is a mem-
ber of a unique subpopulation of ESRD patients. 
The cause of ESRD in the pediatric patient differs 
markedly from the adult patient; treatment modal-
ities in the pediatric ESRD patient differ substan-
tially from the adult patient; and outcomes such as 
growth, development, and school attendance are 
also unique to the pediatric ESRD patient” [7]. 
According to the Agency for Healthcare Research 
and Quality (AHRQ), there are four distinguish-
ing differences of child healthcare, often referred 
to as the “four Ds” [8, 9]:

Developmental 
Status Change

Children pass through 
developmental stages quickly, and 
measurement approaches must be 
appropriate to each stage.

Differential 
Epidemiology

Children have fewer chronic 
physical ailments than adults, 
making it harder to reliably 
measure performance related to 
the care of chronic conditions 
among children.

Dependence Children depend on adults for 
access to healthcare.

Demographic 
Patterns

Children are the most diverse 
section of our society (13), and 
many live in poverty and 
single-family homes.

The Children’s Hospital Association (CHA) 
recognizes the need for identifying pediatric- 
specific measures. In March 2019, they released 
“Demonstrating Value in Pediatrics: A Measure 
Menu, Workbook and Guidance for Value-based 
Care, Payment and Reporting Programs.” It is 
a resource to guide practitioners in the devel-
opment of a quality-based program for pedi-

Table 7.1 Dialysis clinical practice guidelines

KDOQI KDIGO
Acute kidney injury 
(AKI)

Acute kidney injury (AKI)

Anemia Anemia in CKD
Bone metabolism Blood pressure in CKD
Cardiovascular disease CKD evaluation and 

management
Chronic kidney 
disease, classification

CKD-mineral and bone 
disorder (CKD-MBD)a 
diabetes and CKD

Diabetes Glomerulonephritis (GN)
Glomerulonephritis Hepatitis C in CKD
Hemodialysis 
adequacy

Lipids in CKD

Hepatitis C Living kidney donor
Nutrition in CKD Transplant candidate
Peritoneal dialysis 
adequacy

Transplant recipient

Transplant
Vascular access
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atric populations. The CHA added a fifth “D: 
Detecting Differences” to address the challenges 
healthcare measures encounter, trying to differ-
entiate among levels of quality [10].

 Oversight of Centers for Medicaid 
and Medicare (CMS) and State 
Regulations

In the USA, the Centers for Medicare & Medicaid 
Services (CMS) regulate end-stage renal dis-
ease (ESRD) facilities. All ESRD facilities must 
adhere to the Conditions for Coverage (CfC) for 
ESRD facilities. These CfCs establish minimum 
standards that dialysis facilities must meet to be 
certified. The rule (or law) focuses on the patients 
and the results of care provided to the patients, 
establishes performance expectations for facili-
ties, encourages patients to participate in their 
plan of care and treatment, and preserves strong 
process measures when necessary to promote 
meaningful patient safety, well-being, and con-
tinuous quality improvement (QI) [11]. The CfCs 
for ESRD facilities outline minimum health and 
safety standard requirements.

 Quality Assessment 
and Performance Improvement 
Program

The updated 2008 CfC for ESRD mandates that 
all dialysis facilities be required to “develop, 
implement, maintain, and evaluate as effective, a 
data-driven, interdisciplinary Quality Assessment 
and Performance Improvement (QAPI) program 
[11].” Led by the medical director, the QAPI com-
mittee must also, at a minimum, include a physi-
cian (may be the medical director), a registered 
nurse, a masters-prepared social worker, and a 
registered dietitian. According to the “five Ds,” 
children’s healthcare has distinguishing differ-
ences from adult healthcare; therefore, the pedi-
atric care team includes other disciplines such as 
advanced practice provider (i.e., pediatric nurse 
practitioner (PNP)), creative arts therapist(s) (i.e., 
music therapist), quality of life program coordi-

nator, pediatric dietitian, child life specialist, 
school liaison, transplant coordinator, pharma-
cist, business manager, and/or quality manager. 
These individuals should also be reflected on 
the QAPI interdisciplinary team (IDT). For inte-
grated pediatric and adult care facilities, team 
members may have cross- functional responsibili-
ties between pediatrics and adults.

The goal of a chronic dialysis QAPI program 
is to develop methods to “measure, analyze 
and track quality indicators or other aspects of 
performance that the facility adopts that reflect 
processes of care and facility operations. These 
performance components must influence or 
relate to the desired outcomes or be the outcome 
themselves” [12]. Expected outcomes based on 
standards (e.g., Association for the Advancement 
of Medical Instrumentation (AAMI) for water 
quality and KDOQI for clinical outcomes) and 
CMS CPMs for the QAPI can be found in the 
CfC (effective October 14, 2008) V626 494.110 
Condition: Quality Assessment and Performance 
Improvement and are summarized in the 
Measures Assessment Tool (MAT).

 Networks

In 1978, the US Congress expanded the ESRD 
program to include the ESRD Network Program 
with the goal for quality oversight. Regulation 
requires this program to organize all Medicare- 
approved ESRD facilities into designated geo-
graphic areas referred to as Networks. The ESRD 
Network Organizations acts as the administrative 
governing body to the Network and liaison to 
the federal government. To help achieve coor-
dinated delivery of ESRD services, representa-
tives of hospitals and health facilities serving 
dialysis and transplant patients in each area of 
the country (USA) are linked with patients, phy-
sicians, nurses, social workers, dietitians, and 
technicians into Network Councils. There are 
18 Network Organizations across the USA and 
territories (CMS). CMS expects the Networks to 
“develop a relationship with the dialysis profes-
sionals, providers, and patients and create a col-
laborative environment to improve patient care” 
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[9]. CMS contracts with the Networks to evaluate 
the needs of dialysis patients and ESRD facilities 
for the purpose of developing quality improve-
ment activities (QIA). The QIAs are designed 
to increase kidney transplantation, increase the 
number of patients dialyzing at home, decrease 
bloodstream infections, decrease hospitaliza-
tions, address pain and depression, and increase 
the number of dialysis patients returning to work. 
Each Network determines which facility partici-
pates in each activity, based upon facility-specific 
data. Data collection for the pediatric population 
began in 2002, with an increased focus on devel-
oping QIAs for children.

In 2008, the 5-Diamond Patient Safety 
Program was developed by the ESRD Networks, 
as an innovative training and recognition pro-
gram, to assist dialysis providers in increasing 
awareness and building a culture of safety among 
patients and staff [13]. The program was designed 
to focus on specific areas in need of improve-
ment and consistency. In 2019, the program was 
expanded to include pediatric-specific content for 
all modules. These are the modules with a quality 
and safety focus:

Patient safety 
principles

Missed treatments

Constant site 
cannulation

Patients-provider conflict 
(Grievances)

Emergency 
preparedness

Sharps safety

Hand hygiene Slips, trips, and falls
Influenza vaccination Vascular access monitoring
Medication 
reconciliation

COVID-19

 The ESRD Quality Incentive 
Program of the USA

In 2014, the pediatric population was added 
to the scope of the ESRD Quality Incentive 
Program (QIP). QIP is the first value-based pur-
chasing (VBP) program, where providers are 
paid based on the quality of care they provide 

to Medicare beneficiaries [14]. Performance on 
predetermined clinical performance measures 
is directly correlated to payment received. If 
facilities do not meet the specific standards, 
the ESRD QIP score will reduce Medicare 
payment up to two percent to that facility. The 
reduction applies to all services performed for 
one full year, known as the Payment Year (PY). 
Comparison of two periods determines this 
percentage:

 1. The Comparison Period – This serves as the 
basis for evaluation. Data on the designated 
metrics is collected for 1 year.

 2. The Performance Period – Data on the same 
metrics is collected the year following the 
Comparison Period and evaluated against the 
Comparison Period.

CMS uses a specific methodology to cal-
culate a facility’s Total Performance Score 
(TPS) (Fig.  7.1). Based on this algorithm, if 
the Performance Period does not exceed the 
Comparison Period or threshold established by 
CMS, facilities will experience a reduction in 
Medicare payment. TPSs are publicly reported 
online on the Dialysis Facility Compare website, 
and facilities are required to post a Performance 
Score Certificate, which includes the TPS and 
specific outcome of each quality measure.

The QIP program is ever evolving. For 
Payment Year (PY) 2019, the ESRD QIP, 
included eight clinical performance measures 
and six reporting measures to assess dialysis 
facility performance for care provided during the 
calendar year (CY) 2017 (with one exception, 
as noted in Table  7.2). Facility performance on 
these measures impacted payments made in CY 
2019. Exclusions exist for some measures at the 
facility and patient level. Facilities with fewer 
than 11 eligible patients are excluded from most 
measures, and several measures exclude patients 
younger than 18 years. CMS may adjust, modify, 
or create measures annually for the QIP based 
on status of current measures. This program has 
been modeled through 2022.
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ICH CAPS Survey
SRR

STrR
Kt/V Dialysis Adequacy

VAT Measure Topic

Hypercalcemia

NHSN BSI

Measure Topic
NHSN BSI Clinical
NHSN Dialysis Event Reporting

Mineral Metabolism

Anemia Management

Pain Assessment and Follow-up

Clinical Depression Screening and Follow-up

NHSN Healthcare Personnel Influenza Vaccination

new measure for PY 2019

Total Category
Weight

Payment Reduction
Percentage

100 pts.

No
Reduction

0.5%
Reduction

1.0%
Reduction

1.5%
Reduction

2.0%
Reduction

0 pts.

30

40

50

60
min. TPS

75%

15%

10%

Total Performance
Score (TPS) is the sum
of the weighted totals
from both measure

categories

+

+

=

=

=

Access via AVF

Access via catheter

MeasuresSubdomain

Patient and Family
Engagement/

Care Coordination (42%)

Clinical Care
(58%)

CLINICAL

SAFETY

REPORTING

Fig. 7.1 Total performance score methodology

Table 7.2 QIP PY2019 clinical, safety, and reporting measures

Clinical measures
aICH CAHPs surveyPatient 
and family engagement/care 
coordination

Percentage of patient responses to multiple survey measures to assess their 
dialysis providers, the quality of dialysis care they receive, and information 
sharing about their disease – survey is administered twice a year

Standardized readmission ratio 
(SRR)

Ratio of the number of observed unplanned 30-day hospital readmissions to the 
number of expected unplanned 30-day hospital readmissions

Kt/V dialysis adequacy 
(comprehensive)

Percentage of all patient months for patients whose delivered dose of dialysis 
(either hemodialysis or peritoneal dialysis) met the specified threshold

aVascular access type (VAT) 
measure topic (2 measures)

Fistula: percentage of patient- months on hemodialysis during the last 
hemodialysis treatment of the month using an autogenous arteriovenous (AV) 
fistula with 2 needles
Catheter: percentage of patient-months for patients on hemodialysis during the 
last hemodialysis treatment of the month with a catheter continuously for 90 days 
or longer prior to the last hemodialysis session

aHypercalcemia Proportion of all adult patient-months with 3-month rolling average of total 
uncorrected serum or plasma calcium greater than 10.2 mg/dL

Safety measures
NHSN bloodstream infection 
in hemodialysis patients

Standardized infection ratio (SIR) among patients receiving hemodialysis at 
outpatient hemodialysis centers

NHSN Dialysis Event 
reporting

Number of months for which facility reports NHSN Dialysis Event data

(continued)
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 Consolidated Renal Operations 
in a Web-Enabled Network 
(CROWNWeb)

CROWNWeb is a secure, web-based system that 
captures clinical and administrative data from 
Medicare-certified dialysis facilities across the 
USA and its territories. The CROWNWeb sys-
tem provides a single, central database, used by 
all ESRD Facilities, ESRD Networks, and CMS, 
as a repository for 100% of clinical data to sup-
port various program goals, such as the National 
Quality Incentive Program, Public Reporting, 
and 5 Star. CROWNWeb data is important in the 
calculation of facility-specific quality scores and 
percentage payment reductions to implement the 
ESRD QIP. 

The National Renal Administrator’s 
Association (NRAA) offers the use of the NRAA 
Health Information Exchange (HIE) to any 
NRAA member or nonmember organization for 
electronic data submission of CROWNWeb qual-
ity data. To use the HIE, an organization must 
contract with the NRAA. Submitting patient and 
clinical data to CROWNWeb through the NRAA 
HIE is cost-effective and efficient. Without a HIE 
interface to an electronic medical record, one 
must enter CROWNWeb data manually.

 National Healthcare Safety Network 
(NHSN)

The NHSN is the Centers for Disease Control 
and Prevention (CDC)’s healthcare-associated 
infection tracking system. Tracking outpatient 
dialysis infections in QAPI is essential as infec-
tious complications are a leading cause for death 
in pediatric dialysis patients [15]. In addition, 
NHSN reporting and infection rates are new 
QIP measures in PY2019 and directly affects 
Medicare reimbursement. The events reported 
to the dialysis division of NHSN include intra-
venous antibiotic starts, positive blood cultures, 
pus redness, or increased swelling at the vascular 
access site.

 Dialysis Facility Report (DFR)

The DFR is created by CMS to provide dialysis 
facilities, consumers, the public, CMS and its 
affiliates with valuable information on patient 
characteristics, treatment patterns, hospitaliza-
tion, mortality, and transplantation patterns in 
Medicare certified dialysis facilities. The DFR is 
provided as a resource for characterizing selected 
aspects of clinical experience at a facility relative 

Reporting measures
Mineral metabolism Number of months for which facility reports serum or plasma phosphorus values 

for each Medicare patient
Pain assessment and follow-up Facility reports in CROWNWeb 1 of 6 conditions for each qualifying patient once 

before September 1, 2017, and once before March 1, 2018
Anemia management Number of months for which facility reports ESA dosage (as applicable) and 

hemoglobin/hematocrit for each Medicare patient at least once per month during 
the performance period

Clinical depression screening 
and follow-up

Facility reports in CROWNWeb 1 of 6 conditions for each qualifying patient once 
before March 1, 2018

NHSN healthcare personnel 
influenza vaccination 
reporting measure

Facility submits Healthcare Personnel Influenza Vaccination Summary Report to 
NHSN in accordance with specifications of the Healthcare Personnel Safety 
Component Protocol by May 15, 2017 (Note: this measure doesn’t measure 
facility performance during 2017, but rather the “flu season” of October 1, 2016, 
to March 31, 2017)

aPediatric population exempt from PY2019

Table 7.2 (continued)
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to other caregivers in a state, ESRD Network, and 
across the USA. Since these data can be useful in 
QI and assurance activities, each state’s survey-
ing agency may utilize the DFR, as a resource 
during the survey and certification process.

 Dialysis Facility Compare

Dialysis Facility Compare (DFC) is a rating sys-
tem sponsored by Medicare and provides infor-
mation for patients/families on more than 7000 
dialysis facilities. The rating is based on data 
that comes from four key sources: Medicare 
claims, data dialysis centers report to Medicare 
(CROWNWeb), data dialysis centers report to the 
CDC via NHSN, and an In-Center Hemodialysis 
Consumer Assessment of Healthcare Providers 
and Systems Survey (ICH CAHPS) – a survey of 
patients’ experiences. The program rates facili-
ties’ CPMs and awards up to five stars (children 
are currently exempt from the five-star program) 
for quality measures.

Please see the website for more details: 
https://www.medicare.gov/dialysisfacility 
compare/#data/about- data

 Developing a Quality Assessment 
Performance Improvement (QAPI) 
Program

The goal of the QAPI program is to ensure ongo-
ing quality assessment and performance improve-
ment of quality metrics. Selection of quality and 
compliance metrics should include process and 
outcome measures based on published metrics 
and/or internally identified areas of risk or out-
comes. Metrics should reflect the measures that 
are reported in QIP; clinical goals can be deter-
mined by using guidance from KDOQI and 
KDIGO, evidence-based practices, national aver-
ages, and/or benchmarking. It is the job of the 
QAPI team to identify and trend these quality 
metrics. As outliers are identified, a root cause 
analysis (RCA) can help identify the problem, 
identify potential barriers, and create a plan for 

improvement. A RCA is a tool used to analyze 
near misses and adverse events using a systematic 
process [16]. Successful RCAs include the inter-
disciplinary team and focus on uncovering prob-
lems without focusing on individual mistakes.

In order to monitor metrics, it is helpful to cre-
ate a dashboard or heat map. Table 7.3 includes 
an example of quality and compliance indicators 
and facility developed goals. The affiliated ESRD 
Network and National Renal Administrator 
Association both can service as a resource 
in tool development. The ESRD Network of 
Texas posted a QAPI guide and QAPI dash-
board for both hemodialysis (HD) and perito-
neal dialysis (PD) programs that is available for 
download from their website https://www.esrd-
network.org/professionals/quality- improvement/
qapi- tools- and- resources.

Electronic medical records (EMR) provide 
an easy method to capture data. If resources are 
available, reports can be generated from the EMR 
to provide data for QAPI metrics.

 Challenges for the Small Pediatric 
Program

Developing a QAPI program presents unique 
challenges to the small pediatric facility. Smaller 
programs have fewer staff and often rely on part- 
time nurses, registered dieticians, and social 
workers to fill many different roles. The pediatric 
nurse is likely to have responsibility across the 
different modalities (i.e., HD, PD, transplant) 
and CKD care. Data entry and retrieval for pro-
grams without EMR require manual retrieval of 
data points. It is still recommended that a dash-
board be used; however, it may require ingenuity 
to develop tools meeting CMS requirements for 
quality initiatives in all dialysis programs.

 Quality Improvement Design

The first step in quality improvement (QI) is 
assembling a team. As care is not implemented 
in silos, it is also unreasonable to think that one 
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Table 7.3 Example of sections that may be included in a QAPI dashboard (heat map)

Hospitalizations
Facility 
goal

QIP 
threshold – 
benchmark

January February

# HD Pts hospitalized
# HD hospitalization days (QIP is expressed as a 
ratio)

1.248–0.670

# PD Pts hospitalized
# PD hospitalization days (QIP is expressed as a 
ratio)

1.248–0.670

# HHD Pts hospitalized
# HHD hospitalization days (QIP is expressed as a 
ratio)
Total # Pts hospitalized
Total # hospitalization days
# Pt readmitted <30 days (QIP is expressed as a 
ratio)

1.268–0.629

# unstable patients
Adequacy
HD Kt/V monthly Facility 

goal
QIP 
threshold – benchmark

January February

HD URR overall (% of Pts who treat 3×/week w/
values ≥65)

95%

HD Kt/V single pool (% of Pts who treat 3×/week 
w/values ≥1.2)

100% 93.1%–99.15%

HD Kt/V standardized (>3 day Wk Tx)(% of Pts 
who treat > 3×/week w/values ≥2.2)

100%

HHD Kt/V (% of pt ≥2.0) 100%

Number of HD/HHD patients with missing Kt/V 
value for month

0

PD Kt/V monthly Facility 
goal

QIP 
threshold – benchmark

January February

0–17 age group PD Kt/V monthly (% of Pts with 
values ≥1.8)

100% 93.1%–99.15%

18 & up age group PD Kt/V monthly (% of Pts with 
values ≥1.7)

100% 93.1%–99.15%

Number of PD patients without a Kt/V value for 
month

0

Home Kt/V quarterly Facility 
goal

QIP 
threshold – benchmark

January February

0–17 age group PD Kt/V quarterly 100% 93.1%–99.15%
18 & up age group PD Kt/V quarterly 100% 93.1%–99.15%
Anemia

Facility 
goal

CMS goal January February

HD anemia overall (Hgb 10–12 g/dL) 75%
HD anemia >90 days (Hgb 10–12 g/dL) 75%
HD anemia overall (Hgb <10 g/dL) 15%
PD anemia overall (Hgb 10–12 g/dL) 75%
PD anemia >90 days (Hgb 10–12 g/dL) 75%
PD anemia (Hgb <10 g/dL) 15%
% HHD anemia overall (10–12 g/dL) 75%
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Table 7.3 (continued)

HD Tsat overall 70%
PD Tsat overall 70%
HHD Tsat overall 70%

HD ferritin ≥100 70%

Blood transfusions 0
Mineral bone disease
Albumin overall Facility 

goal
CMS goal January February

HD albumin (% patients w/values over ≥3.8) 80%

PD albumin (% patients w/values over ≥3.6) 75%

HHD albumin (% patients w/values over ≥3.8) 80%

Phos, Ca, K+, fluid overall Facility 
goal

QIP 
threshold – 
benchmark

January February

Phosphorous – total % in target 55%
% HD Phos 55%
% PD Phos 55%
% HHD Phos 55%
Calcium HD (% patients with values 8.4–10.2) 75%
Calcium PD (% patients with values 8.4–10.2) 75%
Calcium HHD (% patients with values 8.4–10.2) 75%
Hypercalcemia 18 + (% patients with 3 month 
rolling average >10.2) (all dialysis pt)

1.77%–0%

HD potassium (% patients with values 3.5–6.5) 95%
PD potassium (% patients with values 3.5–6.5) 95%
HHD potassium (% patients with values 3.5–6.5) 95%
Interdialytic fluid gain (pre-HD <5% target Wt) 80%
% of 3-day Wk Pts with average UFR <13 ml/kg/hr 100%
% of 4-day Wk Pts with average UFR <13 ml/kg/hr
HD iPTH overall Facility 

goal
CMS goal January February

% HD iPTH ≤100 <30%

% HD iPTH 100–300 >50%
% HD iPTH >500 <20%
PD iPTH overall Facility 

goal
CMS goal January February

% PD iPTH ≤100 <30%

% PD iPTH 100–300 >=50%
% PD iPTH >500 <20%
HHD iPTH overall Facility 

goal
CMS goal January February

% HHD iPTH ≤100 <30%

% HHD iPTH 100–300 >50%
% HHD iPTH >500 <20%
Vascular access
Vascular access Facility 

goal
QIP 
threshold – 
benchmark

January February

AVF prevalence total HD/HHD census 66%
AVF prevalence >20 kg

(continued)
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Table 7.3 (continued)

AVF prevalence of eligible patients >20 kg, not 
transitioning to PD, appropriate vessels, no 
transplant in the next year, developmentally 
appropriate

66%

AVG prevalence total HD/HHD census
Catheter prevalence >90 days 18.57%–5.07%
AVF prevalence in HD Pts >18 yrs 52.52%–

76.16%
Cath prevalence in HD Pts. >18 yrs for >90 days 18.57%–5.07%
# Chronic HD catheter inserted
# Chronic HD catheter reinserted
# AVF created
# Chronic PD catheter inserted
# Chronic PD catheter reinserted
Infections
Infections Facility 

goal
NHSN/SCOPE goals January February

# Total vascular access infection 0 0
# CLABSI 0 0
# Exit-site/tunnel infections (HD) 0 0
NHSN Dialysis Event Report CLABSI per 100 
patient months

1.46 1.46

# Peritonitis infections 0 0
# Tunnel infections (PD) 0 0
# Exit-site infections (PD) 0 0
 Peritonitis rate-facility-data-rolling 12-month 
cumulative annualized (infections/patient year)

0.32

Exit-site infection rate-facility-data-rolling 
12-month cumulative annualized

0.11

Immunizations
Facility 
goal

CMS goal January February

% TB, quan, or X-ray 100% 100%
% Hep B series (% eligible patients) 100% 100%
% Hep B immune (exclude nonresponders) 100% 100%
% Influenza (% eligible patients) 100% 100%
% Pneumococcal 23 (% eligible patients) 100% 100%
Infection control observations

Facility goal CMS 
goal

January February

Hand hygiene bundle compliance 95%
SCOPE central line bundle observation compliance 90%
Transplant

Facility 
goal

CMS goal January February

# ESRD Pts on transplant waitlist
% of HD Pts on waitlist 50% 8.12%–33.90%
% of PD Pts on waitlist 50% 8.12%–33.90%
Total % of ESRD Pts on waitlist 50% 8.12%–33.90%
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Table 7.3 (continued)

Education
Facility 
goal

CMS goal January February

Patient education 100% 100%
Emergency preparedness 100% 100%
Depression screening

Facility 
goal

CMS goal January February

Total eligible patients due (>12 yrs old)
Total patients negative screen
Total patient positive screen
% completion of eligible patients to date 100%
Events summary

Facility 
goal

CMS goal January February

Environment
Fall
ID consent
Lab specimen/test
Line/tube
Medication/fluid event
Safety/security/conduct
Skin/tissue
Vascular access device
Total # incidents
Plan of care compliance

Facility 
goal

CMS goal January February

Initial – # due
Initial – # completed
90 days – # due
90 days – # completed
Annual – # due
Annual – # completed
Change of modality – # due
Change of modality – # completed
Unstable pt # due
Unstable pt # completed
AKI # due
AKI completed
% POC completion 100%
Biomed summary

Facility goal CMS 
goal

January February

Total number of HD machines (includes chronic & acute)
Number of machines scheduled for PM
PM percentage completed
Number of machine breakdowns
Breakdown percentage
Number of machines with multiple breakdowns
Number of machines out >72 hours
AAMI water analysis 100%
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person can implement QI changes effectively on 
their own. Successful QI teams have a diverse 
group of members with different perspectives on 
patient care and the involved processes for care 
delivery. Depending on the metric, members 
can include hospital administrators, clinical and 
business managers, pharmacists, nurses, mental 
health professionals, technicians, physicians, 
patients, caregivers, and executive sponsor(s). 
Executive sponsors help the team overcome 
any institutional barriers [17]. According to the 
Institute for Healthcare Improvement (IHI), in 
order to achieve success, a QI team should have 
the following members:

 1. Clinical leader  – This member understands 
the implications of change to other parts of the 
system and has the authority to test and imple-
ment changes recommended by the team [18].

 2. Technical expertise  – This member under-
stands the scope and depth of the QI problem 
and has the improvement method skills to 
guide the team. In a technical area, such as 
dialysis, it is even more critical to include sub-
ject matter experts (SMEs). In the subspe-
cialty of pediatric nephrology, SME 
participation is essential.

 3. Day-to-day leader  – This member overseas 
the day-to-day tasks of the QI project.

 4. Project (executive) sponsor – This member is 
a leader within the organization who can pro-
vide resources and help overcome barriers.

The different members (or stakeholders) will 
have varying roles and levels of engagement 
with the QI project. In order to better understand 
the different stakeholders in a project, a power 
versus interest grid can help guide the QI team 
leaders in selection of the appropriate stakehold-
ers, i.e., which ones are needed for institutional 
buy-in and which ones are needed for identifying 
areas for process improvement [18, 19] Fig. 7.2. 
Stakeholders include both supportive of change 
and resistors, as tackling concerns earlier on will 
help identify additional barriers and subsequently 
make changes more successful.

This hypothetical clinical scenario will illus-
trate key concepts and tools used in QI.

Anemia Management in ESRD
Anemia management requires diligent moni-

toring of iron status and hematocrit to ensure 
that erythropoietin-stimulating agents (ESA) are 
used effectively and appropriately, with the goal 
to achieve desired hemoglobin and limit negative 
outcomes. Programmatic goals are set utilizing a 
combination of clinical practice guidelines (i.e., 
KDIGO) and aggregate patient data. In addition, 
available benchmarking and externally reported 
outcomes (i.e., regionally and/or nationally) can 
be helpful. In this scenario, the dialysis program 
reviewed prior achievement of goals and had 
met a benchmark goal of 65% of hemodialysis 
patients, whose hemoglobin was within a target 
range of 10–12 g/dL. Based on this achievement, 
the new benchmark goal for the current year was 

Interest

Executive Sponsor
CMS
QIP

Practice Manager
Patients
Families

Quality of Life Team

Nephrologists, Nurses,
Anemia Manager,

Pharmacist, &
Quality Specialist

Low High

Low
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P
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Fig. 7.2 Power versus 
interest grid, anemia 
stakeholder
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increased to 75%. Three months into the new 
reporting year, the QAPI team however observes 
that they are below the new goal. A team is assem-
bled for further assessment. This subgroup of the 
QAPI team included the pediatric nephrologists 
(inclusive of medical director), advanced prac-
tice providers, dialysis nurses (with a potential 
anemia manager champion), pharmacist, dialysis 
program quality, and/or regulatory specialists as 
available. The power-interest grid was used to 
clarify stakeholder engagement (Fig. 7.2).

 What Is the Problem?

Once a team is in place, the next step is to assess 
and outline what are the possible factors that 
could be contributing to the quality metric not 
meeting its benchmark. It is important to spend 
time discussing every step of the process with all 
QI team members involved to be able to identify 
areas for improvement. There are many tools 
available that can be used to identify factors to 
guide improvement efforts [20, 21]. Below are 
some of the more common tools used:

• Cause and effect (fishbone or Ishikawa dia-
gram) – This diagram helps the team organize 
possible causes contributing to the quality 
problem into categories that can then help 
guide the next steps in improvement. The fish-
bone diagram is constructed like the skeleton 
of a fish, where the problem is at the far right 
of the diagram (at the head). Each category is 
a diagonal line that is drawn off the central 
line (spine). The way the categories are labeled 
may vary based on the specific problem that is 
being examined (Fig. 7.3). A commonly seen 
example of a set of fishbone diagram catego-
ries would include the following: people/
patients, process, environment, materials, 
methods, and equipment [21].

• Process mapping  – In order to diagnose the 
problem, the team must first learn how the 
current process works. Process mapping is 
extremely helpful in providing a visual 
“bird’s-eye view” of the entire process, espe-
cially when there are different pathways or 
steps within the process [19, 21].

• Pareto chart  – This bar graph allows the 
team to organize the causes from the fish-

Process Enviroment

Not always clear rinseback from
the HD circuit

Timely repeat labs inconsistent

Time to review labs variable

Adequacy of treatment

Control of blood loss

Appropriate heparinization

Inconsistent physician presence
and involvement

Lack of experience and
knowledge

Variable practice in adjusting ESA
and iron

Poor nutrition

Communication

Control of morbidities

Knowledge/involvement

Nonadherence to treatment regimen

No ESA or iron dosing guidelines

Policies Patients and
families Caregivers

HD patients are
not within target
hemoglobin goal

Fig. 7.3 Fishbone diagram
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bone diagram to determine which causes 
would potentially provide the largest impact 
and is a manifestation of the 80–20 rule 
(80% of the problem is caused by 20% of 
the causes) [21]. The different causes are 
lined up on the x-axis, by decreasing order 
of frequency; some suggest at least 30 or 
more causes can be documented and prove 
helpful [20]. This visual depiction can help 
guide the improvement team on which of 
the causes to address first that will provide 
the largest impact (Fig. 7.4).

 Quality Improvement Methodology

There are multiple QI methodologies that can 
be used when starting a project. Examples 
include Six Sigma, Lean, and the Model for 
Improvement [18]. Often the methodology 
chosen is determined by the team’s experi-
ence. This example will focus on the Model for 

Improvement, which is based on the following 
three questions [21]:

 1. What are we trying to accomplish?
 2. How will we know that a change will lead to 

improvement?
 3. What changes can we make that will result in 

improvement?

These questions advance improvement through 
the process of the Plan-Do-Study-Act (PDSA) 
cycle. Addressing these questions ensures that 
everyone on the team has an understanding of the 
situation, the plan for intervention, and the roles 
of all the members of the team [22].

 What Are We Trying to Accomplish?

First, develop an aim statement that establishes 
the magnitude of change to be achieved. Writing 
a clear, concise, and results-oriented aim state-
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ment ensures that everyone on the team under-
stands the goals of the QI project, focuses efforts 
on activities that are meaningful to the project, 
and avoids team members investigating less rel-
evant aspects of the problem [20]. Creating a 
S.M.A.R.T. aim can help avoid any ambiguity in 
the group [23]:

• S – Specific: What will the goal accomplish? 
How and why will it be accomplished? Who 
are the target population?

• M – Measurable: What will improvement look 
like? How will you measure whether or not 
the goal has been achieved?

• A – Achievable: Is this an attainable goal? Do 
you have the necessary knowledge, skills, 
abilities, and resources to accomplish the goal 
within the allotted timeframe?

• R – Relevant: Is it meaningful? Does it relate 
to broader program or organizational goals?

• T – Time-bound: What is the established com-
pletion date and is that date feasible?

For example, the aim statement for the ane-
mia management QI project described above 
would be as follows: to improve the percentage 
of patients with ESRD on hemodialysis (HD) 
>90 days whose hemoglobin is within the defined 
target range 10–12 g/dL by 15% by May 2020.

 How Will We Know a Change Is 
an Improvement?

In order to determine whether an intervention 
that has been implemented has actually led to an 
improvement, the team will need to have a bal-
anced set of measurements [24]. These measures 
can be divided into outcome measures, process 
measures, and balancing measures [19, 20, 25] 
(Table 7.4).

Setting global measures can act as a reminder 
of the overall goal of the QI project and what 
the team is ultimately trying to achieve. Cycle 
measures can vary from PDSA cycle to PDSA 
cycle, depending on what was learned in the 
previous cycle and what new intervention is 
being tested [20].

 What Changes Can We Make That 
Will Result in Improvement?

Once the problem and measures are defined, 
the next step is to plan for change and test for 
improvement. The Model for Improvement 
framework of Plan-Do-Study-Act (PDSA) cycle 
is a process where teams can test a change, 
gather data, and, based on the results, deter-
mine the next PDSA cycle, leading to a series 
of PDSA cycles until the final aim is reached 
(Fig.  7.5). Unlike research, testing change on 
a small scale allows the team to test multiple 
interventions without disrupting the system as 
a whole and makes it less likely to create resis-
tance to the final change.

 Plan

During the plan stage, the team needs to set 
the goals and objectives for the PDSA cycle. 
Determine what your outcome, process, and 
balancing measures are for this PDSA cycle 
and over what time period its success will be 
assessed. These measures may be different from 
the global measures. Describe in detail how the 
test will be carried out, and determine who is 
going to be responsible for each task, including 
the plan for data collection. Here, predictions 
on what is expected to happen when the test is 
implemented should be stated. Predictions are 
helpful to compare to actual practice as a way to 
examine why a change did or did not make the 
anticipated improvement [25]. The PDSA work-
sheet (Fig.  7.6), by the Institute for Healthcare 
Improvement, is a helpful guide on how to meth-
odologically approach a PDSA cycle.

After extensive review to understand why 
dialysis dependent patients were not meeting 

Table 7.4 Measure definitions

Outcome 
measure

How does the system affect your 
patient?

Process 
measure

Is the system/intervention 
performing as planned?

Balancing 
measure

Are there unintended consequences?
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the target hemoglobin goal, the team identi-
fied that provider variability as it relates to dose 
adjustment of ESA was one of the top areas for 
improvement. To minimize variability, an ane-
mia management protocol was developed, and 
one dialysis nurse was designated as the anemia 
manager to adjust all ESA and iron dosing. The 
outcome measure is the number of HD patients 
whose Hgb was in target range between 10 and 
12 g/dL. The process measure is the number of 
HD patients whose ESA and iron were adjusted 
by the anemia manager according to the anemia 
management protocol, and the balancing measure 
is whether or not ESA and/or iron dose adjust-
ments were delayed if the anemia manager was 
not available.

 Do

The “Do” stage is where the intervention that was 
described in the planning stage is implemented 
into the clinical setting [19, 20, 25]. Data are col-
lected on the predefined measures.

 Study

The study stage looks at how the results from the 
intervention compare with the initial predictions. 
Since multiple cycles can be done in a short amount 

of time, the data can be analyzed over time [19, 25]. 
A simple, yet powerful, way to determine whether 
or not the implementation is resulting in change is to 
use a run chart (also termed time series chart) [20]. 
A run chart is a visual display of data plotted over 
time. It illustrates whether a change has led to an 
improvement, and whether the change shows non-
random variations or patterns [20, 25]. The use of a 
run chart in improvement work includes [20, 26]:

• Displaying data to make process performance 
visible

• Determine whether a change tested resulted in 
improvement

• Determine whether gains made through 
improvement are being sustained over time

To construct a run chart, the horizontal axis is 
usually a unit of time, and the vertical axis is the 
quality measure being studied. In order to interpret 
a run chart, the median will need to be calculated 
and drawn as the centerline. Using the follow-
ing probability-based rules allows for objective 
analysis of the run chart to determine whether the 
improvement happened by chance or not [26].

• Shift
 – Shift is when six or more data points fall 

above or below the median line. If the data 
point falls on the median line, then it does 
not count.
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Template: PDSA Worksheet

Objective:

1. Plan: Plan the test, including a plan for collecting data.
Act

Study Do

Plan

Questions and predictions:

Who, what, where, when:

Plan for collecting data

2. DO: Run the test on a small scale.

Describe what happened. What data did you collect? What observations did you make?

3. Study: Analyze the results and compare them to your predictions.

Summarize and reflect on what you leared:

Determine what modifications you should make – adapt, adopt, or abandon:

4. Act: Based on what you leared from the test, make a plan for your next step.

Act

Study Do

Plan

Act

Study Do

Plan

Act

Study Do

Plan

Fig. 7.6 PDSA 
worksheet
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• Trend
 – If five or more data points are going in the 

same direction (all up or all down). If two 
data points are the same, only one is 
counted.

• Runs
 – A run is a series of data points on one side 

of the median. If the process is occurring 
in a random pattern, the data points should 
go above and below the median with regu-
larity. If the process is occurring in a non-
random pattern, then the run chart will 
show “too few” or “too many” runs. The 
way to determine how many runs there are 
is to count the number of times the line 
connecting the data points crosses the 
median and add one. To determine if there 
are “too few” or “too many” runs, one can 
reference the published charts based on a 
<5% probability of being due to chance 
[20, 27].

• Astronomical point
 – An astronomical point is one that is obvi-

ously different from the rest of the data 
points on the graph. Anyone looking at the 
chart would agree that the data point is 
 blatantly different from the others, and 
work towards trying to figure out what 
occurred differently.

 Act

In this stage, the team builds on the knowledge 
that was learned from the previous cycle in order 
to plan out the next PDSA cycle. Consider the 
following questions [20]:

• Do you keep the intervention? Is it ready to be 
implemented on a larger scale?

• Do you modify the intervention?
• Do you abandon the intervention?

Answering these questions will help the team 
determine the next PDSA cycle.

 Sustainability

Once improvement is implemented, practices 
need to be instituted to maintain sustainability 
and ensure that the system does not regress back 
to its prior state. How does the system hold on to 
the improvement gained in the face of staff and 
organizational turnover [28]? Discussing the bar-
riers that could affect an improvement’s sustain-
ability in the planning stages of the QI project 
will make it more likely to succeed. There are 
several sustainability models that can help iden-
tify potential causes that can increase or decrease 
the chances of the project’s success [28]. Some 
approaches that can help make improvements 
more permanent within the organization include 
standardization (creating policies or best prac-
tices), documentation, establishing permanent 
measures to follow, training both current and new 
staff, and ensuring that the resources needed to 
move from small-scale testing to a change in the 
organization are available [21].

 Conclusion

Quality assessment and improvement is meant to 
be dynamic. To define a problem or opportunity, 
collecting and evaluating aggregate data is essen-
tial. A collaborative QAPI program helps create 
a standard methodology to evaluate and improve 
care for children with ESRD. [29]. Key factors for 
success include prioritizing performance improve-
ment goals, developing methods to measure and 
manage the whole system performance, commit-
ting to transparency, allowing change, and sharing 
outcomes and improvement with the facility, inter-
disciplinary care team, patients, and their families.
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 Introduction

Antimicrobials have been essential medications 
in improving patient care. These therapeutic 
agents have allowed us not only to treat common 
bacterial infections such as pneumonia but also to 
perform important surgical procedures (e.g., kid-
ney transplants, Cesarean sections, etc.) safely 
and prevent life-threatening infections (e.g., 
Pneumocystis jirovecii). However, the use and 
especially the overuse of antibiotics result in the 
development of antibiotic resistance [1–3]. While 
antibiotics have only been in existence since the 
early 1900s, we are already observing bacteria 
(e.g., Enterobacter sp.) that can be resistant to all 
known and approved antibiotic agents.

Clinically, antibiotic-resistant bacterial 
infections result in worse patient outcomes. 
Patients infected with antibiotic-resistant bacte-
rial infections have a greater risk of morbidity 
and mortality. The Centers for Disease Control 
and Prevention (CDC) estimates that approxi-
mately two million Americans are infected 

with antibiotic- resistant bacteria annually and 
up to 150,000 Americans die annually from an 
antibiotic- resistant infection [4, 5]. Data suggests 
antibiotic-resistant infections will kill approxi-
mately ten million people worldwide annually by 
2050 if nothing is done to address this worldwide 
crisis. The potential economic impact will be an 
estimated $100 trillion US dollar loss [6].

 Antibiotic-Resistant Bacterial 
Infections in Children

Multidrug-resistant bacterial infections do 
occur and have been increasing in children. In 
1998, Herold and colleagues demonstrated that 
methicillin- resistant Staphylococcus aureus 
(MRSA) was rapidly increasing in children with 
no exposure to healthcare, the main risk factor 
for MRSA previously [7]. Furthermore, over the 
first decade of the twenty-first century, a dramatic 
increase in MRSA-related invasive infections 
(e.g., osteomyelitis, complicated pneumonia, 
complicated skin and soft tissue) was observed 
[8]. The rate of colonization of MRSA has been 
observed to be as high as 9% in children [9, 
10]. In a group of adults on hemodialysis, 49% 
were colonized with S. aureus, of which 10% 
were MRSA [11]. Since data have demonstrated 
nasal colonization with S. aureus is a risk fac-
tor for peritonitis in peritoneal dialysis patients, 
this increase in resistance has changed the type 
of antibiotic prophylaxis required for procedures 
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including placement of peritoneal and hemodi-
alysis catheters and antibiotic treatments used 
when an infection occurs [12, 13].

The isolation of multidrug-resistant Gram- 
negative bacteria has also been increasing. Data 
from a series of publications from Latania Logan 
and colleagues has demonstrated that bacteria in 
the Enterobacteriaceae family have been on the 
rise. Bacteria such as E. coli, Klebsiella sp., and 
Enterobacter sp. are demonstrating a dramatic 
increase in resistance to important antibiotics 
such as ceftriaxone and carbapenems [14, 15]. 
Additionally, resistance among Pseudomonas 
aeruginosa and Acinetobacter species is also 
increasing in children [16, 17]. The most com-
mon healthcare location to observe these highly 
resistant Gram-negative bacteria is in the inten-
sive care unit.

 Common Pathogens in Pediatric 
Dialysis Patients

Among infections in pediatric peritoneal dialy-
sis patients, the most common bacteria include 
Gram-positive (38%), Gram-negative (20%), and 
polymicrobial (10%) [18]. For pediatric hemodi-
alysis, Gram-positive pathogens are identified in 
67% of cases followed by Gram-negative (14%) 
and polymicrobial (19%). Coagulase-negative 
Staphylococcus is the most common infecting 
bacterial pathogen in these patients [19]. Data on 
the rate at which multidrug-resistant infections 
are identified in pediatric dialysis patients is a 
research gap, though it is likely not trivial based 
on overall trends in bacterial resistance.

 Negative Consequences 
of Antibiotic Use

Antibiotic-associated adverse drug event (ADE) is 
another harm experienced by patients. Antibiotics 
are the most common drug affiliated with visits to 
the emergency department for ADEs. In children, 
almost 70,000 ED visits are made annually for 
antibiotic-associated ADEs with 40% occurring 

in children 2  years or younger. The most com-
mon antibiotics identified in these children are 
amoxicillin in children 2 years and younger and 
sulfamethoxazole- trimethoprim (SMX-TMP) in 
children 10–19  years of age [20]. The national 
rates of serious ADEs requiring hospitalization 
due to SMX-TMP that can be life-threatening 
have tripled [21].

In addition to ADEs, Clostridioides difficile 
infection (CDI) is another adverse consequence 
of antibiotic use. In children, CDI is increasing in 
both inpatient and outpatient settings. Children 
who develop CDI while hospitalized are at sig-
nificant increased risk of mortality, a longer 
length of hospitalization, and increased hospital 
cost [22, 23]. In adults with end-stage renal dis-
ease, CDI is also associated with increased risk 
of death, longer hospital stays, and increased 
costs [24].

Finally, the use of antibiotics results in the 
change of intestinal flora. Pathogens that can 
become predominant in the intestine after the 
treatment with antibiotics are fungal species. 
Fungal peritonitis in children on peritoneal dialy-
sis has significant consequences including death, 
removal of the catheter, and transitioning to hemo-
dialysis. Cases of peritoneal dialysis- associated 
fungal peritonitis in children have been associ-
ated with the most costly hospitalizations [25]. 
Risk for fungal peritonitis in both children and 
adults has been linked to recent antibiotic therapy 
[26, 27]. The risk and potential consequences of 
fungal peritonitis are so high that the guidelines 
for the prevention and treatment of peritoneal 
dialysis-related peritonitis recommend the use of 
prophylactic nystatin or fluconazole when antibi-
otics are prescribed for a patient receiving perito-
neal dialysis [28].

 Antibiotic Use in Children

Antibiotics are commonly prescribed to children 
in all healthcare settings. Among hospitalized 
children, approximately 60% will receive at least 
one dose of an antibiotic during their hospital stay 
[29]. Recent data demonstrate that 15% of antibi-
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otic use in hospitalized children is  inappropriate. 
One of the most common reasons is prolonged 
surgical antibiotic prophylaxis and prescribing a 
more broad-spectrum antibiotic when culture and 
susceptibility data demonstrate that a narrower 
antibiotic is sufficient. Inpatient data regarding 
total antibiotic use and the appropriateness of this 
use in pediatric dialysis patients is limited [30].

In the outpatient setting, approximately 49 
million antibiotic courses are administered to 
children annually. Almost 70% of these antibi-
otic prescriptions treat respiratory tract infec-
tions such as otitis media, group A streptococcus 
pharyngitis, and sinusitis. Approximately 50% 
receive a broad-spectrum antibiotic (e.g., azithro-
mycin), when a narrow-spectrum agent (e.g., 
amoxicillin) is recommended [31]. Additional 
work by Kronman and colleagues suggests over 
one million excess antibiotic prescriptions are 
prescribed annually for children with a respira-
tory tract infection. While this data does not spe-
cifically assess how many patients on dialysis 
receive inappropriate antibiotics in the outpatient 
setting, it is likely this does occur [32].

 Antibiotic Use in Dialysis Patients

Approximately one in three adults undergoing 
chronic hemodialysis at an outpatient facility 
(32.9 doses/100 patient-months) receives a par-
enteral antibiotic dose in a 12-month period. The 
most common antimicrobials administered are 
vancomycin (22.3 doses/100 patient-months) 
and cefazolin (5.1 doses/100 patient-months). 
Approximately 30% of these doses are inappro-
priate. The most common inappropriate reason 
was treatment of a presumed infection that did 
not meet pre-specified infection criteria, such as 
vancomycin for a single positive blood culture 
with coagulase-negative Staphylococcus [33].

As previously stated, data are limited on the 
amount of antibiotics used in pediatric dialysis 
patients and the rate of their inappropriate use. 
Likely, children requiring either peritoneal or 
hemodialysis receive frequent doses of antibiot-
ics. These doses are presumably for suspected 

dialysis-related infections (i.e., peritonitis, 
bloodstream infections, etc.). Children do have 
more access-related infections than adults requir-
ing the use of antibiotics [34–38]. However, since 
children frequently receive antibiotics for com-
mon respiratory tract infections, many pediatric 
dialysis patients may be receiving a significant 
amount of antibiotics that often are inappropri-
ate. More data are needed to assess the extent of 
all antibiotic use in pediatric dialysis patients.

 Antimicrobial Stewardship

Antimicrobial stewardship is defined as “optimal 
selection, dosage, and duration of antimicrobial 
treatment that results in the best clinical out-
come for the treatment or prevention of infec-
tion with minimal toxicity to the patient and 
minimal impact on subsequent resistance” [39]. 
In addition, antimicrobial stewardship includes 
providing antimicrobials at the correct time. For 
example, when a peritoneal dialysis catheter is 
placed, a beta-lactam antibiotic should be admin-
istered up to 1 hour prior to incision [28].

The CDC has provided guidance on the core 
elements for establishing both inpatient and 
outpatient antimicrobial stewardship programs 
(ASPs) [40]. The key elements that pertain to 
performing antimicrobial stewardship in pediat-
ric dialysis include leadership support, antimi-
crobial stewardship education for all personnel 
and caregivers, data tracking and reporting, and 
implementation of antimicrobial stewardship 
strategies. In the development of any program, 
support must be obtained from administrative 
leaders including chief executive officers/presi-
dents of hospitals, nephrology division chief and/
or dialysis physician lead, and nurse managers. 
All staff and caregivers should be educated on 
the importance of the appropriate use of antibiot-
ics and the potential negative consequences (e.g., 
antibiotic resistance, adverse drug reactions, C. 
difficile infections) of continued inappropriate 
antibiotic use.

In order to improve antibiotic use, data dem-
onstrating the excess and inappropriate use is 
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needed. The common antibiotic use measure 
recommended by the CDC to monitor inpatient 
 antibiotic utilization is days of therapy (DOT) 
per 1000 patient days [41]. Days of therapy 
accounts for the number of antibiotics prescribed 
and their duration. For example, a patient pre-
scribed two antibiotics for 5  days would have 
received 10 DOT. In the outpatient setting, the 
percentage of patients receiving an antibiotic 
for specific conditions (e.g., bronchitis, pharyn-
gitis) has been used [42]. In the limited studies 
of antibiotic use in dialysis patients, antibiotic 
doses per 100 patient- months have been utilized 
[33]. These metrics are quantity-based and do 
not assess appropriateness. Currently, ASPs 
rarely follow appropriateness of antibiotic use 
due to the difficulty in obtaining the necessary 
data to make this determination and the dis-
agreement among healthcare providers on what 
constitutes appropriate use. Further research is 
needed to develop the best methods to assess 
the appropriateness of antibiotics in all patient 
populations.

In addition to these process measures, patient- 
specific outcome measures should be followed. 
The rate of antibiotic resistance among com-
mon pathogens (e.g., E. coli, S. aureus) can be 
followed [43]. Other potential harms that may 
occur from excess antibiotic use include C. diffi-
cile infections and antibiotic-related adverse drug 
reactions [44, 45]. Finally, antimicrobial costs 
have been utilized to demonstrate the effective-
ness of ASPs [46].

 Antimicrobial Stewardship 
Strategies

Antimicrobial stewardship interventions must be 
implemented to improve the use of antibiotics in 
dialysis patients. Numerous strategies are recom-
mended by the CDC and have been shown to be 
effective in improving antibiotics for hospitalized 
children and those cared for in the outpatient set-
ting [47–50]. Studies have also been performed 
in adult patients in outpatient hemodialysis units 
that have been successful in improving antibiotic 
use [51, 52].

 Inpatient

The core strategies recommended by the 
Infectious Diseases Society of America (IDSA) 
for inpatient antimicrobial stewardship include 
prospective audit with feedback and prior 
approval. Prospective audit with feedback (PAF) 
is the most common strategy utilized by pediat-
ric ASPs and is performed by allowing the pro-
vider to order the antimicrobial, and then the 
ASP reviews the use of the antibiotic and then 
provides recommendations and feedback when 
needed [42]. A version of this strategy is termed 
“Handshake Stewardship” where the ASP team 
makes an active effort to meet in-person with 
each medical team to provide both recommen-
dations on current antibiotic use and to be avail-
able for questions from the providers [48]. Key 
recommendations that often occur in PAF are 
discontinuing unnecessary antibiotics and dees-
calating from broad-spectrum antibiotics to more 
focused, narrow antibiotics. Prior approval with 
formulary restriction is the second core strategy 
which requires the clinician to gain approval 
from the ASP before the antibiotic is adminis-
tered. Additionally, this strategy limits antibiotics 
of the same class being utilized at an institution. 
Both strategies have been effective, and most 
pediatric ASPs utilize a combination of these 
strategies for the different antimicrobials on the 
hospital formulary [53].

Evidenced-based guidelines have been an 
effective strategy in improving the use of anti-
biotics in children. After the publication of the 
IDSA and Pediatric Infectious Disease Society 
(PIDS) community-acquired pneumonia guide-
line, a significant improvement in the use of 
ampicillin for uncomplicated pneumonia across 
the USA has been observed [54, 55]. In pediatric 
peritoneal dialysis, the ISPD guideline provides 
the recommended empiric therapy for peritoneal 
dialysis-associated peritonitis to be cefepime 
plus or minus vancomycin depending on the local 
methicillin-resistant S. aureus rate. Additionally, 
the guideline provides recommended antimicro-
bial agents and durations of therapy based upon 
specific pathogens [28]. Hospitals and dialysis 
centers should develop facility-specific empiric 
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and definitive treatment recommendations based 
upon their local culture and susceptibility data.

Additional strategies for inpatient ASPs rec-
ommended by the IDSA guideline, the National 
Quality Foundation Antimicrobial Stewardship 
Playbook, and the American Academy of 
Pediatrics and PIDS ASP toolkit include required 
indications on all antibiotic orders, intravenous to 
oral conversion of highly bioavailable antibiotics, 
and elimination of duplicate therapy for Gram- 
negative and anaerobic infections [42, 56, 57]. 
Additionally, the antibiotic timeout is intended for 
the frontline clinician to stop and assess the rea-
son and need for the antibiotic. This “timeout” is 
recommended to occur after a patient has received 
antibiotics for 48 hours. Finally, ASPs can ensure 
dosing strategies are correct, especially in patients 
with renal function abnormalities.

 Outpatient

The most successful outpatient antimicrobial 
stewardship strategies have utilized behavioral 
economics. Gerber and colleagues utilized edu-
cation with and without peer comparison to 
improve the appropriate use of narrow-spectrum 
antibiotics in the treatment of common bacterial 
acute respiratory tract infections (otitis media, 
sinusitis, group A streptococcus pharyngi-
tis). The clinicians who were provided a report 
card illustrating their antibiotic use versus their 
peers had a significantly lower use of antibiotics 
than those who did not receive the report card. 
However, after the report card was discontinued, 
the improvement in antibiotic use returned to the 
same level of those providers who received edu-
cation alone [47, 58].

Another behavioral economic technique, the 
nudge, has been utilized in improving antibiotic 
use for acute respiratory tract infections in adult 
primary care practices. In a group practice, provid-
ers were randomized to either have a poster with 
their picture, signature, and brief message on the 
appropriate use of antibiotics versus no posters. 
Providers who had a poster in their exam room 
decreased their inappropriate antibiotic percentage 
20% more than those without a poster [59].

Finally, Meeker and colleagues performed 
a large outpatient antimicrobial stewardship 
study among outpatient providers compar-
ing the following three strategies: accountable 
justification, suggestive alternative, and peer 
comparison. In this study, 47 clinics were ran-
domized to receive 0, 1, 2, or all 3 of these strat-
egies to improve their antibiotic prescribing in 
acute respiratory tract infections. Clinics ran-
domized to accountable justification required 
written justification for why they were using 
an antibiotic when an antibiotic was not indi-
cated. If a justification was not provided, the 
following was placed in the medical record, “no 
justification given.” For suggestive alternative, 
a pop-up window appeared after the diagno-
sis was entered in the electronic health record 
stating antibiotics were not indicated and sug-
gesting other treatment options such as over- 
the- counter medications. Finally, providers in 
clinics that were randomized to peer compari-
son received a monthly email describing their 
antibiotic use. The top 10% of lowest inappro-
priate antibiotic prescribers received an email 
stating they were a “Top Performer.” The addi-
tional 90% received an email stating they were 
“Not a Top Performer.” The results of this study 
demonstrated that accountable justification and 
peer comparison were the most effective strat-
egies. However, after removing the behavioral 
intervention, inappropriate antibiotic prescrib-
ing increased, and only the peer comparison 
group remained significantly decreased versus 
controls [60].

 Dialysis Specific

Antimicrobial stewardship programs have been 
effective in adult dialysis units. In a recent study, 
the impact of implementing ASPs in six adult 
dialysis centers was evaluated. The ASPs within 
these centers contained four key components 
(Fig.  8.1): leadership support, education, col-
laboration with the other sites through monthly 
calls, and the use of a positive deviance process. 
This process does the following: (1) describes the 
problem and goals, (2) identifies the personnel 
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best achieving these goals (positive deviants), (3) 
understands the behaviors the positive deviants 
are performing, and (4) implements these behav-
iors across all staff and/or clinical sites. This 
study observed an average 6% monthly decline 
in antibiotic doses per 100 patient-months. 
Furthermore, a 55% overall reduction of antibi-
otic doses per 100 patient-months occurred from 
the beginning to the end of the intervention [51].

 Diagnostics

Identifying the specific bacterial pathogen caus-
ing an infection in a patient receiving dialysis is 
paramount in performing effective antimicrobial 
stewardship. Data have demonstrated that the rate 
of culture-negative peritoneal dialysis-associated 
peritonitis can be as high as 30% [28]. Without 
pathogen identification and antibiotic suscepti-
bilities, unnecessary broad-spectrum antibiotics 
with prolonged durations will occur. Therefore, 
specific strategies are essential to maximize the 
ability to identify bacterial pathogens in patients 
receiving hemodialysis and peritoneal dialysis.

 Hemodialysis

In patients receiving hemodialysis, non-specific 
signs and symptoms could signify a catheter- 
related bloodstream infection (CRBSI). For this 
reason, if antibiotics are to be empirically started 

for non-specific symptoms, then blood cultures 
must be obtained. One study demonstrated that a 
majority of CRBSIs had already received antimi-
crobials prior to obtaining a blood culture, which 
can significantly decrease the positivity rate of 
these important cultures [61]. Blood cultures 
should still be obtained if a patient has already 
received antibiotics when suspicion for CRBSI is 
present.

After obtaining blood cultures, the most 
important factor in recovering bacteria in adults 
and children is the volume of blood collected [62]. 
Studies have shown, even in children, that blood 
culture positivity rate is significantly improved 
when the appropriate amount of blood is obtained 
[63]. For adults, 20–30 ml is recommended for 
each blood culture set. In children, the blood vol-
ume collected can be based on weight by kilo-
gram or age of the child (Table 8.1). Due to the 
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Fig. 8.1 Structure for performing antimicrobial stewardship in dialysis units

Table 8.1 Recommended blood volumes to obtain for 
blood cultures based on weight

Weight of 
patient

Recommended volume of 
blood culture (ml)a

% of total 
blood volumea

≤1 kg 2 4

1.1–2 kg 4 4
2.1–
12.7 kg

6 3

12.8–
36.3 kg

20 2.5

>36.3 kg 40–60 1.8–2.7
aAssumes two sets of blood cultures are obtained
This table is adapted from Miller et al. [62]
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logistical difficulty in using weight, some insti-
tutions have recommended that for every 1 year 
of life, 1 milliliter of blood should be obtained. 
The minimum blood volume obtained is 1 ml for 
preterm and term infants. Every institution that 
obtains blood cultures should have standard pro-
cesses and recommendations on blood culture 
volumes and a method to evaluate the reliability 
of this collection.

Another important factor in maximizing the 
sensitivity of blood cultures is the number of sets 
obtained. When a blood culture is obtained, ide-
ally the blood volume is placed into an aerobic 
and anaerobic bottle, one set. Additionally, two 
sets of blood cultures should be obtained from 
different sites (e.g., hemodialysis catheter hub, 
hemodialysis circuit, peripheral) [64, 65]. Not 
only does this help in better identifying patho-
gens, but it also allows clinicians to better deter-
mine if a bacterium identified from a blood 
culture is possibly a contaminant. Data have 
demonstrated that blood culture contamination is 
higher when obtained from catheter hubs versus 
peripheral cultures [62]. However, in patients on 
chronic dialysis, peripheral venipuncture is often 
avoided to preserve vessels for future access. For 
this reason, guidelines have recommended in 
hemodialysis patients with suspected CRBSI that 
two sets of blood cultures may be obtained from 
the hemodialysis circuit and the catheter hub. If 
dialysis is ongoing and obtaining blood cultures 
is not feasible or desirable from the catheter hub, 
then two sets of blood cultures collected from the 
hemodialysis circuit, separated in time (minutes), 
may be a practical approach, although no data are 
available assessing the sensitivity and specificity 
of this approach [64, 65].

 Peritoneal Dialysis

As previously mentioned, culture-negative peri-
toneal cultures occur in almost one-third of 
peritoneal dialysis-associated peritonitis. As 
in hemodialysis, peritoneal cultures should be 
obtained prior to the start of antibiotics, and a large 
volume of peritoneal fluid is recommended. After 
obtaining up to 50 ml of peritoneal fluid, the fluid 

may either be centrifuged or 20–30  ml placed 
into three or four blood culture bottles. If the fluid 
is centrifuged, the sediment is resuspended with 
approximately 10 ml of saline, and then this fluid 
is plated on solid microbiology media that iden-
tify aerobic and anaerobic bacteria. Importantly, 
the fluid should be processed within 6 hours of 
being collected. In some instances, families in 
rural communities will need to collect the fluid 
on their own and then bring it to a facility that has 
the microbiology capabilities needed to perform 
the required cultures [28].

 Infection Prevention

Essential to reducing the use of antibiotics is 
preventing infections. In hemodialysis and peri-
toneal dialysis, extra attention is needed to pre-
vent healthcare-associated infections due to the 
increased risk of infection associated with the 
presence of a foreign body. The development 
of required procedures for both the placement 
and maintenance of hemodialysis and perito-
neal catheters has led to significant reductions in 
bloodstream infections, exit site infections, and 
peritonitis [34, 66].

The CDC has developed a guideline on the 
prevention of catheter-related bloodstream infec-
tions with key areas to address (Table 8.2). While 

Table 8.2 Key areas for the prevention of intravascular 
catheter infections

Education, staffing, and 
training

Antibiotic lock 
prophylaxis

Selection of catheter and 
site

Replacement of 
catheters

Hand hygiene and aseptic 
technique

Replacement of 
administration sets

Maximal sterile barrier 
precautions

Patient cleansing

Skin preparation Systemic antibiotic 
prophylaxis

Catheter site dressing 
regimens

Performance 
improvement

Catheter securement 
devices

Anticoagulants

Antimicrobial and 
antiseptic impregnated 
catheters

Needleless intravascular 
catheter systems
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this guideline addresses prevention of all catheter- 
related bloodstream infection, it lists impor-
tant procedures specific to dialysis patients and 
hemodialysis catheters. For example, povidone 
iodine antiseptic ointment or bacitracin/grami-
cidin/polymyxin B ointment is recommended 
at the exit site after insertion of the catheter and 
after each dialysis session [67].

A comprehensive peritoneal dialysis infec-
tion prevention bundle specifically for children 
has been developed and shown to significantly 
reduce peritoneal dialysis-associated peritonitis 
by over 30%. Important to this prevention bundle 
was the development of a performance improve-
ment collaborative, SCOPE (Standardizing Care 
to Improve Outcomes in Pediatric End Stage 
Renal Disease), that provided the infrastructure 
for  dialysis facilities to collaborate and learn 
together the best methods for implementation of 
the prevention bundle elements [34, 68]. Similar 
to hemodialysis catheters, prevention strategies 
are targeted to both the insertion of the peritoneal 
catheter and the ongoing maintenance of assur-
ing that the catheter does not become infected. 
Three bundles were developed which included 
(1) peritoneal dialysis catheter insertion bundle, 
(2) peritoneal dialysis catheter/exit site follow-up 
care bundle, and (3) peritoneal dialysis patient 
and caregiver training bundle. The specific ele-
ments in each bundle can be found in Chap. 16.

 Vaccination

Vaccination is a key component in efforts to reduce 
the use of antibiotics by preventing unnecessary 
infections. Children with chronic kidney disease are 
at increased risk of infection due to their impaired 
immune system. While concerns have existed about 
a child’s response to vaccines while on dialysis, 
data suggest that their immune response to many 
vaccines is not significantly different from children 
with normal renal function. Children on dialysis 
should follow the recommended schedule pub-
lished annually by the CDC’s Advisory Committee 
on Immunization Practices (ACIP). Children 
receiving corticosteroids at a daily dose greater than 

2 mg/kg or 20 mg for more than 14 days should not 
receive the measles, mumps, rubella, and varicella 
zoster vaccines, as they are comprised of attenuated 
live viruses.

In addition to the routine schedule, dialysis 
patients are at increased risk of severe disease 
due to influenza and Streptococcus pneumoniae. 
Annually, all children on dialysis should receive 
the inactivated influenza vaccine. For children 
less than 8 years of age who have not received the 
vaccine, two doses are required in the first year 
separated by 1 month. For S. pneumoniae, chil-
dren should receive the ACIP-required 13-valent 
conjugate vaccine plus the 23-valent polysaccha-
ride vaccine once they are 2 years of age or older. 
For older children or teenager who received the 
7-valent conjugate, a single dose of the 13-valent 
vaccine should be given, followed 4 weeks later 
by the 23-valent vaccine. The 23-valent polysac-
charide vaccine should be administered 5 years 
after the original dose [69].

 Summary

The increasing incidence of antibiotic-resistant 
bacterial infections threatens the ability of clini-
cians to be able to provide important care such 
as dialysis to our pediatric patients. Children 
requiring dialysis are at increased risk of these 
types of infections. Antimicrobial stewardship is 
imperative in this population to aid in limiting the 
potential antibiotic-resistant infections as well as 
adverse drug events that can be associated with 
the use of antibiotics (e.g., CDI). Numerous strat-
egies have been effective in improving antibiotic 
use in both the inpatient and outpatient setting 
including prospective audit with feedback and 
peer comparison. Furthermore, the most effective 
antimicrobial stewardship relies on diagnosing 
the infection by obtaining the correct cultures, 
with the correct blood or peritoneal fluid vol-
umes prior to the use of antibiotics. Finally, the 
best way to decrease antimicrobial use and per-
form the best stewardship is to prevent infections 
through the use of evidenced-based care bundles 
and vaccination.

J. G. Newland and A. M. Neu
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 Introduction

The initiation of chronic dialysis in a child is a 
dramatic event for the patient and family. There 
are absolute indications for initiating dialysis in 
some patients (e.g., bilateral nephrectomy, ure-
mic pericarditis). In other patients, the reasons 
behind the timing of dialysis initiation are less 
clear. The pediatric nephrologist integrates a 
great deal of information—laboratory data, clini-
cal impressions, and psychosocial issues—in 
order to reach a decision regarding the timing of 
dialysis initiation. An assessment of kidney func-
tion is usually a critical part of this process. There 
is considerable debate regarding the merits of 
“early” initiation of dialysis in adults. The data 
needed to address this issue in children is sparse, 
and the debate is complicated in children by 
issues such as growth, psychosocial factors, an 

impending kidney transplant, and the need for a 
lifetime of renal replacement therapy.

 Methodology for Measuring Kidney 
Function

Assessment of a patient’s kidney function, usu-
ally defined as the patient’s glomerular filtration 
rate (GFR), is useful for determining when to ini-
tiate dialysis. This purposely ignores other 
aspects of kidney function, such as erythropoietin 
production and synthesis of calcitriol, because 
dialysis does not replace these functions. 
However, GFR may be transiently affected by a 
variety of factors other than the intrinsic kidney 
disease. For example, intravascular volume 
depletion, nonsteroidal anti-inflammatory drugs, 
and antihypertensive therapy, especially 
angiotensin- converting enzyme (ACE) inhibitors 
or angiotensin II receptor blockers (ARBs), may 
decrease GFR.  In such instances, a fall in GFR 
should be interpreted cautiously. A potentially 
reversible process warrants a repeat measurement 
of kidney function after eliminating the possible 
underlying cause of the decrease in the GFR.

The gold standard for measuring GFR is inu-
lin clearance, but this technique is usually only 
available in a research setting. Alternative exog-
enous substances for measuring GFR include 
chromium 51-labeled ethylenediaminetetraacetic 
acid (51Cr-EDTA), diethylenetriaminepentaacetic 
acid (DTPA), iohexol, and iothalamate [1, 2]. 
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There is evidence for a good correlation between 
inulin clearance and some of these alternatives 
[3], although the accuracy may decrease in the 
setting of a low GFR [4, 5] and in patients with 
edema [6]. These techniques are expensive and 
require multiple blood draws over 3 to 4 hours, 
making them impractical for frequent monitor-
ing. Single-sample methods, while more conve-
nient, are especially problematic when the GFR 
is low [7].

Creatinine clearance (CrCl) is a widely used 
approach for estimating GFR. Like inulin, creati-
nine is freely filtered at the glomerulus, but unlike 
inulin, there is secretion of creatinine by the 
proximal tubule. This causes the CrCl to overes-
timate GFR. The effect of creatinine secretion is 
small at a normal GFR, causing a 5–10% overes-
timation of GFR. The relative impact of creati-
nine secretion increases as GFR decreases, 
leading to a more significant overestimation of 
GFR. In one study of adults with a mean GFR of 
22 ml/min, the CrCl was close to double the inu-
lin clearance [8]. Further, a variety of factors 
influence creatinine secretion. Creatinine secre-
tion is lower in patients with polycystic kidney 
disease and higher in patients with glomerular 
disease [9]. Some medications, such as cimeti-
dine, trimethoprim, and some fibrates, decrease 
creatinine secretion. Advanced liver disease may 
increase creatinine secretion. Finally, a valid cal-
culation of CrCl requires an accurately timed 
urine collection. All of these factors limit the 
accuracy of CrCl, especially at the low levels of 
GFR when decisions regarding dialysis initiation 
are necessary.

Despite its limitations, CrCl is an easy and 
inexpensive surrogate for GFR.  CrCl is calcu-
lated via the following equation:

 
CrCl

BSA
vol Cr

Cr

=
´ ´
´ ´

U U

S

1 73.

min  
(9.1)

where CrCl is the creatinine clearance (ml/
min/1.73 m2); Uvol, urine volume (mL); UCr, urine 
creatinine concentration (mg/dL); Min, collec-
tion period in minutes (1440 for 24 hours); SCr, 
serum creatinine (mg/dL); and BSA, body sur-
face area in m2.

A CrCl requires a timed urine collection, usu-
ally 12 or 24 hours, necessitating bladder cathe-

terization in the absence of urinary continence. 
This is a significant impediment to repeat mea-
surements in young children.

At low levels of GFR, the percentage of fil-
tered urea that is reabsorbed is approximately 
equal to the percentage of filtered creatinine that 
is secreted. Therefore, the mean of CrCl and 
urea clearance is another way of estimating 
GFR; it is quite accurate at low levels of GFR in 
adults [10, 11].

In children, an estimated GFR (eGFR) may be 
calculated from the serum creatinine using an 
equation that uses patient height and a constant of 
0.413 irrespective of age and gender [12]. The 
equation is referred to as the “CKiD creatinine 
equation” or the “modified Schwartz equation.”

 
eGFR

Height cm

Scr
=

( )´0 413.

 
(9.2)

This equation and subsequent referenced 
equations in this chapter are based on measuring 
creatinine using the enzymatic method traceable 
to isotope dilution mass spectrometry (IDMS 
traceable). A different constant was used for esti-
mating GFR with an equation using the Jaffe 
method for determination of creatinine [13]. 
Hence, it is critical to be aware of the laboratory 
methodology that is being utilized when applying 
these formulas.

The accuracy of these formulas has been ques-
tioned by a number of studies [14, 15]. The for-
mulas appear especially problematic in 
malnourished children and at the low levels of 
kidney function where decisions regarding dialy-
sis initiation need to be made [15]. There are 
multiple factors that decrease the accuracy of for-
mulas that depend on the serum creatinine con-
centration to estimate GFR. The serum creatinine 
concentration depends on the balance between 
creatinine generation and excretion. Creatinine is 
largely derived from breakdown of muscle cre-
atine. Thus, creatinine generation is proportional 
to muscle mass, which varies greatly in children 
and is mostly related to size, but also varies due 
to gender, age, and individual differences. In 
adults, there are racial differences in creatinine 
generation [16].

Children with uremia may lose muscle mass 
due to malnutrition, possibly reducing the rise in 
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serum creatinine concentration. Spinal cord 
injury and amputation are other potential causes 
of a misleadingly low serum creatinine. During 
cooking, creatine in meat is converted to creati-
nine. Therefore, serum creatinine is partially 
influenced by the amount of dietary meat, which 
often decreases in kidney insufficiency due to 
phosphorus restriction and anorexia. Extrarenal 
creatinine excretion increases in patients with 
chronic kidney disease (CKD) [17]. Moreover, 
tubular creatinine secretion increases as the GFR 
decreases [8]. Extrarenal excretion and tubular 
secretion blunt the increase in serum creatinine 
concentration that should occur as GFR 
decreases. As stressed above, medications and 
the specific disease causing CKD can affect cre-
atinine secretion as well [9].

The serum protein cystatin C, an endogenous 
protein produced by all nucleated cells, is an 
alternative to creatinine for estimating GFR [18] 
and is preferred in children with decreased GFR 
[15, 19] and obese children [20]. There are also 
equations that use a combination of cystatin C 
and creatinine to determine eGFR [12, 18, 21]. A 
more complex formula, derived from the CKiD 
study, utilizes creatinine, cystatin C, blood urea 
nitrogen (BUN), height, and sex for estimating 
GFR [22].

For adult patients, the CKD-EPI creatinine 
equation [23] has generally replaced older equa-
tions such as the Cockcroft-Gault [24] and the 
Modification of Diet in Renal Disease (MDRD) 
equation [25]. There are also CKD-EPI equations 
that utilize cystatin C alone or cystatin C and 
serum creatinine [26].

In young adults, there are clearly limitations 
of the creatinine-derived equations. For an 
18-year-old, the CKD-EPI creatinine equation 
provides a higher eGFR than the CKiD creati-
nine equation [27, 28]. Neither equation is 
accurate in young adults when compared to 
iohexol GFR [28]. The CKD-EPI equations 
using either cystatin C alone or cystatin C with 
creatinine are the best options, though an aver-
age of the CKD-EPI creatinine equation and the 
CKiD creatinine equation is also a reasonable 
option [28].

 Predialysis Patient Monitoring 
and Preparation for Dialysis

Systematic patient monitoring is necessary in 
children with CKD to minimize complications 
such as malnutrition, hypertension, renal osteo-
dystrophy, and poor growth. In addition, regular 
monitoring identifies children who have relative 
or absolute indications for starting dialysis. 
Anticipation of the need for dialysis permits non- 
emergent placement of a peritoneal dialysis cath-
eter, creation of a vascular access for 
hemodialysis, or performance of a preemptive 
kidney transplant. Table  9.1 outlines the neces-
sary components for monitoring children with an 
eGFR < 30 ml/min/1.73 m2.

In addition to medical monitoring, it is impor-
tant that children and families are psychologi-
cally prepared for dialysis. This includes 
reviewing treatment options and exploring 
accommodations that will be needed at home and 
for the child’s education.

 Indications for Initiating Dialysis

 Absolute Indications for Initiating 
Dialysis

A variety of signs and symptoms are absolute 
indications for dialysis initiation. These are man-
ifestations of kidney failure that cause significant 
morbidity and mortality. There is usually a dra-

Table 9.1 Evaluation schedule for children with stage 
IV–V chronic kidney disease

Timing Evaluation
At least every 
3 months

Length/height, weight gain, head 
circumference in infants, blood 
pressure, acid-base status, 
electrolytes, creatinine, BUN, CBC, 
albumin, PTH, estimation of GFR

Every 
6–12 months

Echocardiography, ABPM, 
neurodevelopmental assessment in 
infants

Abbreviations: BUN blood urea nitrogen, CBC complete 
blood count, PTH parathyroid hormone, ABPM ambula-
tory blood pressure monitoring
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matic or marked improvement with the initiation 
of dialysis. An alternative explanation for the 
clinical finding should be considered, especially 
if the GFR is unexpectedly high or if dialysis 
does not result in improvement.

Neurologic consequences of uremia that are 
absolute indications for dialysis include encepha-
lopathy, confusion, asterixis, seizures, myoclo-
nus, and wrist or foot drop. Children should begin 
dialysis if there is hypertension that does not 
respond to antihypertensive therapy or pulmo-
nary edema due to volume overload unresponsive 
to diuretics. Other absolute indications for start-
ing dialysis are pericarditis, bleeding diathesis, 
and refractory nausea and emesis, especially if 
associated with weight loss.

Bilateral nephrectomy, as may be necessary 
in some children with congenital nephrotic syn-
drome or autosomal recessive polycystic kid-
ney disease, is an absolute indication for 
dialysis.

Beyond anuria, there is debate regarding 
whether there is a level of GFR that is an absolute 
indication for dialysis. There are recommenda-
tions that the presence of malnutrition is an indi-
cation for dialysis initiation. Again, there is no 
consensus regarding the measurement of malnu-
trition, the degree of malnutrition that must be 
present, or the role of alternative strategies to 
alleviate malnutrition prior to the institution of 
dialysis.

 Relative Indications for Initiating 
Dialysis

 Uremic Symptoms
While severe uremic symptoms are absolute indi-
cations for dialysis, less dramatic symptoms are 
relative indications. These include fatigue and 
weakness, cognitive dysfunction, decreased 
school performance, pruritus, depression, nau-
sea, emesis, anorexia, restless leg syndrome, and 
poor sleep patterns. The persistence and severity 
of these symptoms are important criteria. This is 
especially true when evaluating gastrointestinal 
symptoms. Intractable emesis is an absolute indi-
cation for dialysis, while occasional emesis, 

especially if there are no signs of malnutrition, 
may not require dialysis initiation.

Many of the symptoms that can be associated 
with uremia have alternative explanations. 
Medications may cause fatigue, depression, or 
nausea. Anemia, a correctable problem, may con-
tribute to fatigue. Depression and poor school 
performance may be related to psychosocial 
issues. Comorbid conditions may also cause sig-
nificant symptoms. Conversely, many patients 
with uremic symptoms may minimize or deny 
symptoms in an effort to avoid dialysis or because 
they perceive these symptoms, which may have 
developed quite gradually, as normal.

 Hyperkalemia
Hyperkalemia is a potentially life-threatening 
complication of CKD [29, 30]. As GFR decreases, 
the remaining nephrons compensate by increas-
ing potassium excretion, but there is a linear rela-
tionship between GFR and the ability to excrete a 
potassium load [31]. Hyperkalemia usually does 
not become problematic until the GFR is less 
than 10–20 ml/min/1.73m2, unless the potassium 
intake is excessive or excretion is reduced [31]. 
Hyperkalemia develops at a higher GFR in adults 
and children with hyporeninemic hypoaldoste-
ronism, which may also cause a type IV renal 
tubular acidosis [31]. Similarly, other patients 
have a decreased tubular responsiveness to aldo-
sterone, and this pseudohypoaldosteronism may 
cause hyperkalemia at higher levels of GFR [31]. 
These patients may also have type IV renal tubu-
lar acidosis. Medications, especially ACE inhibi-
tors, calcineurin inhibitors, and potassium-sparing 
diuretics, are another important cause of reduced 
urinary potassium excretion.

Treatment of hyperkalemia in association with 
CKD relies on decreasing dietary potassium 
intake and increasing potassium excretion. In 
older children, avoidance of foods with high 
potassium content can have a dramatic effect on 
potassium intake. Whereas in older children who 
are receiving liquid formula supplementation it is 
possible to select a formula with a low potassium 
content, the potassium content of infant formula 
does not vary greatly, limiting the effectiveness 
of formula selection. It should be noted, however, 
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that soy-based and elemental formulas are espe-
cially high in potassium. Human milk has a lower 
potassium content than most formulas, while 
cow’s milk has about twice the potassium content 
of most infant formulas. A reduction in the potas-
sium delivery from infant formula is possible by 
fortifying the formula with sugar (e.g., Polycose) 
and/or fat. With a higher caloric content, less for-
mula, and hence less potassium, is needed to pro-
vide adequate calories. Alternatively, Renastart™, 
a formula with a very low potassium concentra-
tion, is used as a dietary supplement or is com-
bined with another formula; it is not meant to be 
given as the sole source of nutrition [32].

Increasing potassium excretion can help ame-
liorate the hyperkalemia of CKD. Loop diuretics 
increase urinary potassium excretion. 
Discontinuation of medications that decrease uri-
nary potassium excretion, such as ACE inhibi-
tors, ARBs, nonsteroidal anti-inflammatory 
drugs, or potassium-sparing diuretics, can have a 
significant effect on the serum potassium level 
[33, 34]. Although not usually a significant 
mechanism of potassium excretion, stool potas-
sium losses become more important as kidney 
function declines [35]. Constipation should be 
treated since it may decrease stool potassium 
losses [36]. Sodium polystyrene sulfonate 
(Kayexalate®), an exchange resin, binds potas-
sium in the gastrointestinal tract, significantly 
increasing stool potassium losses. Pretreatment 
of formula with sodium polystyrene sulfonate is 
effective, but may cause constipation and prob-
lems with other electrolytes, including hyperna-
tremia due to increased formula sodium content 
[37–39]. Newer oral potassium exchange resins 
include patiromer [40] and sodium zirconium 
cyclosilicate [41, 42]. There is some experience 
pre-treating formula with patiromer [43].

Because of the effectiveness of dietary and 
medical interventions, the initiation of chronic 
dialysis is seldom necessary solely to manage 
hyperkalemia. Nevertheless, repeated episodes of 
severe hyperkalemia may be considered an abso-
lute indication for dialysis. Poor adherence to 
dietary restriction or medications usually contrib-
utes to refractory hyperkalemia. Hemodialysis 
and peritoneal dialysis are quite effective at cor-

recting hyperkalemia, although dietary restric-
tion, and occasionally medical management, is 
usually still necessary.

 Hyperphosphatemia
A decrease in filtered phosphate parallels the 
decrease in GFR characteristic of CKD.  With 
mild to moderate kidney insufficiency, an 
increase in the fractional excretion of phosphate 
by the remaining nephrons initially compensates 
for the loss of functioning nephrons, permitting 
the serum phosphorus to remain normal [44]. As 
the GFR falls, compensation is inadequate, and 
hyperphosphatemia ensues, typically at CKD 
stage III [45, 46]. Hyperphosphatemia causes 
secondary hyperparathyroidism by suppressing 
1,25-dihydroxyvitamin D production and cal-
cium levels and through direct stimulation of 
PTH secretion [47]. Correction of hyperphospha-
temia is essential for controlling secondary 
hyperparathyroidism. In addition, hyperphospha-
temia may elevate the serum calcium-phosphorus 
product and contribute to vascular calcifications 
[48, 49]. In adult patients with CKD, serum phos-
phate levels predict mortality and progression of 
CKD [49–51], while fibroblast growth factor 23 
(FGF23) levels, which increase in response to 
hyperphosphatemia, are a predictor of CKD pro-
gression in children [52].

The successful management of hyperphospha-
temia in CKD depends on a reduction in phos-
phate intake by a combination of dietary 
phosphate restriction and the use of phosphate 
binders [53]. Early in kidney failure, before 
hyperphosphatemia develops, a reduction in 
phosphate intake helps to control secondary 
hyperparathyroidism [47]. As kidney function 
declines, dietary restriction alone, because of 
nutritional constraints and limitations of food 
palatability, is often inadequate to control hyper-
phosphatemia, necessitating the use of phosphate 
binders. Calcium carbonate and calcium acetate 
are effective phosphate binders in children with 
CKD, although excessive use may cause hyper-
calcemia and contribute to systemic calcifica-
tions [54]. Sevelamer, a calcium-free 
phosphate-binding agent, has been effectively 
utilized to control hyperphosphatemia in children 
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[55]. Additional calcium-free phosphate binders 
include lanthanum carbonate, sucroferric oxyhy-
droxide, and ferric citrate [56–59].

A majority of the available phosphate bind-
ers must be administered in large doses (several 
grams per day) to be effective; unfortunately, 
the need to swallow large numbers of large-
sized tablets or capsules limits the acceptability 
of medical therapy in children. Hence, poor 
adherence to dietary and medical therapy is the 
most important obstacle to the successful con-
trol of hyperphosphatemia.

While dialysis therapy removes phosphate, it 
is almost never adequate to control hyperphos-
phatemia by itself. There is a continued need for 
dietary restriction and phosphate binders. The 
initiation of dialysis because of refractory hyper-
phosphatemia is seldom effective at controlling 
hyperphosphatemia since the underlying prob-
lem, non-adherence to therapy, is still present. 
Hence, isolated hyperphosphatemia is seldom the 
only indication for dialysis, unless there is a 
belief that the combination of dialytic phosphate 
removal and improved adherence, perhaps due to 
the more regimented medical care required by 
dialysis, will facilitate control of hyperphospha-
temia. The presence of refractory hyperparathy-
roidism further lowers the threshold for dialysis 
initiation.

 Malnutrition
Uremia causes symptoms such as emesis and 
anorexia that may prevent adequate caloric 
intake. In adults and children, dietary protein and 
energy intake declines as the GFR decreases [60–
64]. In children, this may adversely affect growth 
[65]. Infants during the first 6  months of life, 
when growth is rapid, are particularly vulnerable 
to the negative effects of poor nutrition.

Studies in adult patients show an association 
between malnutrition when starting dialysis and 
decreased patient survival [62, 63, 66–75]. 
Nutritional parameters improve in adult patients 
after the initiation of dialysis [60, 63, 76–81]. 
When looking at body fat as an index of nutri-
tional status, poor nutritional status at the start of 
dialysis was associated with a greater increase in 

body fat [78]. In other studies, there was a posi-
tive correlation between the nutritional status at 
the start of dialysis and the follow-up nutritional 
status, suggesting that dialysis may not com-
pletely compensate for poor nutrition at dialysis 
initiation [77, 79].

The improved survival with an increased dial-
ysis dose, the mortality risk associated with mal-
nutrition, and the improvement in nutritional 
status associated with dialysis are the basis for 
recommendations to initiate dialysis therapy 
when a patient has advanced CKD and malnutri-
tion [82–84]. Yet, there are no prospective studies 
demonstrating that the early initiation of dialysis 
improves outcome. Aggressive nutritional sup-
plementation, possibly using an enteral feeding 
gastrostomy tube, may reverse malnutrition in 
some children without the need for dialysis [85, 
86].

There is no one ideal marker of malnutrition. 
Signs of poor nutrition in children with CKD 
may include inadequate weight gain, poor linear 
growth, and loss of muscle mass. If malnutrition 
is not improved via conservative interventions, 
then the child with advanced CKD should begin 
dialysis.

 Growth Failure
Growth retardation is a common complication of 
CKD in children [87]. The causes of “uremic” 
growth failure include malnutrition (most mark-
edly in infants), electrolyte and fluid losses (in 
children with hypo-/dysplastic kidney disorders), 
metabolic acidosis, osteodystrophy, and, most 
importantly beyond infancy, impaired function of 
the somatotropic hormone axis. Electrolyte and 
bicarbonate losses can usually be managed con-
servatively, with favorable effects on growth 
rates. Forced feeding usually improves the nutri-
tional status, but linear growth may not respond 
to nutritional recovery once growth failure is 
established [88]. In children with stable pre- 
dialytic CKD, recombinant growth hormone 
therapy is indicated. The efficacy of this therapy 
strongly depends on residual kidney function, 
mandating a timely start of treatment [89, 90]. 
Unresponsiveness to recombinant growth hor-
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mone may be considered as an argument to start 
dialysis, although improved growth rates are not 
consistently observed after initiation of standard 
peritoneal or hemodialysis [91]. However, a sub-
sequent study demonstrated that short daily 
hemodiafiltration improved responsiveness to 
growth hormone, leading to remarkable, com-
plete catch-up growth [92]. Hence, the availabil-
ity of an intense hemodialysis program may be an 
argument to start dialysis in a child with growth 
hormone-resistant growth failure.

 Timing of Elective Dialysis Initiation

The level of kidney function that is an absolute 
indication for initiating dialysis in children is 
uncertain. The adult literature is fraught with 
conflicting conclusions and opinions [93–95]. 
The debate is complicated by uncertainty 
regarding the best methodology for evaluating 
residual kidney function (see Section 
“Predialysis Patient Monitoring and Preparation 
for Dialysis”). The IDEAL study directly 
addressed this question in adults [96]. Patients 
were randomized to dialysis initiation at an 
eGFR of 10–15 ml/min/1.73 m2 (early-start) or 
at an eGFR of 5–7  ml per minute (late-start). 
The late-start group began dialysis close to 
6  months later than the early-start group, but 
there was no difference in mortality or other 
adverse events between the two groups. Hence, 
planned, early initiation of dialysis was not 
associated with a clinical benefit [96].

In children, there are limited published stud-
ies. In a study of children in the United States 
Renal Data System (USRDS), higher eGFR at 
dialysis initiation was associated with a higher 
mortality, especially among patients who initi-
ated hemodialysis [97]. In another study of chil-
dren in the USRDS, mortality also increased as 
eGFR at dialysis initiation increased, especially 
among patients 6  years and older [98]. In a 
European study, there was no difference in mor-
tality based on level of eGFR at dialysis initia-
tion [99]. There are no randomized studies in 
children.

 Estimated GFR at Dialysis Initiation

In adults, prior to the publication of the IDEAL 
trial, the eGFR at dialysis initiation was gradu-
ally increasing in many countries. However, this 
trend has either stabilized or reversed since the 
publication of the IDEAL trial [100, 101].

In a large cohort of European pediatric 
patients, the median eGFR at initiation of renal 
replacement therapy (RRT) was 10.4  ml/
min/1.73 m2, with the small percentage of patients 
who received a preemptive transplant having a 
significantly higher eGFR at the time of trans-
plant (13.5  ml/min/1.73  m2) [102]. Variables 
associated with a lower eGFR at onset of RRT 
included younger age, female gender, and a short 
interval between the first visit to a pediatric 
nephrologist and commencement of RRT.

In a study of Canadian children, the median 
eGFR at dialysis initiation was 8.1  ml/
min/1.73  m2 [103]. Canadian children with a 
genetic cause of end-stage kidney disease 
(ESKD), living further from a treatment facility, 
and females were more likely to initiate dialysis 
at a higher eGFR. In a study of children in the 
USRDS, a higher eGFR at dialysis initiation 
was more common in whites, females, under-
weight or obese patients, and patients with glo-
merulonephritis as the underlying etiology of 
ESKD [97].

 Consensus Statements Regarding 
Dialysis Initiation

The results of the IDEAL study have influenced 
guidelines on the timing of dialysis initiation; 
prior guidelines were more likely to reference a 
GFR threshold for initiating dialysis. The 2012 
Kidney Disease Improving Global Outcomes 
(KDIGO) guidelines recommend dialysis initia-
tion for specific indications, including symptoms 
or signs of kidney failure, refractory volume 
overload, hypertension or nutritional deteriora-
tion, and cognitive impairment [104]. Per these 
guidelines, this “often but not invariably” ensues 
at a GFR between 5 and 10 ml/min/1.73m2.
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The National Kidney Foundation’s Kidney 
Disease Outcomes Quality Initiative (KDOQI) 
guidelines recommend similar clinical criteria 
to KDIGO for initiating dialysis [105]. The 
KDOQI guidelines do not provide a GFR crite-
rion, citing the challenges of estimating GFR 
and the lack of evidence that decision-making 
based on GFR is beneficial. The European Best 
Practice Board (EBPB) guidelines on when to 
start dialysis were specifically updated in 
response to the IDEAL study [106]. These 
guidelines recommend consideration of initia-
tion of dialysis when the GFR is <15  ml/
min/1.73m2 and there are specific indications, 
including signs or symptoms of uremia, uncon-
trolled hypertension or volume overload, or a 
deterioration in nutritional status. In addition, 
the EBPB guidelines emphasize that this will 
occur in the majority of patients at a GFR of 
6–9 ml/min/1.73m2 and that patients with rapid 
deterioration require close supervision [106].

The Canadian Society of Nephrology guide-
lines, updated in 2014, recommend an “intent to 
defer” strategy that involves careful monitoring 
of patients with a GFR < 15 ml/min/1.73m2, with 
dialysis initiation when there are clinical indica-
tions. However, unlike other guidelines, it is rec-
ommended to initiate dialysis if the eGFR is 
6 ml/min/1.73m2 or less [107].

 Arguments for Early (“Timely”) 
Initiation

This was based on the observation that adults 
who start dialysis with a lower GFR have 
increased morbidity and mortality [108–110]. 
This may be secondary to the effects of malnutri-
tion since decreased residual kidney function is 
associated with poor nutrition and poor nutrition 
when starting dialysis is associated with 
increased morbidity and mortality (see Section 
“Malnutrition”). Moreover, in the 1990s, many 
adult patients initiated dialysis at a lower GFR 
than was recommended [111–113]. This led to 
the argument that more timely initiation of dialy-
sis has the potential to lessen the high mortality 
in adult dialysis patients.

Since these observations, there has been a 
trend toward earlier initiation of dialysis in adults 
[100, 101]. This has been associated with subse-
quent observations suggesting that early initia-
tion of dialysis may be harmful, with increasing 
mortality in patients who start early [114, 115]. 
However, this detrimental effect of early dialysis 
may be secondary to increased age and comor-
bidity in the patients who start early [116]. A 
lower serum creatinine, which results in a higher 
estimate of GFR, may also be explained by 
decreased muscle mass and poor nutritional sta-
tus [117]. Hence, some patients with putative 
early initiation of dialysis may have a falsely 
elevated eGFR due to poor nutritional status, a 
well-defined risk factor for morbidity and mortal-
ity. This would create additional bias suggesting 
that early initiation of dialysis is harmful. 
Similarly, a falsely low creatinine may also be 
present in malnourished children or children with 
comorbidities that may limit muscle mass (e.g., 
neurologic injury that prevents ambulation), and 
thus observational studies that analyze eGFR at 
dialysis initiation in children must be interpreted 
with caution.

 Arguments for Delayed Initiation

While a number of studies have shown a worse 
outcome in adults who have a lower GFR at dial-
ysis initiation, there are a variety of biases that 
make interpretation difficult [110]. These include 
lead-time bias, referral time bias, and patient 
selection [83]. Lead-time bias refers to the fact 
that patients who start dialysis at lower GFR are 
further along in their disease than patients who 
start at a higher GFR. A fairer comparison is sur-
vival from a time when patients had the same 
GFR. After accounting for lead-time, two studies 
found no survival benefit for early dialysis initia-
tion [118, 119]. Moreover, and as noted above, 
early initiation of dialysis may be associated with 
increased mortality [114, 115]. In adult and 
 pediatric patients, late referral to a nephrologist is 
a predictor of poor outcomes [120–124]. Such 
patients are more likely to have a lower GFR at 
dialysis initiation, again tending to bias the out-
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come against late initiation of dialysis. In addi-
tion, late referral patients are more likely to have 
a history of non-compliance with follow-up and 
more significant comorbid conditions [110].

Early initiation of dialysis exposes the 
patients to risks of complications from dialysis 
therapy, including peritonitis, irreversible loss 
of peritoneal function, access infections, and 
loss of large blood vessels for vascular access 
[125]. These issues are especially important in 
children given the need for a lifetime of ESKD 
care. In addition, especially in the case of peri-
toneal dialysis, there is a risk of family and 
patient “burn-out” as the time on dialysis 
increases. Hemodialysis may prevent school 
attendance and certainly requires an extended 
amount of time at the dialysis unit. Many chil-
dren feel “washed out” after completing hemo-
dialysis, limiting the ability to complete 
homework or play with friends. Morning hypo-
tension may prevent school attendance in chil-
dren receiving peritoneal dialysis.

Residual kidney function is associated with 
better outcomes in adults receiving dialysis 
[126, 127], and dialysis accelerates the loss of 
residual kidney function [128]. This is more sig-
nificant with hemodialysis than continuous 
ambulatory peritoneal dialysis, in both adults 
and children [129–132]. The use of automated 
PD may [133, 134] or may not provoke a more 
rapid decline in residual kidney function than 
classical CAPD [132, 135]. Of particular rele-
vance to children, it appears that short, high-
turnover NIPD may exert similarly detrimental 
effects on residual kidney function as intermit-
tent extracorporeal procedures.

While some children may bypass dialysis 
and receive a preemptive transplant, this exposes 
the child to the risks of long-term immunosup-
pression (infection and malignancy) and the 
growth- stunting effects of corticosteroids. 
Moreover, early transplantation should, statisti-
cally, lead to earlier graft failure. These factors 
argue against overly aggressive use of preemp-
tive transplantation.

In some children, dialysis may be delayed 
because a living-related transplant is imminent. 
This avoids the morbidity of dialysis initiation. In 

other cases, psychosocial issues may delay dialy-
sis initiation. In both of these instances, the possi-
ble benefits of early initiation are counterbalanced 
by the other factor.

 Choice of Mode of Dialysis

Kidney transplantation is the optimal therapy 
for children with ESKD [136, 137]. However, 
transplantation is often not an immediate option 
because of the lack of a suitable donor. For 
some patients, psychosocial issues may also 
need to be addressed before proceeding with 
transplantation.

The majority of adult patients receive treat-
ment with hemodialysis. In pediatric patients, 
peritoneal dialysis is the more frequently used 
modality, though there is a trend for increased use 
of hemodialysis in the United States [138]. There 
is debate in the adult literature regarding the opti-
mal form of therapy; however, there are no ran-
domized studies that properly address this issue. 
Selection bias has made it difficult to perform 
comparative studies of morbidity and mortality 
between peritoneal dialysis and hemodialysis in 
pediatric patients [139].

Peritoneal dialysis may be especially advan-
tageous during the first 2 years of therapy [140, 
141]. This may be related to the improved pres-
ervation of residual kidney function with perito-
neal dialysis [129, 130, 142]. In addition, the 
inability of peritoneal dialysis to match the 
weekly urea clearance of hemodialysis may be 
less of a problem when the patient has residual 
kidney function, as is common during the first 
2  years of therapy [143]. Finally, membrane 
failure may decrease the benefits of peritoneal 
dialysis after the first 2 years of dialysis [125]. 
Prolonged treatment with peritoneal dialysis 
may lead to membrane failure, which is associ-
ated with increased mortality [144, 145]. 
Moreover, a high transporter state in children on 
peritoneal dialysis is associated with poor 
growth [146]. The advantages of peritoneal dial-
ysis during the first 2 years are especially rele-
vant for children since they receive transplants 
sooner than adult patients due to the availability 
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of living-related donors and their higher priority 
on the cadaveric transplant list.

The adult literature supports the premise that 
the preferred mode of dialysis may depend on the 
patient population [147–149]. In children, perito-
neal dialysis has a number of advantages. A 
home-based therapy is less disruptive with school 
and social activities. In infants, the performance 
of hemodialysis is associated with a significant 
risk for morbidity and mortality, especially if 
anuria is present [150]. Problems include diffi-
culties with vascular access, refractory anemia, 
inadequate urea removal, and the risk of hemody-
namic instability [150]. In addition, nutrition in 
infants is dependent on a high fluid intake, mak-
ing it very difficult for thrice-weekly hemodialy-
sis to provide adequate fluid removal unless the 
patient has substantial residual kidney function.

The choice of dialysis modality is based on a 
number of considerations. There are relative and 
absolute contraindications for both modalities (see 
Tables 9.2 and 9.3). Psychosocial considerations 
are quite important given the family commitment 
needed to make peritoneal dialysis successful. 
Unless there are contraindications, peritoneal dial-
ysis is the optimal modality for the majority of 
children, although both the family and the patient 
must be comfortable with the decision.
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Abbreviations

CIC Clean intermittent catheterization
CKD Chronic kidney disease
ESKD End-stage kidney disease
FSGS Focal segmental glomerulosclerosis
LUT Lower urinary tract
PBS Prune belly syndrome
PD Peritoneal dialysis
PUV Posterior urethral valves
UTI Urinary tract infection
VCUG Voiding cystourethrogram
VUR Vesicoureteral reflux

 Introduction

The prevalence of end-stage kidney disease 
(ESKD) in the pediatric population is approxi-
mately 50 cases per million, while 4 cases per 
million receive renal replacement therapy [1]. 
While the etiology of ESKD remains consistent 
across time, the prevalence of ESKD has been 
increasing across all pediatric age groups, par-
ticularly among older children [2, 3]. In contrast 
to adults, where glomerulopathy and vasculopa-
thy are the major causes of kidney disease, at 
least 40% of the chronic kidney disease (CKD) in 
children is due to congenital urological abnor-
malities [4–8]. As a result, the urologist is an 
essential member in any team managing pediatric 
CKD.  Similarly, all providers of children with 
CKD benefit from understanding these urological 
management principles.

This chapter will review the common urologi-
cal conditions that cause kidney failure in chil-
dren, the diagnosis and pathophysiology of these 
conditions, and an overview of the urologic man-
agement. As dialysis represents the treatment 
phase during CKD between the development of 
ESKD and kidney transplantation, this chapter 
will discuss issues present prior to the initiation 
of dialysis and following kidney transplantation. 
Also, unique implications for pediatric dialysis 
and kidney transplantation will be addressed, 
including urology specific pretransplant evalua-
tion and indications for nephrectomy in the CKD 
patient.
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 Urological Causes of Chronic Kidney 
Disease

The causes of CKD in children may be catego-
rized into congenital and acquired conditions and 
are listed by anatomical location in Table 10.1 [6, 
9–18]. Select significant causes are italicized and 
are the focus of the chapter.

 Posterior Urethral Valves

Posterior urethral valves (PUV) are abnormal 
membranous folds unique to the male prostatic ure-
thra. While there are other rare causes of congenital 

lower urinary tract (LUT) obstruction, such as ure-
thral atresia and obstructive ureteroceles, PUV are 
undoubtedly the most common. They are encoun-
tered in 1 of 5000–25,000 live births [19–22].

Advances in antenatal diagnosis, improved 
perinatal medicine, and early PUV management 
have led to a decrease in the neonatal mortality 
rate associated with PUV.  In spite of these 
advances and antenatal intervention, there has 
been little improvement in the proportion of these 
patients ultimately developing CKD [23]. Twenty 
to sixty percent of boys with PUV will manifest 
with evidence of CKD in childhood, and 11–51% 
will eventually progress to ESKD during long- 
term follow-up [24–27].

Increasingly, the diagnosis is suggested in the 
antenatal period with ultrasound findings of oli-
gohydramnios, bilateral hydroureteronephrosis, a 
thickened bladder wall, and a dilated posterior 
urethra (Fig.  10.1). Children without a prenatal 
diagnosis will present at different ages in the post-
natal period with a variety of conditions, includ-
ing respiratory insufficiency, kidney failure, 
urosepsis, failure to thrive, poor urinary stream, 
and urinary incontinence. The variation of PUV 
presentations represents a spectrum of disease, in 
which less severe forms of obstruction are often 
detected later in life and may be associated with a 
smaller impact on overall kidney function.

a b

Fig. 10.1 Sonographic features suggestive of PUV detected during antenatal evaluation: (a) thick-walled bladder with 
prominent posterior urethra, the “key-hole” sign; (b) high-grade hydronephrosis

Table 10.1 Urological causes of chronic kidney disease 
in children, italicized are discussed in this chapter

Causes
Congenital Renal dysplasia

Ureteropelvic junction obstruction
Ureterovesical junction obstruction
Ureteroceles
Vesicoureteral reflux
Neurogenic bladder
Posterior urethral valves
Prune belly syndrome

Acquired Obstructing urolithiasis
Obstructing neoplasms
Neurogenic bladder
Urethral strictures
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To prevent or attenuate kidney damage that 
occurs in utero, prenatal interventions have 
sought to bypass the urethral obstruction with 
open diversion, percutaneous diversion, or more 
recently cystoscopy of the fetal urinary system 
[28–30]. The decision to attempt antenatal inter-
vention should be guided by selective criteria, 
aided by the analysis of amniotic fluid levels, 
imaging of renal dysplasia, and fetal urinary 
markers (sodium, chloride, osmolality, and B2- 
microglobulin) [31]. Vesicoamniotic shunting 
achieves the required supra-urethral diversion 
while being minimally invasive, obviating the 
need for a maternal hysterotomy and fetal vesi-
costomy. Interventions to preserve kidney func-
tion would need to be performed early, probably 
before 22–23 weeks of gestation, although this is 
not well established [32]. Antenatal interventions 
are associated with a fetal mortality rate that 
ranges from 33% to 43%. Not all the reported 
deaths are directly related to the intervention, as 
many deaths recorded may be secondary to ensu-
ing pulmonary hypoplasia. These procedures are 
also associated with significant morbidity in the 
form of urinary ascites, visceral herniation, shunt 
malfunction, and shunt migration [33–36].

Regardless of the timing of the postnatal pre-
sentation, an ultrasound of the kidneys, ureter, 
and bladder should be the first imaging study 
obtained. The ultrasound will often demonstrate 
a thick-wall bladder with a prominent posterior 
urethra, the “key-hole” sign, and high-grade 
hydroureteronephrosis. A voiding cystourethro-
gram (VCUG) is indicated to confirm the diagno-
sis of PUV. Typical features on VCUG include a 
dilated posterior urethra with a clear sharp transi-
tion to a normal (or attenuated due to reduced 
flow) distal channel, an associated valve cusp, a 
thickened open bladder neck, and a trabeculated 
bladder. Vesicoureteral reflux (VUR) is also often 
present (Fig. 10.2). While not always predictive 
of a favorable prognosis, the presence of a uri-
nary “pop-off” has been reported to be protective 
in some children, by protecting at least one func-
tioning kidney. Such “pop-off” mechanisms 
include unilateral high-grade VUR into an ipsi-
lateral dysplastic/nonfunctioning kidney, a blad-
der diverticulum, a perinephric urinoma, urinary 
ascites, and a patent urachus [37–42].

At birth, many boys with PUV will have pre-
existing renal dysplasia and will eventually 
develop CKD regardless of treatment. An impor-
tant goal of PUV management is to delay the 
onset of kidney failure, by optimizing function of 
the kidneys, ureters, bladder, and urethra. 
Management is initially directed at systemic sta-
bilization and decompression of the urinary tract. 
Initial urological instrumentation usually 
involves urethral catheterization in the early neo-
natal period, prior to the confirmation of the diag-
nosis. The simple intervention of urethral 
catheterization temporarily bypasses the urinary 
obstruction, allows accurate monitoring of urine 
output, and helps avoid emergent surgical inter-
vention, while associated abnormalities are iden-
tified and their management optimized. A VCUG 
can then be obtained by instilling contrast through 
the catheter with subsequent catheter removal to 

Fig. 10.2 Features of PUV on VCUG: dilated posterior 
urethra (white arrow) with a change in caliber compared 
with the anterior urethra at the site of the valves (blue 
arrow). Associated bilateral vesicoureteral reflux 
(asterisk)
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image the urethra. Subsequent definitive urethro-
scopic valve ablation can be performed in most 
boys, except for the smallest of infants. Premature 
or small infants, whose urethras will not accom-
modate a cystoscope, are candidates for alterna-
tive forms of decompression. Similarly, in the 
occasional scenario, where valve ablation does 
not achieve decompression of the upper tracts, 
surgical diversion above the bladder outlet war-
rants consideration. This may be in part due to a 
functional ureterovesical junction obstruction as 
the ureter passes through a markedly thickened 
detrusor muscle. In such situations, segments of 
the urinary tract can be temporarily brought to 
the skin, in the form of a vesicostomy, ureteros-
tomy, or pyelostomy (Fig. 10.3).

Bacterial colonization of the prepuce of uncir-
cumcised boys predisposes them to urinary tract 
infection (UTI), particularly in the first year of 
life. Circumcision should be considered at the 
time of the valve ablation or vesicostomy to sig-
nificantly decrease the risk of UTI [43]. This 
intervention is often heavily influenced by cul-
tural and religious expectations.

Following valve ablation, the obstructive pro-
cess is usually relieved; however, the functional 
improvements are less predictable. Urodynamic 
findings in these boys remain highly variable and 
prone to change over time, as kidney function, 
growth, and the acquisition of continence further 
challenge the stability of the bladder [44, 45]. 

The primary goal of the urological management 
in PUV is the preservation of upper tract func-
tion, which is achieved by ensuring an infection- 
free urinary tract with a bladder that stores urine 
at low pressure and empties efficiently. The sec-
ondary goals include urinary continence and a 
safe lower tract for those that require kidney 
transplantation.

Poorly controlled lower urinary tract (LUT) 
dysfunction can adversely affect existing kid-
ney function. Residual bladder dysfunction in 
PUV is an independent risk factor for CKD [12, 
25]. In 1980, Mitchell coined the term “valve 
bladder syndrome,” identifying deleterious fea-
tures of lower tract dysfunction that could reli-
ably predict kidney deterioration. This term 
describes the development or persistence of 
hydroureteronephrosis in the presence of a 
poorly compliant, thick-walled bladder, incon-
tinence, and polyuria [46].

Koff further clarified the role of the bladder in 
the deterioration of the upper tracts, suggesting 
that polyuria, insensitivity to overdistension, and 
high post void residual volumes were the three 
key factors contributing to kidney deterioration 
in valve patients [47].

An overwhelmed bladder with borderline 
function may lead to upper tract damage. 
Polyuria, caused by nephrogenic diabetes insipi-
dus, has the potential to overload the bladder of 
the most diligent voider. Insensitivity to overdis-

a b c

Fig. 10.3 Appearance on physical examination of different forms of cutaneous urinary diversion: (a) vesicostomy, (b) 
distal ureterostomy, and (c) bilateral pyelostomies (patient prone)
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tension contributes to the potential for bladder 
overload and injury. High post void residual vol-
umes decrease the functional capacity of the 
bladder and are not necessarily the result of myo-
genic failure [48]. Pseudo-residual volumes can 
be seen in children with PUV and VUR when 
urine refluxes into dilated ureters during filling 
and voiding, only to empty back into the bladder 
immediately after voiding. An additional cause of 
pseudo-residual volumes is a hypertrophied 
detrusor muscle that creates a functional uretero-
vesical junction obstruction during bladder fill-
ing, which is relieved after voiding, allowing the 
retained urine to drain from the dilated ureters 
(Fig. 10.4) [49].

With this understanding, hydroureteronephro-
sis is no longer considered unavoidable in PUV 
patients. Management has become proactive, 
focused on achieving complete urinary tract emp-
tying (double voiding, timed voiding, and clean 

intermittent catheterization [CIC]), optimizing 
detrusor function (with judicious use of anticho-
linergics), and the selective use of alpha-blockers 
to assist voiding [50]. On occasion, routine day-
time interventions are unsuccessful at preventing 
hydronephrosis in PUV, due to the polyuria and 
decreased functional capacity. To overcome this, 
nocturnal CIC or overnight indwelling catheter-
ization has been shown to reduce diuresis, 
decrease the incidence of UTI, improve urinary 
continence, and decrease upper tract dilation [47, 
51, 52].

VUR in PUV children is found in 50–70% of 
patients and is usually secondary to the obstructed 
bladder outlet [53, 54]. Because of its association 
with worse renal dysplasia, high-grade reflux can 
predict higher morbidity and mortality [55, 56]. 
Adequate treatment of the valvular obstruction 
will lead to spontaneous resolution of VUR in 
most cases (62%), and therefore VUR should be 
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Fig. 10.4 Issues to 
consider in the 
monitoring of patients 
with PUV. Adequately 
addressing these 
problems helps prevent 
or slow kidney 
deterioration and 
provides a conceptual 
framework upon which 
to consider interventions 
and tailor treatment
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managed conservatively [54, 57]. Rarely, surgical 
intervention is indicated for recurrent pyelone-
phritis, in cases where LUT dysfunction has been 
ruled out or controlled.

The presence of persistent unilateral reflux 
into a dysplastic nonfunctioning kidney in males 
with PUV, referred to as posterior urethral valve, 
unilateral vesicoureteral reflux and renal dyspla-
sia (VURD) syndrome, has been associated with 
a better kidney functional prognosis than what is 
experienced by standard PUV patients in the 
short term [55, 58, 59]. The dysplastic kidney is 
thought to provide a protective effect as the renal 
pelvis and ureter absorb the high pressures gener-
ated by the bladder during voiding. Despite this 
protective effect, up to 50% of patients with 
VURD may develop some kidney scarring, void-
ing dysfunction, UTI, diurnal incontinence, and 
long-term hydroureteronephrosis [58]. Therefore, 
every boy with PUV, regardless of the presence 
of favorable prognostic features, should have 
close multidisciplinary team follow-up to iden-
tify and appropriately treat potential risk factors 
to the remaining kidney function.

When necessary, kidney transplantation is 
successful in patients with PUV with proper eval-
uation of the bladder for storage and emptying 
[60]. Vesicostomy or bladder augmentation may 
be needed in some PUV patients prior to kidney 
transplant. Patients with PUV are at a higher UTI 
risk after kidney transplantation [61].

 Vesicoureteral Reflux 
in the Pediatric Dialysis Patient

Reflux nephropathy is kidney damage or abnor-
mal kidney development related to VUR.  The 
kidney damage may be congenital or acquired 
from repeated insults. Congenital sources of 
reflux nephropathy represent renal dysplasia that 
coexists with reflux rather than being directly 
caused by it (Fig. 10.5). Subsequently, postnatal 
kidney function may be worsened by pyelone-
phritis, which is facilitated by the reflux of 
infected urine into the abnormal kidney unit [62–
65]. Differentiation between primary and second-
ary reflux has important therapeutic implications. 
Primary VUR is reflux, which occurs in the 
absence of secondary functional or anatomical 
causes, such as PUV, ureteroceles, or neurogenic 
bladder. Secondary reflux is associated with 
transmission of high bladder pressures to the 
upper tracts, which can further compromise the 
kidney parenchyma. This section will cover pri-
mary VUR, while secondary VUR is discussed 
under the specific primary conditions.

Primary VUR accounts for 7–25% of pediatric 
CKD cases [6, 66, 67]. Over half of children with 
VUR and CKD may require renal replacement 
therapy by the age of 20 years, suggesting that 
they have a relatively poor kidney prognosis and 
deserve particular attention [68]. Neither medical 
nor surgical management can alter the function of 

a b

Fig. 10.5 Findings suggestive of renal dysplasia: (a) bilateral high-grade reflux detected in infant without a history of 
urinary tract infections; (b) DMSA scan demonstrates poor function of the left kidney moiety and photopenic defects
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a dysplastic kidney, and treatment should there-
fore concentrate on preventing further UTI and 
kidney damage by early diagnosis and treatment 
of a febrile UTI (pyelonephritis) and correction 
of bladder and bowel dysfunction. Medical treat-
ment may involve increased fluid intake, consti-
pation management, biofeedback, bladder 
training, and prophylactic antibiotics.

Increased fluid intake allows for more urine 
production. This, in turn, increases the volume 
and frequency of voiding, effectively flushing the 
LUT and mechanically clearing out bacteria. 
Prophylactic antibiotics have long been held as 
the cornerstone of conservative management of 
VUR [69]. Recent large series have begun to 
question this conventional wisdom [70–73]. 
Selective use of antibiotics based on UTI risk fac-
tors is a reasonable approach.

Bladder training is helpful for children with an 
element of dysfunctional voiding. The process 
involves the education and retraining of the void-
ing process to achieve volitional, regular, and 
complete bladder emptying. Emphasis is placed 
on the awareness of the pelvic musculature and 
coordination of the detrusor muscle contraction 
with sphincter relaxation.

This training can be enhanced by biofeedback 
technology that registers and rewards the correct 
identification and control of pelvic musculature. 
The effective elimination of urine is very closely 
tied to the effective elimination of feces, i.e., 
bladder and bowel dysfunction. Active manage-
ment of constipation has been shown to improve 
voiding dysfunction, incontinence, enuresis, 
urgency, and UTI frequency [74–76].

The surgical approach to the child with VUR 
and recurrent pyelonephritis who fails to respond 
to medical management is usually a graded esca-
lation in intervention, which includes circumci-
sion in males, endoscopic sub-ureteric injection 
of a bulking agent such as dextranomer/hyal-
uronic acid, and ureteral reimplantation. Although 
surgical reimplantation is more invasive than 
endoscopic therapy, it carries a higher overall 
success rate in terms of reflux correction and a 
lower future reflux recurrence rate. This is an 
important distinction when considering the child 
with borderline kidney function and a predisposi-

tion to recurrent, scarring UTIs. These patients 
may benefit from a more aggressive approach, 
consisting of early prophylactic circumcision and 
surgical reimplantation of the ureter.

As for the reflux patient with CKD who 
requires dialysis, the indications for medical 
management or surgical intervention are essen-
tially no different from those patients with nor-
mal kidney function. One must be aware that 
once transplanted, these children will be immu-
nosuppressed and have an additional kidney unit. 
Following kidney transplantation, UTIs may 
occur in children with VUR; approximately 60% 
of these patients experience at least one episode 
[77, 78]. The risk is highest in the first-year post-
transplantation and then decreases over time 
[79]. VUR is associated with acute pyelonephri-
tis in patients with kidney transplants, but this 
does not necessarily translate to kidney graft loss 
[79–83]. Thus, due to the increased morbidity in 
the setting of immunosuppression, proper evalua-
tion should address pretransplant vesicoureteral 
reflux, especially in patients with a history of 
multiple episodes of pyelonephritis. In cases with 
high-grade reflux and an associated poorly func-
tioning kidney, performing a nephroureterectomy 
rather than reimplantation should be considered.

Following kidney transplantation, VUR into 
the allograft is common and varies according to 
the ureteral implantation procedure used [79, 80, 
84, 85]. As such, routine screening for VUR of 
the transplant kidney is not recommended. 
However, a VCUG is warranted to exclude reflux 
into the native or transplanted kidneys in the set-
ting of recurrent UTI posttransplant. Treatment 
for posttransplant reflux-associated UTI is ini-
tially conservative. Patients who fail to improve 
are candidates for surgical intervention. This may 
involve efforts to stop the reflux or remove a 
poorly functioning, refluxing native kidney unit. 
Recently, the sub-ureteric injection of 
 dextranomer/hyaluronic acid has gained wide 
acceptance as a minimally invasive method of 
correcting VUR.  However, when compared to 
open reimplantation of the ureters, the success 
rate of ureteric injection is lower in both native 
and transplant kidneys. Reported reflux resolu-
tion rates in the transplant kidney following ure-
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teric injection are only 29–44% [86, 87]. 
Similarly, surgical reimplantation has reported 
transient obstruction and a persistent increase in 
serum creatinine in 60% of reimplanted children 
[85]. Given the above issues, combined with the 
efficacy of conservative management and the 
concept that adult donor kidneys are less suscep-
tible to the effects of refluxed bacteriuria, surgi-
cal intervention is rarely indicated in this patient 
population.

 Neurogenic Voiding Dysfunction

Under normal bladder circumstances, the detru-
sor muscle and the sphincter complex function in 
a coordinated fashion, which optimizes both 
urine storage and emptying. During the filling 
phase, the detrusor muscle is relaxed and is com-
pliant, as it fills in volume without an increase in 
bladder pressure. As capacity is reached, the 
intravesical pressure gradually rises. A full blad-
der is detected by stretch receptors and perceived 
in the central nervous system. During appropriate 
voiding, the sphincteric mechanism relaxes in 
anticipation of a coordinated detrusor contrac-
tion, expelling urine from the bladder. If voiding 
needs to be delayed, afferent nerves stimulate 
sympathetic and pudendal outflow activity, initi-
ating the guarding reflex, which inhibits detrusor 
contraction and stimulates the rhabdosphincter to 
increase outflow resistance [88]. Disrupted inner-
vation can lead to an alteration of this normal, 
coordinated interaction.

Neurogenic bladder dysfunction is an all- 
encompassing term that describes vesicourethral 
units with abnormal neural anatomy or function. 
Neurological lesions vary considerably in their 
influence on the key bladder functions of storage 
and emptying. Upper motor neuron lesions tend 
to produce a hyperreflexic bladder with sphincter 
dyssynergia. Lower motor neuron lesions tend to 
produce an areflexic bladder with variable 
sphincter function. Unfortunately, there are many 
neurological lesions that have various effects on 
the detrusor muscle, the striated urethral sphinc-
ter, and the smooth muscle of the bladder neck. 
This high variability makes classification of neu-

rogenic voiding dysfunction difficult. As a result, 
popular classifications tend to focus on the dys-
function rather than on the underlying cause [89].

Wein developed a clinical classification for 
patients with urinary incontinence, dividing the 
etiology into two broad categories: a failure of 
storage and a failure of emptying [90]. Adequate 
storage requires high bladder compliance, rea-
sonable capacity, and the absence of detrusor 
overactivity combined with adequate sphincteric 
function. Efficient emptying requires a coordi-
nated interaction of detrusor contraction and a 
lowering of the outlet resistance. Four broad, 
simplified scenarios exist: (1) a bladder with ade-
quate storage and an outlet with low resistance, 
(2) a bladder with adequate storage and an outlet 
with increased resistance, (3) a bladder with 
inadequate storage and an outlet with low resis-
tance, and (4) a bladder with inadequate storage 
and an outlet with increased resistance (Fig. 10.6). 
With this understanding, it is not uncommon for 
the neurogenic bladder to be either incontinent, 
continent, or dyssynergic (i.e., lack of coordina-
tion between detrusor muscle and bladder outlet, 
resulting in outlet occlusion in response to detru-
sor contraction leading to dangerously elevated 
intravesical pressures).

Regardless of detrusor compliance, poor tone 
in the sphincter mechanism typically results in 
urinary incontinence. However, as long as the 
incontinence is associated with low leak point 
pressures, there is little risk of damage to the 
upper tracts. In contrast, the “hostile bladder” is 
found in situations of a hyperreflexic, poorly 
compliant, and small capacity bladder that is 
combined with high outlet resistance. This resis-
tance is caused by sphincter hypertonia and 
detrusor-sphincter dyssynergia. In these situa-
tions, high filling and voiding pressures are trans-
mitted to the kidney, leading to kidney dysfunction 
and, if not corrected (especially if associated with 
UTI), permanent kidney damage [91].

Following the diagnosis of neurogenic void-
ing dysfunction, initial management is directed at 
maintaining acceptable bladder storage pres-
sures, ensuring efficient emptying, and prevent-
ing UTIs [92]. Early medical management and 
close monitoring are the cornerstones of a suc-
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Compliant bladder
Small volume, poorly
compliant bladder

Poor sphincter tone

Increased sphincter tone

Upper tracts protected by
low outlet resistance

Compliant bladder Small volume, poorly
compliant bladder

Upper tracts threatened by
high outlet resistance

a b

c d

Fig. 10.6 The four broad scenarios based on bladder and 
sphincter functionality: (a) good bladder compliance with 
poor sphincter tone, (b) poor bladder compliance with 

poor sphincter tone, (c) good bladder compliance with 
increased sphincter tone, (d) poor bladder compliance 
with increased sphincter tone

Table 10.2 Basic concepts of management for neurogenic voiding dysfunction based on Wein’s classification [90]

Bladder Outlet Bypass
Facilitate storage Decrease tone

  Bladder muscle relaxants
Increase capacity
  Bladder augment

Increase resistance
  α-Agonists
  Mechanical compression

CIC
Diversion

Facilitate 
emptying

Increase bladder pressure
  Trigger zones
  Bladder training

Decrease resistance
  α-Blockade
  Sphincterotomy
  Bladder neck disruption
  Urethral dilation

CIC
Diversion
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cessful outcome for these children. Patients vary 
in their need for specific medical interventions 
but should be managed according to their unique 
urodynamic dysfunction. The basic concepts of 
this management are outlined in Table 10.2. The 
majority of children with “hostile bladders” are 
managed with a combination of CIC to ensure 
regular and complete emptying [93–95]; 
 anticholinergics to attenuate neurogenic detrusor 
overactivity, increase capacity, and decrease tone 
[96, 97]; α-blockers to decrease the sphincter 
muscle tone [98, 99]; and prophylactic antibiotics 
to prevent recurrent UTI.

Surveillance is a crucial component of the 
management of the neurologically impaired 
child. In myelodysplasia, the neurological conse-
quences are often dynamic, with changes taking 
place throughout childhood but particularly at 
puberty when linear growth is accelerated. The 
entire urinary system should be screened regu-
larly for evidence of deterioration. Ultrasound of 
the kidneys, ureter, and bladder is useful in 
detecting kidney growth failure, scarring, loss of 
cortico-medullary differentiation, hydronephro-
sis, bladder wall thickening, and significant 
residual bladder volumes. In the patients who are 
able to void, urinary flow rates may demonstrate 
abnormal flow curves and, combined with elec-
tromyography, may demonstrate detrusor- 
sphincter dyssynergia. Urodynamic studies are 
useful in monitoring bladder dynamics during the 
filling and emptying phases. Spinal MRI is indi-
cated for the initial workup of many of these 
patients and may be indicated during the surveil-
lance period when changing clinical features sug-
gest the development of a potentially correctable 
cause, such as a tethered spinal cord.

If the medical management is ineffective or 
not tolerated, treatment will need to be escalated. 
Surgical strategies are mainly aimed at address-
ing three different issues: decreasing bladder out-
let resistance, providing alternative access for 
catheterization, and enhancing bladder capacity 
and compliance. For patients in whom conti-
nence is not necessary, strategies aimed at reduc-
ing outlet resistance include urethral dilation 
[100, 101] and sphincterotomy (in older male 
patients) [102]. Vesicostomy produces an incon-

tinent diversion, a safe and reliable method of 
decompressing the upper tracts in young children 
with neurogenic bladders [103].

When continence is the goal of treatment, 
bladder emptying aided by CIC through the ure-
thra is favored. In some children, this is not fea-
sible, as catheterization may be anatomically 
difficult or impossible (as seen in children with 
urethral strictures), poorly tolerated (in patients 
with a sensate urethra), or difficult to perform 
(related to body habitus and poor manual dexter-
ity) [9]. These patients may benefit from a surgi-
cally constructed continent catheterizable 
channel, usually fashioned with the appendix 
(Mitrofanoff channel) or reconfigured small 
bowel (Monti channel) [104]. These conduits 
should be as short and straight as possible, to 
avoid catherization issues, and enter the bladder 
from an easily accessible, cosmetically appropri-
ate site. Accessibility is the principal goal and is 
ideally determined preoperatively by the surgeon, 
patient, and a stoma nurse. Cosmesis is a second-
ary concern to function, often best achieved with 
the stoma placed at the umbilicus (Fig. 10.7).

Surgical interventions that augment the blad-
der are aimed to improve compliance, increase 
capacity, and decrease uninhibited detrusor con-
tractions. Bladder augmentation with enterocys-
toplasty is the most commonly used technique, 

Fig. 10.7 Patient with an appendicovesicostomy 
(Mitrofanoff channel), performing self-catheterization 
through stoma located at the umbilicus
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and it involves the use of a portion of the intestine 
that has been detubularized, reconfigured into a 
patch, and then sutured into the defect of a widely 
incised bladder. The gastrointestinal patch can be 
ileum or colon, but the most commonly used is 
the ileum, due to its preferred absorptive and 
secretory profile [105, 106]. Following enterocys-
toplasty, metabolic abnormalities may develop 
over time, due to the exposure of intestinal epithe-
lium, with its absorptive and secretory character-
istics, to urine. This is more clinically relevant in 
children with marginal kidney function.

To avoid the metabolic impact of the intestinal 
augments, the bladder may be augmented using 
tissue naturally lined by urothelium, such as the 
ureter. While most urothelium-lined augmenta-
tions create only modest urodynamic improve-
ment, the best improvement is seen with the use 
of a dilated tortuous ureter of a poorly function-
ing kidney unit [107, 108]. While now uncom-
monly performed due to inferior results, an 
auto-augmentation of the bladder was proposed 
to excise the hypertrophied detrusor muscle, thus 
creating a diverticulum of bladder mucosa 
through the detrusor muscle, thereby increasing 
compliance and capacity. A summary of the 
advantages and disadvantages of common blad-
der augmentation procedures is provided in 
Table 10.3.

 Bladder Augmentation and End- 
Stage Kidney Disease

A severely dysfunctional bladder that has caused 
or facilitated failure of the native kidneys will put 
a transplanted kidney at risk. If this hostile envi-
ronment is left untreated, a transplanted kidney 
will fail. Prior to effective reconstruction of the 
lower urinary tract to create a safe reservoir for 
urine storage, severe bladder dysfunction was a 
contraindication to kidney transplantation. This 
has allowed for a successful kidney transplanta-
tion in children with stage 5 CKD and severe 
LUT dysfunction.

The safety and timing of bladder augmenta-
tion in the child with ESKD in the context of kid-
ney transplantation has been controversial 

[109–117]. The cumulative graft survival rates 
for children who underwent major LUT recon-
struction seem favorable, despite the lack of 
 standardized follow-up between cohorts [111, 
113, 114, 118]. The safety of transplantation in 
patients with bladder augmentation has been 
established; however, the timing of the recon-
struction in relation to the timing of the kidney 
transplant is debated. If bladder augmentation 
occurs before transplantation, adequate capacity 

Table 10.3 A summary of the advantages and disadvan-
tages of common augmentation procedures

Auto-augmentation
  Lined by urothelium
   No metabolic sequelae
   No bowel harvesting
   Extraperitoneal approach
    Not reliable at increasing bladder volume
Ureterocystoplasty
  Native ureter
  Lined by urothelium
   No metabolic sequelae
   No bowel harvesting
   Mucosa backed by muscle
    Not always available
    Not always sufficient
     Additional exposure required (laparoscopic/

open)
Colocystoplasty
  Sigmoid/ileocolic
   Large diameter
   Reliable blood supply
   Mobile segments
    Ileocecal valve can be used to prevent urinary 

reflux
   Can be tunneled
    Not always available
    Can impact gut function
    Bowel surgery required
    Absorption of urinary waste
     Lifelong alkalinization required if kidney 

function impaired
    Mucus production +++
    Bladder stone and UTI risks +++
    Higher perforation rate
    Tumor risk
Ileocystoplasty
  Preterminal ileum
   Reliable blood supply and length
   Most compliant bowel segment
    Hyperchloremic metabolic acidosis
    Mucus production ++
    Bladder stone and UTI risk ++
    Vitamin B12 deficiency
    Tumor risk
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may not be achieved due to lack of cycling. 
However, if bladder augmentation occurs after 
transplantation, the kidney graft could be jeopar-
dized by the abnormal functioning bladder and 
the healing process could be hindered by the 
immunosuppression.

Insight is gained from a retrospective review 
of three groups of transplant patients: those who 
underwent bladder augmentation prior to trans-
plant, those who had augmentation posttrans-
plant, and those transplanted patients who did not 
require LUT reconstruction. In this cohort, graft 
survival and the incidence of symptomatic UTI 
were no different in the two augmented groups, 
but the non-augment group did significantly bet-
ter in both outcomes. It is suggested that the 
increased incidence of UTI could be the cause of 
lower graft survival rates in the augmented 
groups [112]. Posttransplant sepsis rates in aug-
mented patients may be lower with prophylactic 
antibiotics use or the use of stomach instead of 
ileum for augmentation [111, 114, 118].

In summary, major LUT reconstruction 
appears safe prior to kidney transplantation. It 
should be remembered that these bladders are 
inherently dysfunctional, and augmentation can-
not completely negate the consequences of that 
dysfunction. The reconstructive procedures carry 
with them inherent metabolic, functional, and 
surgical risks that often persist throughout life. 
While kidney graft survival is better in children 
with normal bladders, children who undergo 
bladder reconstruction for a defunctionalized 
bladder are kidney transplant candidates with an 
acceptable increased risk.

 Prune Belly Syndrome

Prune belly syndrome (PBS) is defined by three 
abnormalities: an absence or deficiency of 
abdominal wall musculature, bilateral cryptor-
chidism, and dilated uropathy involving the ure-
thra, bladder, and ureters (Fig. 10.8). PBS has an 
incidence of 1 in 29,000 to 1 in 40,000 live births, 
but the etiology remains unknown [119, 120]. 
The complete syndrome is unique to the male 
patient; however, a “pseudo-prune” disorder with 

similar PBS pathology without the complete triad 
and features may occur in both males and females 
[121–123]. Associated pulmonary, cardiac, 
orthopedic, and gastrointestinal abnormalities are 
relatively common and contribute to overall mor-
bidity and mortality [124]. The underlying 
pathology and possible clinical presentation are 
summarized in detail in Table 10.4 [125, 126].

From a urological perspective, the initial 
workup aims to exclude obstruction, VUR, and 
renal dysplasia. The passage of urine in these dif-
fusely dilated urinary tracts is usually not 
obstructed but is often inefficient as a consequence 
of gross dilation. If obstruction is present, the ini-
tial ultrasound may reveal an unusually thickened 
bladder wall or serial ultrasounds may reveal pro-
gressive dilation of the upper tracts. Furosemide 
washout studies are imperfect at diagnosing 
obstruction and should be interpreted with caution 
in the setting of gross distension. Thickening of 
the bladder wall should raise the suspicion of a 
urethral obstruction. A VCUG will define urethral 
and bladder anatomy, confirm VUR and, as a 
result, should be done early in the workup of PBS 
patients. Where renal dysplasia is suspected or 
there have been recurrent febrile UTI, a nuclear 
medicine scan is indicated. Imaging findings in 
PBS are demonstrated in Fig. 10.9.

Fig. 10.8 Characteristic abdominal wall appearance in a 
newborn boy with prune belly syndrome
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As with many syndromes, PBS represents a 
spectrum of disease with a wide range of impair-
ment due to the underlying congenital abnor-
malities. As a consequence, management must 
be individualized. It is useful to consider the 
child with PBS as fitting into three broad cate-

gories as outlined by Woodard [127] 
(Table  10.5). Category 1 children have severe 
pulmonary and renal dysplasia and have a very 
poor prognosis. The outcome is largely deter-
mined by pulmonary function and possible 
associated cardiac defects. Urological manage-

Table 10.4 Clinical features of prune belly syndrome with pertinent urological issues highlighted

Anterior 
urethra

Ranges from urethral atresia to fusiform megalourethra
Complete obstruction is lethal unless urachus is patent
Variably deficient corpora cavernosa and spongiosum

Testicles Bilaterally cryptorchid
Usually intra-abdominal location
Intrinsically abnormal testis with marked Leydig cell hyperplasia
Increased risk of malignancy
Decreased spermatogonia or azoospermia
Paternity may be possible with assisted reproductive techniques

Genital 
conduits

Epididymal-testicular dissociation
Ectopic, thickened vas deferens
Seminal vesicles are usually absent or atretic but may be ectatic in some cases
All contribute to infertility
Retrograde ejaculation

Prostate and 
prostatic 
urethra

Prostatic hypoplasia
Epithelial glandular development consistently lacking – contributes to infertility
Prostatic urethra is dilated, in continuity with an open bladder neck and tapering to the 
membranous urethra
Utricular diverticula common
Hypoplastic or absent verumontanum
Reflux into the vas deferens can be seen
Prostatic urethral lesions are seen in 20% – poorer prognosis

Bladder Grossly enlarged
Trabeculation unusual
Pseudo-diverticulum or urachal remnant
Urachus may be patent
Widely separated ureteric orifices due to splayed trigone and predisposing to reflux
Open bladder neck
Efficient storage with good compliance
Poor emptying due to hypo- contractility and VUR (CIC may be required)
Delayed sensation to void
Instability and uninhibited contractions unusual
Requires regular assessment for altered voiding efficiency

Ureters Elongated, dilated, and tortuous
Lower third more severely affected
Peristalsis present but ineffective
True obstruction rare
VUR present in 85%

Kidneys Variable renal dysplasia
Hydronephrosis
May have hydronephrosis without renal dysplasia
Ureteropelvic junction obstruction has been reported

Abdominal 
wall

Variable deficiency of underlying anterior abdominal wall muscle
Transversus abdominus most affected followed by infraumbilical rectus, internal oblique, external 
oblique, and the supraumbilical rectus abdominus
Can cause developmental delay due to axial instability (sitting and walking)
Can predispose to constipation and pneumonia as a result of poor Valsalva
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a b

c d

Fig. 10.9 Imaging studies in a patient with prune belly 
syndrome: (a, b) hydroureteronephrosis with dilated and 
tortuous ureter; (c) VCUG after vesicostomy creation 

demonstrating bilateral high-grade reflux into dilated dis-
tal ureters (arrows); (d) posterior view of a DMSA scan 
demonstrating poor right kidney differential function

ment should aim to identify obstructing uropa-
thy and may involve diverting the upper tracts, if 
appropriate for the individual patient. Category 
2 patients tend to have no immediate threat to 
life, but kidney dysfunction is significant. 
Baseline kidney function must be monitored 
and optimized. Management should involve a 
multidisciplinary team with active participation 
of pediatric nephrologists and urologists. The 

structural integrity of the kidney tracts must be 
regularly assessed, and conditions that threaten 
the kidneys need to be identified and treated 
early. Category 3 patients demonstrate good 
kidney function despite their grossly dilated uri-
nary tracts. Their prognosis is good because 
they lack renal dysplasia, but they still require 
close monitoring for signs of deteriorating kid-
ney or urinary tract function.

Table 10.5 Outcomes of prune belly syndrome based on salient features and Woodard category

Category Salient features Outcome
1 Severe renal dysplasia

Pulmonary hypoplasia
Few survive beyond neonatal period

2 Mild to severe renal dysplasia
No pulmonary hypoplasia

Survival with variably impaired kidney function

3 No renal dysplasia
No pulmonary hypoplasia

Excellent prognosis, provided upper tracts are protected
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Management of these complex patients is 
aimed at delaying the onset of kidney failure. It 
should include prophylactic antibiotics, because 
of the potential for high-grade VUR and urinary 
stasis. Timed voiding, double voiding, and CIC, 
when necessary, are recommended to facilitate 
complete bladder emptying. Pyelostomies, ure-
terostomies, or vesicostomies are unusual inter-
ventions that may be required to divert the urinary 
stream proximal to an obstruction or poorly 
draining segment. Early orchidopexies are indi-
cated to optimize spermatogenic potential and 
facilitate testicular examination. Abdominoplasty, 
where necessary, improves psychosocial well- 
being and has recently been shown to improve 
pulmonary function, defecation, and voiding effi-
ciency [128, 129]. The timing of and indication 
for the above interventions vary with each patient 
and institutional protocols.

The goal of management in PBS is preservation 
of kidney function, prevention of UTI, and man-
agement of the testes. There is debate on the opti-
mal management of children with PBS, varying 
from conservative to aggressive early surgery. 
Aggressive reconstruction involves simultaneous 
and early (3 months to 1 year of age) resection, 
tapering and reimplantation of the ureters, bilateral 
transabdominal orchidopexy and abdominoplasty 
and may include reduction cystoplasty or resection 
of the urachal diverticulum [130]. With the lack of 
a clear benefit in bladder capacity or voiding effi-
ciency, reduction cystoplasty is not recommended 
by all proponents of the more aggressive approach 
[131, 132]. Conversely, the conservative approach 
argues that surgery cannot improve baseline kid-
ney function; instead, it should be reserved for 
those patients in whom obstruction, stasis, or 
reflux cause dysfunction [129, 133].

Despite proper management of children with 
PBS, some will progress to ESKD. In this event, 
PBS is not a contraindication to either peritoneal 
dialysis (PD) or kidney transplantation. While 
PD does pose some unique challenges with 
respect to anchoring the PD catheter to the atten-
uated abdominal wall [134], it is successful at 
temporarily replacing kidney function. Kidney 
transplantation in children with PBS has not 

shown a statistically significant difference in 
graft or patient survival [135, 136].

 Urological Issues 
in the Pretransplant Workup

Unlike adult patients, pediatric transplant recipi-
ents often have urological issues that have caused 
or contributed to their kidney failure. It is there-
fore imperative that the pediatric urologist is inte-
grally involved in the pretransplant workup and 
optimization of the evaluation of these patients. 
The pretransplant assessment is aimed at identi-
fying those factors that may complicate trans-
plant surgery, as well as those factors that pose a 
potential threat to graft or patient survival follow-
ing transplantation. These factors include previ-
ous surgeries and existing stomas, a history of a 
hypercoagulable state or inguinal vascular access 
(Fig. 10.10), and, in the case of a living donor, the 
kidney and vascular anatomy of the donor 
allograft. All this information is necessary for 
planning the surgical approach, including the 
side and site of the transplant vascular anastomo-
sis. With particular relevance to nephrectomy, the 
need for simultaneous or pretransplant proce-
dures should be established and well-coordinated 
prior to the procedure.

The anatomy and functioning of the bladder 
and its outflow tract must be assessed for factors 
that could compromise postoperative graft sur-
vival. If there is voiding dysfunction or features 
of a hostile bladder, these need to be addressed 
prior to transplantation. In the case of a defunc-
tionalized bladder or a bladder of an oliguric 
patient, it is important to ascertain the relative 
likelihood of underlying bladder dysfunction. 
Generally, a normal bladder that has been defunc-
tionalized by diversion or anuria will reestablish 
normal function over time. This contrasts with 
the dysfunctional bladder that could threaten the 
survival of the allograft if not addressed prior to 
surgery. In this regard, pretransplant undiversion 
or bladder cycling via urethral or suprapubic 
catheter has been suggested as an important diag-
nostic step in the workup of these patients.
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Conditions predisposing the immunosup-
pressed patient to infection could compromise 
patient survival. VUR into the native kidneys or 
the allograft has been associated with an increased 
incidence of UTI in graft recipients [79, 82]. This 
is especially true of patients with underlying 
voiding dysfunction and those with high-grade 
reflux (grade IV–V) [67, 82]. Basiri found that 
preemptive ureteral reimplantation failed to 
reduce the risk of infection in patients with VUR 
who underwent transplantation. However, a sub-
set analysis of patients with high-grade reflux did 
show a reduction in the incidence of UTI. Based 
on this observation, Basiri suggested that patients 
with high-grade reflux into native kidneys should 
be considered for pretransplant, anti-reflux sur-
gery, or nephrectomy.

Among the many possible investigations of 
the potential transplant recipient’s urinary tract, 
not all need be routinely performed. Urologic 
workup should be individualized with studies 
chosen according to their ability to define rele-
vant anatomical or functional abnormalities. An 
ultrasound of the kidneys, ureters, and bladder is 
a very commonly performed, noninvasive inves-
tigation that will detect abnormalities in structure 

or position of the kidneys. A VCUG is indicated 
in patients with underlying urological abnormali-
ties or where VUR was suspected. Additionally, 
the VCUG can assess bladder capacity, anatomy, 
and emptying efficiency. Where voiding dysfunc-
tion is suspected, a urinary flow rate with or with-
out electromyography can be done. Urodynamic 
studies are indicated if abnormal bladder func-
tion is suspected based on underlying pathology, 
preceding surgical interventions, or present clini-
cal evidence. Computerized tomography would 
be indicated if native kidney tumors or stones 
were suspected. Doppler ultrasound of the pelvic 
and abdominal vasculature is performed to con-
firm normal vascular anatomy where doubt of its 
patency exists.

 Nephrectomy

As a general rule, the kidneys of a stage 5 CKD 
patient should not be removed prior to trans-
plantation. Even poorly functioning kidneys 
can provide a valuable homeostatic adjunct to 
dialysis. However, there are several situations 
in which nephrectomy is indicated (Table 10.6). 

a b

Fig. 10.10 Imaging studies used to further evaluate 
abdominopelvic vascular anatomy following abnormal 
Doppler ultrasound screening: (a) Venogram demonstrat-
ing occluded inferior vena cava (*) with prominent col-

laterals into lumbar veins and the azygos system (arrows). 
(b) CT scan reconstruction of arterial phase demonstrat-
ing acceptable targets for transplantation at the level of 
common (c) and external (e) iliac arteries
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Renin- dependent hypertension is common to 
focal segmental glomerulosclerosis (FSGS), 
hemolytic uremic syndrome, reflux nephropa-
thy, and cystinosis. Pretransplant nephrectomy 
may be indicated in these patients, as steroid 
medication and fluid overload could precipi-
tate malignant hypertension in the postop-
erative period. In these particular children, 
nephrectomy is often curative and can obviate 
the need for long-term antihypertensive ther-
apy (Fig.  10.11). Additionally, the vasoactive 
effects of hyperreninemia may decrease per-
fusion of the grafted kidney in the immediate 
postoperative period. Persistent proteinuria can 
lead to malnutrition, hypercoagulable states, 
and immune suppression. It can also confound 
the significance of proteinuria in the posttrans-
plant urine. If the proteinuria is clinically sig-
nificant, bilateral nephrectomy is indicated. 
Intractable polyuria can cause dehydration, 
electrolyte abnormalities, and urinary tract 
dysfunction and, if present, is an indication for 
nephrectomy [137]. High-grade native VUR 
not only predisposes to UTI but can also cause 
bladder dysfunction as refluxed urine drains 
into the bladder post void, causing high resid-

ual volumes and decreasing functional bladder 
capacity. If this is the case, nephrectomy with 
ureterectomy is curative. Prior to excising the 
ureters, one should exclude the need for a future 
bladder augmentation, as massively dilated ure-
ters are an ideal material for augmentation cys-
toplasty. Tuberculosis, xanthogranulomatous 
pyelonephritis, and fungal infections are just 
some of the chronic or recurrent infections that 
are best treated with excision of the entire kid-
ney unit ahead of immunosuppressive therapy. 
The kidney that is predisposed to symptomatic 
stone formation should also be removed. The 
risk of malignancy is an unusual indication for 
unilateral or bilateral nephrectomy. It is encoun-
tered in situations where genetic disorders pre-
dispose to malignancy (e.g., Denys-Drash and 
Beckwith Wiedemann syndromes). Where a 
partial nephrectomy has been performed for 
malignancy, the remnant parenchyma should be 
removed before transplantation. Nephrectomy 
is further indicated in the case of multicystic 
dysplastic kidneys with significant parenchyma 
or demonstrable growth of the remnant [138]. 
Rarely one sees large, pathological kidneys that 
produce a significant mass effect. These kidneys 
may need to be removed to make space for the 
donor kidney or to facilitate PD (Fig. 10.12).

Table 10.6 Indications for pretransplant nephrectomy

Pathology Systemic impact
Hypertension Lifelong antihypertensive 

medication
Potential for end-organ dysfunction

Proteinuria Immunosuppression
Hypercoagulable state
Malnutrition

Infection Urinary infections
Kidney parenchymal infections 
(fungal infection)

Polyuria Dehydration
Electrolyte abnormalities
Inefficient voiding

Kidney calculi Pain
Infections

Neoplastic 
potential

Recurrence after previous partial 
nephrectomy
Genetic predisposition to kidney 
malignancies (Beckwith 
Wiedemann)

Mass effect Lack of space for the allograft
Lack of peritoneal domain for 
peritoneal dialysis

Fig. 10.11 A small atrophic kidney removed laparoscop-
ically in a patient with stage 5 CKD and renin-mediated 
hypertension, performed in preparation for kidney trans-
plantation, with improvement in blood pressure control
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When nephrectomy is being considered in the 
child with ESKD, one must take many factors 
into account. In practice, the balance between the 
severity of native kidney dysfunction and the 
relative contribution of these failing kidneys to 
the management of the patient often dictates tim-
ing and staging of nephrectomy. The likely time 
to transplantation and the possible need for PD 
should be included in any decision-making.

Once the decision to perform nephrectomy 
has been made, the operational approach and 
technique are considered next. The nephrectomy 
can either be done laparoscopically or as an open 
procedure. The surgical approach can be trans-
peritoneal or retroperitoneal. The technique and 
approach should be tailored to the individual 
patient and the relative skills of the surgical 
team. The goal is to have the safest, most effi-
cient, least invasive operation that aims to pre-
serve as much of the peritoneal domain as 
possible [137, 139, 140].

Any surgery is subject to complications, and 
nephrectomy is no different. CKD and dialysis 
can both predispose to perioperative bleeding. 
Immunosuppressive therapy can predispose to 
infections in the immediate postoperative 
period. Bowel injuries have been reported fol-

lowing nephrectomy, as have infections of inci-
sion sites. Some kidneys are notoriously difficult 
to remove (polycystic kidneys, chronic paren-
chymal infection/inflammation) and are often 
approached with an open technique to avoid the 
higher than usual complication rates that can be 
seen when minimally invasive techniques are 
used [141, 142].

 Inguinal Hernias and Peritoneal 
Dialysis

The incidence of inguinal hernias developing in 
children while on PD ranges from 8% to 30%. 
The incidence is highest in patients under 2 years 
of age. Most of the hernias will develop within 
3 months of the initiation of PD [143].

The persistence of a patent processus vagina-
lis is found in 90% of neonates and predisposes 
them to the development of an indirect inguinal 
hernia [144]. The processus vaginalis tends to 
close spontaneously during childhood, and with 
this, the incidence of inguinal hernia drops. PD, 
however, creates an abnormal peritoneal fluid 
volume and consequently an increase in hydro-
static pressure within the peritoneal cavity. This 

a b

Fig. 10.12 Large kidney removed from patient with 
autosomal recessive polycystic kidney disease due to 
inability to effectively carry out peritoneal dialysis. 
Patient subsequently received a deceased donor kidney 

transplantation. Notice large size of the native kidney on 
ultrasound (a) and at the time of open nephrectomy (b, 
compare size to surgeon’s hand in the background)
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pressure is amplified in sitting or ambulatory 
patients and is capable of exposing any weakness 
or potential space that exists in previous inci-
sions, the umbilical remnant, or the inguinal 
canals and is the most likely factor accounting for 
the higher incidence of inguinal, umbilical, and 
incisional hernias in PD patients [145]. 
Management of the inguinal hernia in the patient 
on PD depends on the surgical approach of the 
managing physicians. Preemptive diagnosis and 
prophylactic ligation of the patent processus vag-
inalis is easily performed at laparoscopic catheter 
insertion and safely eliminates the problem 
before PD begins. However, many surgeons use 
an open technique for catheter insertion that does 
not allow for visualization of the internal ring. In 
this case, one simply waits for the development 
of a hernia before repairing it via a standard 
inguinal approach. When suspicion of a hernia 
exists in a patient who is receiving PD, ultra-
sound and peritoneography can be effective at 
confirming the diagnosis prior to any surgical 
intervention [146]. Inguinal hernias are usually 
hydroceles (fluid hernia), but because there is 
always a risk of bowel herniation and incarcera-
tion, herniotomy is advocated. While timing of 
hernia repair is determined by the relative risk of 
bowel incarceration and the health of the patient, 
it should not be unduly delayed. While waiting 
for surgery, the patients and their families should 
be educated on the features of an incarcerated 
hernia, so they can identify the problem and 
respond appropriately, should it occur. Because 
of the high incidence of recurrent inguinal her-
nias in young children on PD, the internal ring 
should be actively reinforced in addition to the 
standard high ligation of the hernia sac. Bilateral 
herniotomies should be performed in all cases 
because of the relatively high risk of developing 
a contralateral hernia [147, 148].

 Stomas, Catheters, Vascular Access, 
and Incisions

Children with CKD frequently require multiple 
surgeries. Operations common to this group 
include ureteric reimplantation (Pfannenstiel 

incision), nephrectomy (bilateral flank incisions), 
bladder augmentation (midline lower abdominal 
incision), PD catheter placement (paramedian 
incision), hernia repair (inguinal/umbilical inci-
sions), ventriculoperitoneal shunt placement 
(horizontal upper quadrant), and kidney trans-
plantation (Gibson/curved iliac fossa incision). 
In conjunction with this, they often require sto-
mas (colostomy or vesicostomy). Catheterizable 
channels for bladder drainage or bowel irrigation 
are commonly placed in the iliac fossae or umbi-
licus (Fig. 10.13). Some children may have gas-
trostomy tubes in the epigastrium. The issue that 
arises from the multitude of possible surgeries 
that these patients undergo is the need for careful 
preoperative planning and careful consideration 
of the follow-up management that may be 
required. The potential for stomas to be too close 
to PD catheters or to be placed in the path of ideal 
surgical incision lines is high if they are not well 
planned. There is the potential to devascularize 
segments of the abdominal wall if care is not 
taken to avoid intersecting and parallel, horizon-
tal incisions. Phlebotomy, temporary intravenous 
access, and hemodialysis catheters should avoid 
the groin vessels if possible, as a small but sig-
nificant number of patients will have obliterated 
iliac vasculature secondary to these interven-
tions. This can make the vascular anastomosis at 
the time of transplant difficult or impossible, 
necessitating an alternate site for the implanta-
tion of the donor kidney.

Fig. 10.13 The scarred lower abdomen of a patient with 
CKD following multiple surgical interventions
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 Summary

Pediatric patients with CKD and underlying 
urological issues are uniquely challenging and 
are ideally suited to management by a multidis-
ciplinary team. It is unusual in modern medicine 
to find urological issues destroying normal kid-
neys. It is far more common that kidney dys-
function preexists as part of, or secondary to, 
early fetal urological pathology. Despite fetal 
interventions, congenital kidney dysfunction 
cannot be significantly altered. This restricts the 
treatment options prolonging native kidney 
function by optimizing urinary drainage, pre-
venting urinary infection and reducing bladder 
and kidney pressures. Many patients will require 
surgical interventions to achieve these goals. 
Early urological management may have lifelong 
implications to slow and prevent the need for 
future renal transplantation.
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Preservation of Residual Renal 
Function in Children Reaching 
End-Stage Renal Disease
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 Introduction

In children, chronic kidney disease (CKD) pro-
gresses at a variable rate (Fig. 11.1) [1], and when 
renal function deteriorates below the level that 
cannot maintain the patient’s homeostasis by 
conservative management, dialysis is initiated 
(see Chap. 6). From this point, most of the physi-
cian’s concern shifts to optimal delivery of dialy-
sis because native renal function seems to be 
negligible and beyond control.

However, when dialysis is initiated, patients 
still have some degree of residual renal function 
(RRF), and evidence is accumulating that RRF 
plays critical roles in volume control; clearance 
of medium- and high-molecular-weight uremic 
toxins and proinflammatory cytokines; and main-
tenance of optimal cardiovascular status, nutri-
tion, growth, and quality of life with minimal 
mortality [2–4]. Hence, careful attention to pre-
serving RRF is a crucial component in dialytic 
management, especially when an extended dura-
tion of dialysis is expected [5].

Experimental and clinical investigations have 
not only advanced our understanding of the 
mechanisms underlying CKD progression before 
and after dialysis initiation but also revealed the 
risk factors predisposing to it. Based on these 
insights, interventional strategies aimed at slow-
ing the progression of CKD and preserving RRF 
have been developed. They promise to deceler-
ate, halt, or even reverse the disease progression 
at least in a subgroup of patients. In this chapter, 
the factors associated with deterioration of RRF 
and interventions to slow the rate of RRF loss are 
reviewed.

 Measurement of RRF

RRF is assessed as a part of the dialysis adequacy 
assessment (see Chaps. 11 and 18). The amount 
of urine volume, normalized to body surface 
area, is the most commonly used surrogate 
marker of RRF.  The most widely applied, and 
sufficiently accurate, measurement of residual 
GFR is the arithmetic mean of the urinary creati-
nine and urea clearances. Recently, serum levels 
of cystatin C, beta2-microglobulin, beta-trace 
protein, and protein-bound organic anions such 
as hippuric acid, indoxyl sulfate, and p-cresol 
sulfate have been proposed as alternative mea-
sures of RRF [6–10]. While these parameters are 
appealing due to the omissibility of timed urine 
collection and the added information regarding 
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tubular secretory function, their reproducibility, 
specificity and prognostic value still need to be 
corroborated [10, 11].

 Clinical Benefits of RRF

Most studies exploring the clinical value of RRF 
in dialysis patients have focused on adults receiv-
ing chronic peritoneal dialysis (PD). The 
CANUSA study observed a correlation of dialysis 
adequacy as determined by small molecule clear-
ance with patient death while on PD [12]. 
However, reanalysis of the CANUSA study 
revealed that patient mortality was associated 
with renal clearance and urine volume and not 
with dialytic clearance [13]. Later studies separat-
ing the effects of renal and peritoneal clearance 
components confirmed that patient survival is cor-
related with renal clearance and not with perito-
neal clearance [14, 15]. The mortality of adult 
patients on hemodialysis (HD) has also been 
found to depend on the presence of RRF [16].

A recent study in adults showed a significantly 
closer association of patient survival with resid-
ual urine volume than with residual GFR [17], 
supporting the notion that volume control consti-
tutes the primary link between loss of RRF and 
mortality. The higher overall mortality rate in 
anuric adults on PD is almost entirely attributable 

to cardiovascular diseases [18]. Low urine out-
put has been associated with hypertension, left 
ventricular hypertrophy, and valvular calcifica-
tion in both chronic PD and HD [19, 20]. 
Similarly, RRF is the most important single fac-
tor protecting from hypervolemia, [21], and 
lower residual urine volume predicts diastolic 
dysfunction in children on PD [22].

Hyperphosphatemia and hypercalcemia are 
essential mediators of the cardiovascular “toxic-
ity” of ESRD.  RRF is a crucial determinant of 
serum phosphate level in PD [23, 24], serum 
fibroblast growth factor-23 (FGF-23) level in 
hemodialysis [25], and urinary Klotho excretion 
in PD patients [26]. As a consequence, anuric PD 
patients show a high calcium-phosphorus prod-
uct [27] and may be more prone to vascular 
calcifications.

Also, the clearance of middle molecules crit-
ically depends on RRF. In pediatric hemodialy-
sis patients, those with RRF had significantly 
lower serum levels of beta2-microglobulin [28]. 
In children on PD, beta2-microglobulin, cys-
tatin C, and inulin were removed mainly by 
renal clearance [9].

Maintenance of adequate cardiovascular sta-
tus and bone mineral metabolism with efficient 
removal of uremic toxins by RRF may help to 
maintain better growth and nutrition in dialyzed 
children. Statural growth, expressed as change in 
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height SDS over time, was also found to be 
related with RRF rather than with peritoneal sol-
ute removal [29]. In a large cohort of PD patients, 
serum albumin levels correlated positively with 
RRF [30]. In a study in children and adolescents 
on chronic hemodialysis, RRF positively affected 
nutritional status independently of dialysis effi-
cacy and rhGH treatment [4]. RRF also corre-
lated with quality of life in adult patients on both 
hemodialysis and PD [31–33] and serum erythro-
poietin levels in children [34].

 General Risk Factors for Loss 
of Renal Function

Numerous factors have been associated with the 
rate of progression of CKD.  The strongest evi-
dence exists for the pathophysiological roles of 
blood pressure and proteinuria.

Observational data unequivocally show an 
association between the prevailing blood pres-
sure and the rate of CKD progression in adults 
with CKD [35]. Observations in adults and chil-
dren suggest that hypertension remains associ-
ated with loss of RRF when ESRD is reached 
[36–40]. Data from the NAPRTCS registry sug-
gested that systolic hypertension predicts CKD 
progression also in pediatric nephropathies [41]. 
In a study evaluating 24-h blood pressure in chil-

dren with congenital uropathies, casual systolic 
and mean arterial pressure at night affected the 
risk of progression [42]. In a recent study, visit- 
to- visit blood pressure variability affects RRF in 
adult PD patients [43].

Proteinuria is an accepted surrogate marker of 
CKD progression in adult nephropathies and cor-
relates with a faster GFR decline also in children 
with CKD due to hypodysplasia [42, 44]. The 
predictive role of proteinuria was also confirmed 
in studies that included glomerular disorders [1] 
and in a pediatric prospective multicenter cohort 
study [46, 47]. The ESCAPE trial showed an asso-
ciation of proteinuria at baseline, as well as of 
residual proteinuria during ACE inhibition, with 
progression [48, 49]. Observational studies in adult 
patients suggest that the relationship between pro-
teinuria and the rate of loss of RRF persists even 
after attainment of ESRD [37, 38, 50], providing 
a rationale for continued antiproteinuric treatment 
after initiation of dialysis. Proteinuria was also a 
risk factor for RRF loss in children on PD [39, 51].

The underlying kidney disorder is an impor-
tant predictor of CKD progression. CKD with 
primary glomerulopathies tends to progress more 
rapidly than those associated with congenital 
anomaly of kidney and urinary tract (CAKUT) or 
tubulointerstitial diseases [41]. In children with 
ESRD on PD, the diagnosis of a glomerulopathy 
is a predictor of rapid RRF loss (Fig.  11.2)  
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[45, 51], although this difference may not be rel-
evant when HD patients are included [37]. In 
children with renal malformations, occurrence 
of more than two episodes of febrile UTI was 
associated with a faster decline of renal function 
[1].

Study results on the effect of baseline renal 
impairment on subsequent loss of renal function 
can be different depending on the evaluation 
methods and may be misunderstood as opposing 
each other. In adult patients on PD, an exponen-
tial rather than linear decline of RRF is observed 
[52, 53]. This is consistent with the finding that 
the RRF loss is faster when urine volume is larger 
and residual GFR is higher [38, 39, 54, 55]. 
However, when the total duration maintaining 
urine volume above a certain amount or the pro-
portion of patients with residual diuresis is mea-
sured, results must be different. The children 
with larger urine volume at the beginning of dial-
ysis keep their urine volume longer than those 
who have less baseline urine volume [45, 51, 56]. 
In addition, it was reported that an earlier start of 
PD was associated with better subsequent preser-
vation of RRF in adult patients [57]. These appar-
ently contradictory findings due to different 
methods to measure RRF actually do not conflict 
with each other.

Furthermore, GFR declined more rapidly in 
adolescent CKD patients with significant anemia 
[58]. In a randomized controlled study in adults, 
early administration of erythropoietin targeting at 
a higher hemoglobin level significantly slowed 
the progression of CKD [59]. Anemia and result-
ing tissue hypoxia may increase endothelial 
injury and stimulate the release of pro-fibrotic 
cytokines. While anemia is an apparent risk fac-
tor for loss of renal function, the loss of RRF in 
turn increases the likelihood of severe anemia 
and high EPO requirements once ESRD is 
reached [60, 61]. The latter phenomenon is prob-
ably explained by lower endogenous erythropoi-
etin synthesis in patients without RRF, as 
evidenced by the correlation of erythropoietin 
serum levels with RRF observed in pediatric HD 
patients [34].

Some of the secondary complications of CKD 
may contribute independently to its progression. 
Metabolic acidosis has been identified as a risk 
factor for progression in adult and childhood 
CKD [62, 63]. In a randomized clinical trial, cor-
rection of metabolic acidosis slowed CKD pro-
gression in adults [64].

In adults, dyslipidemia (hypertriglyceridemia 
and low HDL cholesterol) appears to have a small 
but significant effect on the relative risk of progres-
sion [65]. Hyperlipidemia was also reported to be 
the risk factor of anuria in children on PD [51]. GFR 
declined faster in hypoalbuminemic patients espe-
cially  in children with CKD and ESRD, but this 
may reflect the effect of proteinuria [51, 58, 66].

The role of mineral metabolism in the progres-
sion of renal failure is not entirely clear. 
Hypocalcemia and hyperphosphatemia were asso-
ciated with a rapid decline of renal function in 
children [67, 68]. High serum calcium was also 
independently associated with a decreased risk of 
RRF loss in adult dialysis patients [69]. In another 
study, PD patients with no RRF showed a higher 
calcium–phosphorus product (Ca × P) [19]. 
However, it was also reported that after adjustment 
for baseline renal GFR, there was no significant 
association between calcium and phosphorus lev-
els and the risk of anuria [70]. It was also reported 
that hyperuricemia and hypouricemia are related 
to RRF loss in adult PD patients [71, 72].

Congestive heart failure was also correlated 
with faster decline of RRF in adults [50, 69, 73]. 
In addition, a peripheral vascular disease assessed 
by low ankle-brachial index (ABI) and aortic 
pulse wave velocity (PWV) was associated with 
rapid RRF decline in adult PD patients [74–76].

Though RRF is a well-known determinant of 
patient’s water balance as described above, on the 
contrary, there are reports that water balance 
affects RRF. In adult patients on PD, extracellu-
lar volume overload was associated with reduced 
urine volume [77, 78]. This is consistent with the 
finding that B-type natriuretic peptide (BNP) is a 
risk marker for RRF loss in PD patients [79], and 
volume overload and loss of RRF are supposed to 
compose a vicious cycle.
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Rapid somatic growth and gain in body weight 
are associated with accelerated deterioration of 
renal function [42]. Patient age, reflecting body 
growth, is a general risk factor for progression in 
children [41, 42, 80]; specifically, adolescents 
seem to progress more rapidly than prepubertal 
patients. Accelerated disease progression during 
puberty has been observed in patients with CKD 
due to diabetes mellitus, posterior urethral valve, 
reflux nephropathy, and renal hypoplasia [81]. 
The physiological pubertal rise in blood pressure, 
an increased metabolic load due to statural 
growth which cannot be compensated by propor-
tionate renal growth, and vascular or tissue- 
specific effects of sex steroids are possible 
mechanisms underlying these associations. On 
the other hand, administration of recombinant 
human growth hormone (rhGH), which induces 
body growth, was not associated with accelerated 
loss of renal function in children [82].

Interestingly, in adult patients on long-term 
dialysis, obesity is associated with an accelerated 
decline of RRF [50, 73, 83].

The role of genetic factors in determining the 
rate of renal failure progression is not yet fully 
understood. Whereas no gender difference has 
been noted in CKD and ESRD cohorts encom-
passing the pediatric age range [41, 66], GFR 
appears to decline more rapidly in adult and ado-
lescent males [34, 58], compatible with an 
adverse impact of androgens (or a protective 
effect of female sex steroids) on the conservation 
of RRF in CKD.  However, in children on PD, 
RRF was not affected by gender [45, 51].

African-American ethnicity is a significant 
risk factor of progression in pediatric CKD 
patients [41]. Non-white race also predicts rapid 
loss of RRF in adults on dialysis [69].

Increasing evidence suggests that the individ-
ual variability of CKD progression may in part be 
related to common genetic and epigenetic varia-
tion. The DD genotype, a common variant of the 
ACE gene, was found overrepresented in pediat-
ric ESRD as compared to the general population 
[84]. This was confirmed in children with hypo-
dysplasia, obstructive uropathy, and reflux 
nephropathy, but not in those with other congeni-
tal or hereditary diseases or acquired glomerular 

disorders [85]. Other studies suggested an asso-
ciation of the DD genotype with declining renal 
function also in pediatric glomerular diseases 
with normal renal function [86, 87]. Furthermore, 
single nucleotide polymorphisms (SNPs) in the 
transforming growth factor-beta1, KLK1, and 
vascular endothelial growth factor genes were 
reported to modify the risk of renal deterioration 
in reflux nephropathy [80, 88]. SNPs in the 
D-loop of mitochondrial DNA allele 146 were 
identified as an independent predictor of kidney 
survival time [89]. Glutathione-S-transferase-μ1 
(GSTM1) null and apolipoprotein L-1 (APOL1) 
high-risk alleles were also reported to affect CKD 
progression with hypertension [90, 91]. 
Moreover, several microRNAs (miR-30d, miR- 
140- 3p, miR-532-3p, miR-194, miR-190, miR- 
204, miR-206) were downregulated in renal 
tissues from progressive CKD [92].

Recently, a genome-wide association study 
(GWAS) identified several genetic variants asso-
ciated with the decline of renal function in adults 
with CKD. SNPs in LINC00923 was associated 
with CKD progression and variants in genes, 
NAT8B, CASP9, and MUC1, with estimated 
GFR [93, 94]. The Pediatric Investigation for 
Genetic Factors Linked with Renal Progression 
(PediGFR) consortium identified 10 SNPs asso-
ciated with estimated GFR across three large 
pediatric CKD cohorts [95].

 Specific Risk Factors for Loss of RRF 
in Patients on Dialysis

RRF decreases with time on dialysis [69], and the 
loss over time is exponential rather than linear 
[52]. In adult patients on hemodialysis and PD, 
the decline of RRF was most prominent during 
the first 3 months after the start of dialysis [37]. 
Repetitive intravascular volume depletion and 
hypotensive events are considered important 
causes of a rapid loss of RRF [73].

The choice of dialysis modality has a crucial 
impact on RRF. There is ample evidence both in 
adults and in children that RRF is preserved bet-
ter with PD than with hemodialysis [51, 56, 69, 
96, 97]. A more than two times faster decline of 
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RRF was observed in adult patients on HD com-
pared to those on CAPD [69, 96]. In children, a 
retrospective study revealed that daily urine vol-
ume less than 500 mL/m2 in 50% of patients was 
reached significantly earlier (within 175  days) 
after start of HD than after commencement of PD 
(within 916  days) (Fig.  11.3) [98]. This differ-
ence is believed to be mainly due to the rapid 
removal of large amounts of fluid by intermittent 
extracorporeal procedures, leading to acute hypo-
tensive episodes, generalized vasoconstriction, 
tissue hypoperfusion, and lower preglomerular 
arterial pressure. In addition, the contact of blood 
with artificial bioincompatible membranes trig-
gers activation of complement system and circu-
lating leukocytes with subsequent release of 
nephrotoxic inflammatory mediators, which may 
cause a chronic state of inflammation and accel-
eration of fibrogenesis at the tissue level [56, 96]. 
In a study comparing automated PD and hemodi-
afiltration, automated PD was still associated 
with a better preservation of RRF than hemodi-
afiltration despite the use of biocompatible mem-
brane and high hemodynamic stability during the 
procedure [99].

Though there are controversies [100–102], 
majority of the studies failed to reveal difference 
in RRF loss between automated PD and CAPD 

[51, 103–107]. The tidal variant of APD was 
reported to preserve RRF better than nontidal 
modalities [108].

Peritonitis frequency was associated with RRF 
decline in adult patients on PD [50, 52]. This 
observation may be explained by hypotensive 
episodes related to systemic infection and also to 
the common use of nephrotoxic antibiotics such 
as vancomycin and aminoglycosides. Whereas 
empirical use of aminoglycosides (usually termi-
nated within 2–3 days) in peritonitis has not been 
found to affect RRF in adult patients [109, 110], 
administration of aminoglycoside for at least 
3 days was correlated with more rapid decline of 
RRF [111].

 Clinical Management Options 
to Slow CKD Progression 
and Preserve RRF on Dialysis

Two management principles show promise to 
slow down the rate of renal functional loss both 
in the pre-dialysis stage and when dialysis- 
dependent renal failure has already occurred: to 
avoid known and suspected risk factors for 
 progression as much as possible and to apply 
renoprotective therapies.
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 Avoidance of Risk Factors

Half of the risk factors listed above are princi-
pally modifiable. Most of them are detrimental 
per se to patient health irrespective of their impact 
on CKD progression and should be avoided in 
their own right, even though direct causality has 
not been universally demonstrated by prospective 
studies. For example, strict control of hyperten-
sion, reduction of proteinuria (especially residual 
proteinuria during RAS blockade), correction of 
anemia, metabolic acidosis, hypoalbuminemia, 
hyperlipidemia, hypocalcemia, hyperphosphate-
mia, hyperuricemia, congestive heart failure, 
extracellular volume overload, and obesity; pre-
vention and adequate treatment of UTI; and 
avoidance of nephrotoxic agents are generally 
recommended in patients with CKD. In addition, 
some knowledge of the individual profile of non- 
remediable risk factors is also important since 
patients at high risk may benefit particularly from 
early renoprotective intervention and minimiza-
tion of remediable risk factors.

In patients in need of dialysis, PD is preferred 
to hemodialysis under the aspect of preserving 

RRF. If for some reason hemodialysis is chosen, 
careful monitoring of the volume status and 
avoidance of dehydration and hypotensive events, 
as well as hypertension, volume overload, and 
congestive heart failure, are crucial to minimize 
the rate of RRF loss.

Finally, the administration of nephrotoxic 
drugs such as aminoglycosides should be mini-
mized, and any measures to reduce the rate of 
peritonitis will impact beneficially on the conser-
vation of RRF.

 Blood Pressure Control

Interventional studies aiming at lowering blood 
pressure in patients with CKD have provided evi-
dence for a causative role of high blood pressure 
in CKD progression. The randomized controlled 
ESCAPE trial showed that intensified blood pres-
sure control, with a target 24-h mean arterial 
pressure below the 50th percentile, confers a sub-
stantial long-term benefit on renal function in 
childhood CKD (Fig. 11.4) [48]. The risk of los-
ing 50% GFR or progressing to ESRD was 
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reduced by 35% after 5  years in the children 
managed by strict blood pressure control. The 
nephroprotective effect was significant both in 
children with glomerulopathies and in those with 
renal hypodysplasia.

 RAS Inhibition

ACE inhibitors and angiotensin type-2 receptor 
blockers (ARB) have the potential to slow CKD 
progression and reduce proteinuria in patients 
with CKD [35]. In pediatric nephropathies, RAS 
antagonists reliably lower blood pressure and 
proteinuria [112], but uncontrolled studies in 
children with congenital abnormalities of the kid-
ney and the urinary tract have yielded conflicting 
results as to a specific renoprotective effect of 
these agents [49, 113]. As in pre-end-stage CKD, 
there are controversial results on the effect of 
RAS inhibition on RRF in patients on dialysis 
[45, 69, 114, 115]. In a large pediatric incident 
PD cohort, the use of RAS antagonists was asso-
ciated with a 50% increase in the risk of oligo-
anuria during prospective observation [45]. In a 
randomized controlled trial in adult PD patients, 
a time-dependent effect of ACE inhibition was 
observed; RRF declined faster and the risk of 
developing anuria was higher during the first 
9 months, whereas RRF declined at a slower pace 
and anuria occurred less frequently beyond 
12  months of treatment [116]. This biphasic 
effect of ACE inhibition may be explained by 
hemodynamic mechanisms reducing GFR early 
during treatment followed by nephroprotective 
antifibrogenic effects prevailing with long-term 
administration.

An additional renoprotective effect of add-on 
ARB was reported in children with CKD who 
were already treated with ACE inhibitors [117]. 
In this study, a significant but tolerable elevation 
of serum potassium was noted, and the benefit 
was noted in hemolytic uremic syndrome and 
reflux nephropathy but not in congenital nephrotic 
syndrome. However, in view of observations in 
adult patients indicating increased loss of renal 
function, hypotension, and hyperkalemia with 
dual blockade [118], close monitoring of these 

side effects is necessary. In adults, an intensive 
therapy combining ACE inhibitor, ARB, spirono-
lactone, and statin was reported to slow the pro-
gression more effectively [119].

 Diuretics

In adults on hemodialysis and PD, loop diuretics 
help maintain urine output [120–122]. We 
recently confirmed the beneficial effect of loop 
diuretics on residual diuresis in a prospective reg-
istry study of 400 non-oliguric children who 
commenced PD [45]. Among the 72 patients 
receiving furosemide from the start of dialysis, 
only 10% turned oligoanuric within 30 months as 
compared to 35% of those who did not receive a 
diuretic (Fig. 11.5). This effect was independent 
of age, underlying disease, urine volume at PD 
start, PD prescription, and co-administration of 
RAS antagonists. However, this beneficial effect 
of diuretics on water balance may not accompany 
better residual renal solute clearance. Studies on 
adult dialysis patients suggested that renal urea 
and creatinine clearances were not affected by 
diuretic administration [121, 123], with some 
even reporting an adverse effect on solute clear-
ance [54, 55].

 Peritoneal Dialysis

In PD, use of more biocompatible PD fluids with 
markedly reduced content of glucose degradation 
products (GDP) contributes to preserving the 
structural and functional integrity of the perito-
neal membrane [124, 125]. As GDP are readily 
absorbed, they may promote not only local but 
also systemic formation of advanced glycosyl-
ation end products (AGE). It has been speculated 
that the reduced systemic AGE load may be asso-
ciated with improved preservation of RRF. Results 
from controlled clinical trials and meta-analysis 
identified that RRF is better preserved when PD 
is performed with low-GDP fluids [124, 126–
129]. A global cohort study in children also con-
firmed the beneficial effect of biocompatible PD 
fluid on RRF [45].
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 Hemodialysis

Not all, but most studies in adult patients on 
hemodialysis showed that RRF was preserved 
better with the use of dialyzer membranes made 
of biocompatible polysulfone material than with 
cellulose or cuprophane membranes [69, 96, 130, 
131]. The protective effect of biocompatible 
membranes may be related to the attenuated 
inflammatory response induced upon exposure, 
characterized by less marked activation of the 
complement system and circulating leukocytes 
[96, 132, 133]. It has also been reported that the 
use of ultrapure water and bicarbonate buffer pre-
serves RRF [5, 134].

In addition, high-flux membranes, hemodiafil-
tration, and combination of hemodialysis and PD 
or hemodialysis and hemoperfusion have been 
reported to improve the preservation of RRF [5, 
135–138].

 Emerging Therapies

Experimental research supports a role for anti- 
inflammatory and anti-fibrotic agents in pharmaco-
logical nephroprotection. It was reported that 
mycophenolate mofetil has a protective effect on 
RRF in adult PD patients [139]. It was also reported 

that administration of N-acetylcysteine 1200  mg 
twice daily preserved RRF in adult patients under-
going hemodialysis and PD [140, 141].

 Special Conditions

In patients returning to dialysis after failed trans-
plant, continued immunosuppression preserves 
the residual allograft function for some time [96]. 
Of course, side effects of the immunosuppressive 
medications have to be weighed against the ben-
efit of RRF in these patients.

There are unusual situations when more rapid 
loss of urine volume, or even nephrectomy, is 
rather preferable because of refractory edema 
caused by severe proteinuria and hypoalbumin-
emia. The information described above could 
help caring for these patients in an opposite way, 
for example, by administration of NSAIDs.
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 Peritoneal Dialysis Access

Peritoneal dialysis (PD) is the initial dialytic 
modality for many children with end-stage kidney 
disease (ESKD). This is especially true for chil-
dren who have acquired ESKD during their first 
decade of life [1]. Data from the North American 
Pediatric Renal Trials and Collaborative Studies 
(NAPRTCS) reveals that of the 9108 courses of 
dialysis recorded in the dialysis registry between 
1992 and 2010, 58% were for PD [2]. The 2018 
report of the United States Renal Data System 
(USRDS) also revealed that PD was the most com-
mon initial ESKD treatment modality for children 
aged 9 years and younger and that 86.1% of those 
patients <10  kg at dialysis initiation were pre-
scribed PD (Fig. 12.1) [1]. Reasons for the prefer-
ential selection of PD in children have included its 
ability to greatly reduce the need for dietary 
restrictions, its simplicity of operation, the lack of 
a need for routine blood access, and the ability of 
the child on PD to attend school on a regular basis.

In order for there to be successful PD, there 
must be a well-functioning peritoneal catheter. 
Ideally, the catheter provides reliable, rapid dialy-
sate flow rates without leaks or infections. The first 
description of placement of a chronic indwelling 
catheter for peritoneal dialysis was in 1968 by 
Tenckhoff, and the Tenckhoff catheter continues to 
be the most commonly used PD access [3, 4]. 
Despite significant improvements in catheter 
design, however, the catheter has continued to be 
the Achilles’ heel of PD because of catheter-
related complications. This chapter will explore 
the key characteristics of the catheters, the primary 
surgical techniques for their placement, as well as 
the most common catheter- related complications 
in children. It is hoped that this information will 
result in an increased likelihood of a problem-free 
PD access for the pediatric patient.

 Access Types

The catheters that are commonly used for chronic 
PD are constructed of soft material, such as sili-
cone rubber or polyurethane. The key elements of 
the catheters are the unique intraperitoneal con-
figurations (curled or straight), number of Dacron 
cuffs (one or two), and the subcutaneous tunnel 
configuration (straight or “swan neck”) [5, 6]. If 
one includes the orientation of the catheter exit 
site on the abdomen as yet another variable, more 
than 20 different combinations of catheter 
 characteristics are possible, as documented in the 
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2011 annual report of the NAPRTCS (Table 12.1) 
[2]. As noted above, the most common catheter 
with these characteristics used by pediatric 
patients is the Tenckhoff catheter.

A review of the 2011 NAPRTCS dialysis reg-
istry catheter data reveals that most of the cathe-
ters that were placed were of the Tenckhoff curled 
(62.1%) or Tenckhoff straight (25.9%) variety [2] 
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Fig. 12.1 Cross-sectionaltrends in pediatric ESKD modality at initiation by patient age 1996–2016. (Modified from 
Ref. [1])

Table 12.1 Peritoneal dialysis access characteristics

Catheter Cuffs Tunnel Exit site N (4391)a % (100.0)
Curled One Straight Lateral 619 14.1
Curled Two Swan necked/curved Down 458 10.4
Curled Two Straight Lateral 315 7.2
Straight One Straight Lateral 313 7.1
Curled Two Straight Down 277 6.3
Curled One Straight Down 267 6.1
Curled One Straight Up 209 4.8
Straight One Straight Up 136 3.1
Presternal Two Swan necked/curved Down 129 2.9
Straight One Straight Unknown 123 2.8
Curled Two Swan necked/curved Lateral 132 3.0
Curled Two Swan necked/curved Unknown 145 3.3
Straight One Swan necked/curved Lateral 104 2.4
Straight Two Straight Lateral 100 2.3
Straight One Straight Down 102 2.3
Curled One Straight Unknown 76 1.7
Curled One Swan necked/curved Down 78 1.8
Curled One Swan necked/curved Lateral 78 1.8
Curled Two Straight Unknown 57 1.3
Straight Two Straight Up 54 1.2
All other combination (<1% each) 618 14.1

aCases with missing elements are excluded
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(Table  12.2). More recently, the Standardizing 
Care to Improve Outcomes in Pediatric ESRD 
(SCOPE) Collaborative showed that of 857 PD 
catheters, 94.1% were Tenckhoff curled catheters 
and 5.9% were Tenckhoff straight catheters [7]. 
The presumed advantages of the curled catheter 
over the original straight catheter include (1) bet-
ter separation between the abdominal wall and 
the bowel, (2) more catheter side holes available 
for inflow and outflow, (3) less inflow pain, (4) 
less of a tendency for migration out of the pelvis, 
(5) less prone to omental wrapping, and (6) 
potentially less trauma to bowel [8]. However, in 
contrast to the North American data, the Italian 
PD registry reflects a predominance of straight 
catheters, and the adult experience has not 
revealed any clear difference in functionality [9]. 
In fact, it should be emphasized that none of the 
eight adult randomized trials reviewed in the 
2017 ISPD Catheter-Related Infection 
Recommendations which compared straight and 
coiled PD catheters found differences in the rates 
of catheter-related infections [10–12]. In addi-
tion, two recent studies conducted in adult PD 
patients revealed a superior outcome with the 
straight Tenckhoff catheter in terms of catheter 

survival, whereas in a large pediatric study, use of 
a swan neck catheter with a curled intraperitoneal 
segment was a significant risk factor for access 
revision [12–14]. Finally, neither the NAPRTCS 
nor the SCOPE data has provided evidence for 
any association between the intraperitoneal cath-
eter configuration and the development of perito-
nitis or exit-site/tunnel infection [2, 7].

The next catheter characteristic to consider is 
the number of Dacron cuffs on the catheter. If a 
single-cuff catheter is used, it is generally recom-
mended that the cuff be positioned between the 
rectus sheaths in the rectus muscle, and not in a 
superficial position. In one series, the incidence 
of peritonitis was decreased by nearly 37% when 
the cuff was placed in the rectus sheath compared 
to a subcutaneous placement of the cuff. When a 
second cuff was added as a means of securing the 
catheter’s position and potentially helping pre-
vent bacterial migration, there were initial reports 
of problems with cutaneous extrusion of the sec-
ond cuff [15, 16]. This was most likely secondary 
to excess torque being placed on the catheter at 
the time of placement as a result of the angle 
between the exit-site and the abdominal wall por-
tion of the catheter. It also proved most likely to 
occur if the outer cuff was less than 2.0 cm from 
the exit site, an exceedingly important factor to 
recognize when placing double-cuff catheters [5, 
8]. Cuff extrusion may lead to the cuff being 
seeded with bacteria and may predispose to the 
development of an exit-site/tunnel infection. A 
cuff that has completely extruded still remains a 
risk factor for an exit-site infection. Thus, cuff 
extrusion should prompt shaving of the cuff off 
the catheter [17–19]. While there are very few 
reports describing the incidence of distal cuff 
extrusion with double-cuff catheters in children, 
three series have reported outer cuff extrusion 
rates of 5.7%, 8%, and 4.8%, respectively [9, 20, 
21]. It may be, in part, for this reason that 51% of 
the catheters in the NAPRTCS database are  single 
cuff [2]. There is, however, some data to suggest 
that single-cuff catheters are associated with a 
higher incidence of exit-site/tunnel infections 
and peritonitis. Lewis et  al. compared the inci-
dence of catheter-related infections in children 

Table 12.2 Peritoneal dialysis access

Peritoneal dialysis courses
N %
4687 100.0

Catheter
Tenckhoff straight
Tenckhoff curled
Toronto Western
Presternal
Other
Unknown/missing

1213
2909
26
272
111
156

25.9
62.1
0.6
5.8
2.4
3.3

Cuffs
One
Two
Unknown/missing

2375
2124
188

50.7
45.3
4.0

Tunnel
Swan neck/curved
Straight
Unknown/missing

1590
2895
202

33.9
61.8
4.3

Exit-site orientation
Up
Down
Lateral
Unknown/missing

564
1537
1816
770

12.0
32.8
38.7
16.4
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with single- and double-cuff peritoneal catheters 
and found a significantly lower incidence of 
infections in the double-cuff group [22]. A simi-
lar conclusion can be drawn from the NAPRTCS 
2011 registry data that revealed a significantly 
lower incidence of peritonitis in association with 
double-cuff catheters (1/21.6 patient-months) 
compared to single-cuff catheters (1/16.2 patient- 
months), although the experience varies in indi-
vidual centers [2, 21, 23]. In addition, the 
NAPRTCS data shows a longer time to first peri-
tonitis episode in the double-cuff catheter group 
[2] . However, the SCOPE Collaborative has 
failed to show any relationship between the num-
ber of catheter cuffs and the development of an 
exit-site/tunnel infection, and several prospective 
studies in adults and one quality improvement 
initiative in children have failed to show a differ-
ence in peritonitis rates for single- and double- 
cuff catheters [5, 7]. Of particular interest, a large 
retrospective cohort study in adults subsequently 
suggested that the effect of the number of cuffs 
may be era related, with the benefit of two cuffs 
negated by the use of prophylactic antibiotics at 
the catheter exit site [24]. In turn, despite con-
flicting data and, most importantly, the lack of the 
necessary randomized controlled trials, the ISPD 
has suggested that the use of two cuffs may still 
be preferable because of non-compliance with 
the routine application of antibiotics at the cath-
eter exit site [5]. Perhaps in response to this type 
of data, the NAPRTCS database shows that 52% 
of catheters in 2002–2011 had two cuffs and, 
more recently, 73% of the catheters in SCOPE 
centers had two cuffs [7, 25].

The shape of the extraperitoneal portion of the 
catheter is variable and can be straight or can 
have a preformed angle (e.g., “swan neck” con-
figuration), in which there is an inverted U-shaped 
arc (170–180°) between the deep and the superfi-
cial cuffs (Fig. 12.2). The latter configuration was 
originally described by Twardowski et al. and has 
been recommended by many pediatric programs 
as a significant improvement in catheter design 
[26, 27]. While the cumulative NAPRTCS data 
reports a swan neck/curved tunnel in only 33.9% 
of catheters (identical to the results of the North 
American survey by Washburn et  al.), the per-

centage of catheters in the NAPRTCS data that 
had the swan neck design increased from 24.7% 
in 1992–2001 to 53.1% in data collected from 
2001–2011 [25, 28]. Likewise, the SCOPE 
Collaborative and the IPPN reported that 68.6% 
and 74% of their catheters, respectively, had a 
swan neck tunnel configuration [7, 29]. The pur-
pose of the catheter arc is to (1) allow the catheter 
to exit the skin in a downward pointing direction 
and to (2) allow the distal end of the catheter to 
enter the peritoneal cavity in an unstressed condi-
tion (i.e., without too much torque because of the 
synthetic material’s memory), thereby decreasing 
the chance for its migration out of the pelvis and 
the development of early drainage failure. Most 
studies have found this positive outcome to be 
true [30–32].

A modification of this catheter type is the 
swan neck presternal catheter. The major differ-
ence between the swan neck presternal catheter 
and the standard swan neck catheter is that the 
presternal catheter has a very long subcutaneous 
portion and the catheter typically exits over the 
anterior chest wall. This catheter has been uti-
lized when it is necessary to make the exit site 
remote from the abdomen, such as in obese 
patients or patients with incontinence, intestinal 
stomas, and suprapubic catheters. Crabtree et al. 
have reported their experience with remote exit 
sites in adults [33]. They noted a significantly 
longer time to first exit-site/tunnel infection in 
the remote exit-site group compared to a standard 

Fig. 12.2 Picture of a Tenckhoff, double-cuff curled 
catheter with swan neck bend
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exit-site group. However, they also noted a higher 
incidence of catheter loss from peritonitis in the 
remote exit-site group. They attributed this to an 
increased incidence of both an elevated BMI and 
diabetes in the remote exit-site group. Warchol 
et  al. documented an exit-site infection rate of 
1/70.2 patient-months in association with pre-
sternal catheter usage in the largest pediatric 
experience [34]. In a similar manner, locating the 
catheter exit site on the chest wall of infants with 
a colostomy has been associated with an accept-
able risk of contamination and infrequent perito-
nitis [35]. However, infants with complex 
congenital anomalies that require intestinal sto-
mas and a PD catheter exit site that is remote 
from the stomas often have minimal subcutane-
ous tissue over the chest which makes cuff ero-
sion/extrusion more likely in that location. One 
suggested approach to this problem would be to 
place the two cuffs below the costal margin and 
then have the catheter exit high on the chest wall 
[36]. Conversely, a single-cuff catheter may be 
most desirable.

As mentioned above, a presumed advantage of 
the swan neck catheter is that it allows a down-
ward pointing exit site which may be associated 
with a decreased likelihood for the accumulation 
of dirt and debris within the catheter tunnel 
prompting the development of a tunnel infection/
peritonitis. An upward facing exit site emerged as 
an independent risk factor for peritonitis in an 
analysis by Furth et  al. of the 1992–1997 
NAPRTCS data [37]. The 2011 NAPRTCS data 
revealed that a straight catheter tunnel was asso-
ciated with a peritonitis rate of 1/16.2 patient- 
months, while the rate associated with a swan 
neck/curved tunnel was only 1/23.9 patient- 
months [2]. Likewise, the peritonitis rates associ-
ated with an upward- and downward-oriented 
exit site were 1/14.5 patient-months and 1/22.6 
patient-months, respectively [2]. In the recent 
SCOPE analysis of risk factors for peritonitis, the 
multivariate analysis also revealed that an upward 
orientation of the exit site was an independent 
risk factor for peritonitis (RR, 4.2; 95% CI, 1.49 
to 11.89; P < 0.01) [7]. Finally, while some stud-
ies have found the use of the swan neck catheter 
to be associated with less frequent cuff extrusion, 

exit-site irritation, and exit-site/tunnel infections, 
other studies have been unable to confirm the 
results [38, 39]. In addition, and as mentioned 
previously, data from the IPPN revealed that the 
presence of a swan neck tunnel was a significant 
risk factor for access revision (OR, 1.30; 95% CI, 
1.04 to 1.63; P = 0.02) [14].

An alternative to the swan neck catheter has 
been reported by several authors from China [40–
42]. They compared the efficacy of using a pre-
formed swan neck catheter to a straight Tenckhoff 
catheter that was bent into a swan neck configu-
ration (using three surgical incisions) to permit a 
downward-facing exit site. In all three studies, 
the performance of the operatively bent Tenckhoff 
catheter was comparable to the swan neck cathe-
ter. The benefit of the latter catheter is related to 
its significantly lower cost than the swan neck 
catheter in China.

In summary, the lack of prospective studies in 
pediatrics designed to evaluate PD catheter char-
acteristics makes it impossible to conclude that 
one catheter characteristic is superior to another 
based upon definitive evidence. The NAPRTCS 
registry data is quite convincing and points out 
that the time to first peritonitis episode is longer 
with catheters characterized by two cuffs com-
pared to one, swan neck tunnels compared to 
straight tunnels, and downward exit sites com-
pared to lateral and upward exit sites. The benefit 
of this combination of characteristics on decreas-
ing the incidence of peritonitis is significant 
(Fig.  12.3) [2]. Nevertheless, both the pediatric 
and adult data highlight the need for additional 
information on this important topic. Thus, the 
continued collection of catheter-related data in 
registries such as the NAPRTCS, SCOPE, and 
the IPPN, along with the performance of pro-
spective trials, is mandatory if the optimal cathe-
ter characteristics are to be determined.

 Preoperative Evaluation 
and Preparation

All patients who are going to undergo PD cathe-
ter placement require careful preoperative evalu-
ation. One factor that has been repeatedly cited in 
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the literature as being associated with an 
increased risk for post-placement PD catheter 
migration is constipation [43]. Constipation is 
common in patients with chronic kidney disease 
(CKD) and must be addressed preoperatively 
with the use of either laxatives or an enema. If an 
enema is used, attention to its phosphorus content 
is imperative.

A careful preoperative physical examination 
is required to determine if the patient has any evi-
dence of a hernia. In children who receive PD, 
the incidence of hernias is inversely proportional 
to age, with an overall frequency of 8.0–57.0% 
[44–47]. The highest frequency of inguinal her-
nias occurs within the first year of life; they are 
often bilateral and all require surgical correction. 
Umbilical hernias can worsen in the PD patient 
as a result of the increase in intra-abdominal 
pressure generated by the dialysis fluid. As a 
result, some have advocated peritoneography or 
laparoscopic inspection for hernias at the time of 
catheter placement [45]. If detected, the hernias 
can then be fixed at the same time the PD catheter 
is inserted [48–50]. Forehand knowledge of the 
need for hernia repair will allow the surgeon to 

allot the appropriate operative time to perform 
this additional procedure.

A critical portion of the catheter placement 
procedure is deciding upon the most appropriate 
location of the exit site. In babies, the exit site of 
the catheter needs to be outside of the diaper area 
to help prevent contamination. In older children, 
it should be either above or below the beltline. 
The location of the exit site should be discussed 
with the patient and parents in the preoperative 
setting. The presence of a vesicostomy, ureteros-
tomy, colostomy, or gastrostomy will also influ-
ence the exit-site location. As noted previously, 
the exit site must be planned so that it is either on 
the opposite side of the abdomen from any stoma 
site or, if this is not possible, the catheter may 
need to exit on the chest in order to increase the 
distance between the stoma and the exit site. 
Placement of the exit site on the chest wall with a 
downward orientation has successfully limited 
the number of infections in such high-risk situa-
tions in children and adults [5, 34, 35, 50, 51]. As 
younger and generally more complex babies are 
now surviving, the need for peritoneal dialysis in 
the setting of multiple stomas is becoming much 
more common and mandates particular attention 
to this catheter-related issue [36].

Preoperative showering and the use of 
chlorhexidine wipes for several days prior to the 
operative procedure may help decrease the risk of 
postoperative infection [52]. Preoperative antibi-
otic administration within 60 minutes prior to PD 
catheter placement has also been shown, in sev-
eral studies, to decrease the incidence of peritoni-
tis after insertion of a PD catheter in both children 
and adults [10, 11, 53, 54]. Interestingly, these 
studies have shown that any class of antibiotic 
will be beneficial [5, 10, 53, 55, 56]. Currently, 
we utilize a first- or second-generation cephalo-
sporin to provide antistaphylococcal coverage, 
unless the patient is known to already be colo-
nized with methicillin-resistant Staphylococcus 
aureus (MRSA). In the presence of MRSA, we 
recommend the prophylactic use of clindamycin. 
This recommendation comes from the pediatric 
and adult guidelines of the International Society 
for Peritoneal Dialysis (ISPD) [10, 53, 57]. 
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Routine prophylaxis with vancomycin is not rec-
ommended in order to try to avoid the develop-
ment of vancomycin-resistant organisms, despite 
the finding in an adult experience of superior 
results with prophylactic vancomycin versus a 
cephalosporin [57]. If the child has a lower gas-
trointestinal stoma, we often add a single dose of 
an aminoglycoside antibiotic.

Some programs, including our own, will also 
screen the patient for S. aureus nasal carriage 
prior to PD catheter placement. If positive, a 
course of intranasal mupirocin (twice daily for 
5  days) is recommended [58]. This approach 
has also recently been recommended by the 
ISPD [10].

 Omentectomy

The data recommending the performance of an 
omentectomy/omentopexy at the time of catheter 
placement to prevent PD catheter occlusion is 
compelling [59]. If an omentectomy is per-
formed, the incidence of catheter occlusion is 
about 5% compared to an occlusion rate of 
10–22.7% in patients without an omentectomy 
[49, 60]. A survey conducted by the Pediatric 
Peritoneal Dialysis Study Consortium (PPDSC) 
found that an omentectomy was routinely per-
formed in 53% of pediatric centers at the time of 
catheter placement, similar to the 59% figure 
derived from a survey of North American sur-
geons [28, 61]. An omentectomy was performed 
with the insertion of 82.4% of catheters in the 
Italian PD registry [4]. In a single-center study of 
101 pediatric PD patients who underwent reop-
eration for infection or catheter malfunction, the 
lack of an omentectomy was a significant risk 
factor for catheter revision [62]. In practical 
terms, the omentectomy does not have to be com-
plete. The remnant amount needs to be such that 
it cannot reach to the catheter once the catheter is 
positioned in the pelvis.

One group of investigators, however, inter-
preted their own data related to the issue of 
omentectomy somewhat differently [60]. Even 
though they noted a 20% decrease in the inci-
dence of catheter blockage with omentectomy, 

they calculated that 11 omentectomies would be 
required to prevent two omental PD catheter 
blockages. Therefore, they felt that nine patients 
would undergo an unnecessary omentectomy. In 
their hands, a secondary omentectomy was not 
difficult, resulting in their conclusion that omen-
tectomies should only be carried out after a 
blockage occurs.

An omentopexy can be considered as an 
alternative to omentectomy [63]. Whereas the 
objection to omentectomy is the potential for 
bleeding and the obvious need to extract the 
omentum from the abdomen, an omentopexy 
decreases the chances of either of these compli-
cations and accomplishes the same desired 
outcome.

In our center, we believe that either an omen-
tectomy or, more recently, an omentopexy is a 
fairly simple procedure that can be carried out at 
the initial operation with little morbidity and 
should be strongly considered in all cases.

 Fibrin Sealant

Fibrin glue has been used in a variety of surgical 
specialties for its ability to be an effective seal-
ant. The use of fibrin glue in PD has been 
reported to be both effective in treating estab-
lished leaks and, when used at the time of cath-
eter implantation, may help prevent the 
development of peritoneal leaks around cathe-
ters that are used soon after being placed [64–
66]. Our experience with fibrin glue would 
support both of these assertions. Typically, 5 cc 
fibrin glue is applied around the internal cuff 
and down the tunnel between the inner and outer 
cuffs prior to closing of the catheter insertion 
incision.

 Surgical Technique

Since Moncrief and Popovich first reported on 
the use of continuous ambulatory peritoneal 
dialysis (CAPD), there have been a number of 
modifications of the technique for implantation 
of the PD catheter [28, 67, 68]. The complica-
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tions of dialysate leakage, dislocation of the 
catheter, erosion/extrusion of the cuffs, exit-
site/tunnel infections, and peritonitis have in 
one way or another influenced the surgical tech-
nique. The two most common PD catheter inser-
tion techniques are the open and laparoscopic 
techniques. Other approaches include blind 
placement using the Tenckhoff trocar, blind 
placement using a guide wire (Seldinger tech-
nique), and the mini-trocar peritoneoscopy 
placement technique [5].

To date, there is no conclusive evidence to 
suggest that a laparoscopic approach is superior 
to the open approach [69]. However, over the 
last few years, several authors have reviewed 
their experience and concluded that a laparo-
scopic approach does offer some advantages 
over the open approach [70–72]. Crabtree et al. 
have reported a 96% 5-year primary catheter 
survival without revision and a 99% assisted 
5-year catheter survival using a laparoscopic 
approach [5]. In a prior review of the literature, 
there was evidence presented on the incidence 
of PD catheter flow dysfunction and its rela-
tionship to the insertion technique: percutane-
ous needle/guide wire, 10.5–11.2%; open 
surgical placement, 10.4–17.1%; and laparo-
scopic, 6–6.9% [70]. The low incidence of 
catheter flow problems in the laparoscopic 
group was attributed to a combination of rectus 
sheath tunneling of the catheter (allowing for 
positioning of the catheter in the pelvis), along 
with managing the omentum with either omen-
topexy or omentectomy. Crabtree et  al. have 
also found that the laparoscopic approach was 
not necessarily contraindicated when there has 
been previous surgery or peritonitis [73]. 
Another author codified their laparoscopic 
approach as the three-in-one procedure (PD 
catheter placement, omentectomy, and repair of 
any hernias). In their series, they described a 
statistically significant longer catheter life, 
decreased need for reoperations, and no inci-
dence of omental blockage [74]. At our institu-
tion, we currently use the laparoscopic 
technique as our preferred method for catheter 
insertion.

 Laparoscopic Technique

With the use of laparoscopy, placement of a PD 
catheter can be performed under direct vision 
[75]. Additional advantages of the laparoscopic 
technique are that it allows the use of much 
smaller peritoneal incisions, thereby decreasing 
the chance for dialysate leakage, and it makes it 
possible to conduct a thorough examination of 
the abdomen. If any pathology is identified that 
would potentially interfere with catheter perfor-
mance (adhesions, inguinal hernias), the 
problem(s) can be corrected at the time of cathe-
ter placement. We currently use a modification of 
the technique first described by Daschner et  al. 
[76] and more recently by Crabtree et al. [70].

The catheter insertion site is chosen with con-
sideration of the patient’s size, the need for the 
catheter to exit in a downward direction, and the 
presence of any stomas. Consideration must also 
be given to the fact that small children may need 
a gastrostomy in the future. If there are no plans 
for a gastrostomy at the time of PD catheter 
placement or later, we prefer to place the cathe-
ter on the left side of the abdomen so that it is 
away from the future transplant incision. The 
exit site of the catheter in our hands is typically 
positioned above the beltline or diaper area. 
However, in very large children, it may be neces-
sary to locate the catheter below the beltline so 
that the catheter will reach into the pelvis. The 
catheter entrance site is marked, usually just lat-
eral and below the umbilicus, over the rectus 
sheath. An appropriate- sized catheter is then 
picked by having the inner cuff of the catheter 
over the entrance site and the bottom of the curl 
at the symphysis pubis. The exit site is then 
located and marked so that the catheter’s exit site 
orientation will be downgoing.

Under general anesthesia, a vertical incision is 
made in the umbilicus, and the umbilical fascia is 
sharply incised. Using blunt dissection, the 
 peritoneum is entered and a 5 mm port is placed. 
A 5  mm laparoscope is then inserted and the 
abdomen is insufflated. A 3  mm instrument is 
then inserted through a stab wound at the marked 
catheter exit site. The abdomen is then inspected 
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for any adhesions or inguinal hernias. If adhe-
sions are noted, they are lysed at this time, and 
any inguinal hernias are repaired laparoscopi-
cally at the end of the case. The omentum is then 
assessed and, if necessary, removed. We feel that 
a complete omentectomy is not necessary as long 
as the omentum is prevented from entering the 
pelvis. We remove the omentum by inserting a 
3 mm scope via the 3 mm stab wound, and the 
omentum is pulled out via the umbilicus and 
excised with electrocautery. The omentum can 
also be plicated using different techniques [5].

A 2 cm transverse incision is then made at the 
previously marked entrance site for the PD cath-
eter and carried down to the anterior rectus 
sheath. The anterior sheath is opened for a dis-
tance of 3  mm, and a 5  mm port is inserted 
through the rectus muscle down to the posterior 
rectus sheath and then tunneled under direct 
vision via the umbilical camera for a distance of 
between 3 and 7 cm (depending on the size of the 
patient), and then the tip of the port is popped 
into the abdomen above the bladder.

A guide wire is inserted into the abdomen via 
the entrance site port. The port is then removed 
and a 20 French sheath is inserted into the abdo-
men over the guide wire (Fig. 12.4). The PD cath-
eter is then inserted deep into the pelvis behind 
the bladder (uterus) under direct vision. The 

pneumoperitoneum is maintained by pushing the 
proximal cuff of the PD catheter into the sheath 
and clamping the end of catheter, thereby pre-
venting gas loss. Once the catheter has been posi-
tioned into the pelvis, the sheath is removed 
(Fig. 12.5). As the sheath is being removed, the 
inner cuff is positioned to lie between the anterior 
and posterior portions of the rectus sheath. The 
inner cuff is then fixed to the anterior rectus 
sheath with a purse string suture of 3-0 PDS. A 
second purse string suture of 3-0 PDS is then 
placed around the fascial exit site of the catheter. 
Care is taken to make sure that the innermost por-
tion of the cuff does not project into the perito-
neum (Fig.  12.6). The camera and all ports are 
then removed, and the umbilicus is repaired, 
including repair of any umbilical hernia.

At the previously marked catheter exit site, a 
deep subcutaneous tunnel is created between the 
catheter exit site and the catheter entrance site 
using either the previous 20 French sheath dila-
tor or a tendon passer. The end of the catheter is 
then pulled through the tunnel, positioning the 
outer cuff so that it is approximately 2.0 cm from 
the exit site and the end of the catheter is exiting 
the skin in a downward fashion. Shorter dis-
tances between the exit site and outer cuff pre-

Fig. 12.4 A laparoscopic view of the 20 French peela-
way sheath being inserted into the peritoneum over a 
guide wire. (From Chapter 45, Surgical Issues in Pediatric 
Peritoneal Dialysis, by Walter S.  Andrews. In: Clinical 
Dialysis, 4th Edition, Nissenson AR, Fine RN, eds. 
McGraw-Hill Companies, Inc., 2005)

Fig. 12.5 A laparoscopic view of the PD catheter which 
lies positioned in the pelvis. The catheter is sitting 
between the bowel and the anterior abdominal wall. (From 
Chapter 45, Surgical Issues in Pediatric Peritoneal 
Dialysis, by Walter S. Andrews. In: Clinical Dialysis, 4th 
Edition, Nissenson AR, Fine RN, eds. McGraw-Hill 
Companies, Inc., 2005)
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dispose to cuff extrusion, while greater distances 
lead to formation of a deep sinus tract, granula-
tion tissue formation, and an increased risk of a 
tunnel infection [48]. At this point, fibrin sealant 
is injected around the catheter entrance site and 
down the subcutaneous tunnel and around the 
second cuff. We feel that this helps insure a leak-
free closure. The entrance site of the catheter is 
then closed in two layers. The exit site of the 
catheter is dressed, and the catheter is secured to 
prevent local trauma, but no fixation suture is 
used at the exit site. The use of a fixation suture 
is contraindicated because it can contribute to 
both an exit- site/tunnel infection and poor exit-
site healing [5, 53].

 Open Technique

Catheter location and length are determined 
using the same methods as noted with the laparo-
scopic approach. The most frequent open tech-
nique utilizes a transverse incision over the mid 
portion of the rectus muscle lateral to the umbili-
cus. The rectus muscle is split in the direction of 
its fibers and the posterior sheath is then opened 
longitudinally. An omentectomy is then carried 

out under direct vision. The PD catheter is 
threaded over a stiffening wire to allow its place-
ment deep in the pelvis, a few degrees off the 
midline to help prevent obstruction to flow in the 
setting of a full rectum. The posterior sheath is 
closed and the inner cuff is fixed to the posterior 
sheath as part of this closure. The inner cuff is 
positioned within the rectus muscle, and the ante-
rior sheath is then closed tightly around the cath-
eter with a second purse string suture around the 
cuff of the catheter at the level that it exits the 
anterior rectus sheath. The catheter is then tun-
neled out to the skin, and the outer cuff is situated 
2.0  cm from the catheter exit site, as described 
above. Fibrin glue is also applied using the same 
technique as with the laparoscopic approach. An 
insertion through the rectus sheath is generally 
deemed preferable to the midline because of the 
thinness of the abdominal wall in children and a 
decreased propensity for postoperative leakage 
[48]. However, the few prospective trials on inci-
sion location that have been conducted in adults 
have not demonstrated a superiority of the rectus 
sheath versus the midline approach [5].

One advantage of the open technique is the 
ability to directly visualize placement of the cath-
eter into the pelvis. This can be beneficial in 
those patients who have previously undergone 
pelvic surgery. In addition, the open technique 
allows for an omentectomy to be easily per-
formed at the same time the PD catheter is placed. 
The major problem with this technique is the 
necessity for a significant incision in the perito-
neum. In turn, for optimal dialysis performance 
and a decreased likelihood of postoperative leak-
age of dialysis fluid, this technique ideally 
requires a 2-week rest period between the time of 
catheter insertion and the initiation of dialysis [5, 
58, 77]. This delay allows for healing of the peri-
toneal incision and for incorporation of the cuff 
into the peritoneum and posterior sheath.

 Postimplantation Care

The exit site of the catheter, since it is not occlu-
sive, is a potential site of infection after PD cath-
eter placement. In an attempt to address this 

Fig. 12.6 A laparoscopic view of the PD catheter (left) 
showing it leaving the peritoneal cavity. Note that the 
inner cuff is not visible within the peritoneal cavity. (From 
Chapter 45, Surgical Issues in Pediatric Peritoneal 
Dialysis, by Walter S. Andrews. In: Clinical Dialysis, 4th 
Edition, Nissenson AR, Fine RN, eds. McGraw-Hill 
Companies, Inc., 2005)
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issue, Moncrief previously suggested that the 
external portion of the catheter should initially 
remain buried beneath the skin in a subcutaneous 
pocket for 4–6 weeks in order for both cuffs to 
become incorporated into the tissues [78]. After 
this time period, an exit site is created over the 
subcutaneous pocket, and the catheter is exterior-
ized. The patient is able to proceed to full-volume 
PD without the need for a break-in period. While 
successful in its application as evidenced by an 
approximate 90% immediate function rate after 
externalization, prospective trials comparing ini-
tial exteriorization of the catheter versus implan-
tation and subcutaneous burying of the catheter 
for 6 weeks did not demonstrate a significant dif-
ference in the rate of either peritonitis or exit-site/
tunnel infections or on long-term catheter sur-
vival [5, 8, 79–83]. Twardowski et  al., on the 
other hand, merely recommended that initially, 
the exit site should only be covered with several 
layers of sterile gauze and should be kept dry [84, 
85]. Some oozing from the exit site is common 
and the gauze can wick this away from the skin.

An occlusive dressing should not be used. 
Occlusive dressings tend to trap fluid at the exit 
site predisposing to bacterial growth and subse-
quent infection. Trauma to the exit site, usually 
from repeated catheter motion, needs to be mini-
mized. Therefore, the catheter must be securely 
fixed with a dressing, and dressing changes 
should not routinely occur more often than once 
per week until the exit site is healed. Ideally, spe-
cially trained staff should conduct the dressing 
changes, which allows a consistent aseptic tech-
nique to be followed and which decreases the risk 
for bacterial colonization [53, 86, 87]. Submersion 
of the exit site should be avoided to prevent colo-
nization with waterborne organisms. This is the 
approach used in our program, one that has 
helped prevent the development of early exit-site/
tunnel infections as a complication of catheter 
implantation in virtually all cases [86].

 Timing of Catheter Use

Some controversy exists as to whether the cathe-
ter should be used immediately after placement 
or whether a timed period (e.g., rest period) 

should elapse prior to its use to facilitate healing 
and help prevent the development of complica-
tions such as leakage and infection. The 1998 
ISPD catheter guidelines recommended a 
dialysis- free period of 10–15 days after catheter 
insertion, while the 2005 European guidelines 
recommended at least a 2-week waiting period, 
whenever possible [8, 58]. These recommenda-
tions were supported by a study conducted by 
Patel et  al. in which immediate versus delayed 
(an average of 20  days) catheter use was com-
pared [88]. The authors noted an increased inci-
dence of dialysate leakage in the immediate use 
group, but a disconcerting increase in exit-site/
tunnel infections and peritonitis in the delayed 
catheter use group. In a retrospective review of 
NAPRTCS data, Rahim et  al. found that early 
(<14 days) versus late onset of usage was associ-
ated with an increased risk of leakage, but there 
was no difference in the risk of infection [77]. 
The Italian PD registry did not reveal any differ-
ence in the incidence of leakage or catheter sur-
vival when comparing catheters used early 
(<7 days) versus late [4]. Most recently, Crabtree 
et al. recommended a break-in period of at least 
2 weeks to decrease the risk of mechanical com-
plications, and Keswani et  al. and the SCOPE 
Collaborative found that dialysis initiation at less 
than 14 days following PD catheter insertion was 
significantly associated with the development of 
peritonitis within 60 days of PD catheter place-
ment [5, 89]. Accordingly, while there is little 
evidence upon which to generate a definitive rec-
ommendation, observational data and expert 
opinion suggest that delayed PD initiation should 
be encouraged whenever possible. Of course, 
when early usage is necessary, efforts should be 
made to minimize any increase in intraperitoneal 
pressure by using small exchange volumes, pos-
sibly in the supine position with a cycling device 
[90, 91]. In addition, Imani et al. noted that the 
risk of postimplantation leaks in infants was 
greatest in the first 3  days, suggesting that if it 
was not possible to wait a full 2 weeks to use a 
catheter, a delay of at least 3 days should be tar-
geted [50].

In contrast to regular PD initiation, many 
centers do initiate a PD catheter flushing pro-
cedure following catheter placement until reg-
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ular PD is being conducted. The primary 
reason for flushing is to prevent fibrin or blood 
clot from obstructing the catheter. While a 
variety of different schedules exist, a com-
monly practiced approach is to flush the cath-
eter with a fill volume of 10–20  ml/kg on a 
weekly basis until regular dialysis is initiated 
[92]. If substantial blood is noted in the efflu-
ent immediately after the insertion, it is advis-
able to flush the catheter within 24  hours of 
the surgical procedure.

 Chronic Exit-Site Care

The goal of chronic exit-site care is to prevent 
the development of exit-site/tunnel infections. 
The SCOPE Collaborative has evaluated the fre-
quency of exit-site infections in more than 700 
children on PD and found a rate of 0.25 exit-site 
infections per dialysis year [93]. As suggested 
by Twardowski and Prowant, exit-site care con-
sists of assessment of the exit site, cleansing the 
exit site, immobilizing the catheter, and protect-
ing the exit site and tunnel from trauma [84, 94]. 
SCOPE has also emphasized the importance of 
hand hygiene and of regularly evaluating the 
exit site using standardized criteria [95]. In 
adults, it is recommended that exit-site care 
occur at least twice weekly, and always after a 
shower [10]. Cleansing agents that have been 
used include soap and water, povidone-iodine, 
chlorhexidine, and electrolytic chloroxidizing 
solutions. To date, no one cleansing agent has 
been shown to be superior to the others. In addi-
tion to the direct exit-site care, data in children 
and adults support the use of prophylactic anti-
biotic agents to decrease the incidence of S. 
aureus carriage in patients [53]. The application 
of either mupirocin or gentamicin creams to the 
catheter exit site has been efficacious in decreas-
ing exit-site/tunnel infections, the latter agent in 
particular against Gram-negative infections 
[96–101]. Alternating mupirocin and gentami-
cin has been found to be associated with an 
increased risk for fungal peritonitis vs. gentami-
cin alone [102].

 Mechanical Complications

Mechanical complications are generally felt to be 
the second most common reason (after infection) 
for PD catheter failure. In an analysis of 452 PD 
catheter revisions in children, Borzych-Duzalka 
et al. found that mechanical malfunction was the 
reason for revision in 60% of cases and access dys-
function secondary to mechanical causes doubled 
the risk of technique failure compared with infec-
tious causes [14]. The mechanical complications 
include obstruction of the catheter by omentum, 
migration of the catheter out of the pelvis, and 
blockage of the catheter by fibrin or clots. The 
issue of obstruction by omentum has been previ-
ously reviewed and, as mentioned above, usually 
can be prevented by conducting a partial omentec-
tomy or omentopexy at the time of catheter inser-
tion [63, 103]. When omental blockage does occur, 
laparoscopic removal of the involved omentum 
can be easily accomplished. Migration of the cath-
eter out of the pelvis can lead to poor dialysate 
inflow or outflow, as well as increased pain with 
dialysis. One approach to repositioning the cathe-
ter is through the use of interventional radiology 
techniques, in which a guide wire is used to move 
the catheter back to a workable position in the 
abdomen. Using this technique, Savader et  al. 
reported that they were able to obtain a durable 
patency rate of 50% in those patients who experi-
enced early catheter malposition (less than 
30 days) and a durable patency rate of 82% with 
late malpositions (greater than 30 days) [104]. The 
complication rate was low (3%), with only a single 
episode of peritonitis. The risk for migration of the 
catheter can be lessened by the addition of rectus 
 tunneling at the time of catheter insertion. Also, if 
there are recurrent problems with catheter migra-
tion, the catheter can be secured laparoscopically 
with a suture in the pelvis [63].

Our center has used a laparoscopic approach to 
non-functioning PD catheters. In patients who have 
had no previous abdominal procedures besides the 
peritoneal catheter placement, we create a pneumo-
peritoneum by insufflating through the malposi-
tioned PD catheter. Once a pneumoperitoneum is 
achieved, a 3 mm port is placed in the left upper 
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quadrant, and a 3  mm laparoscope is inserted. A 
stab wound is then made in the right upper quadrant 
and a 3 mm grasper is inserted. The catheter can 
then be manipulated under direct vision and reposi-
tioned back into the pelvis. Any adhesions that are 
encountered during the repositioning of the catheter 
are lysed at the same time, and any obstructing 
omentum can be removed via the port or stab site. 
This technique avoids a large incision in the perito-
neum, thus allowing a rapid return to dialysis.

For catheters that are occluded by fibrin or 
blood clot, tissue plasminogen activator (tPA) has 
been shown to be very effective in unblocking 
these catheters. Two milligrams of TPA is reconsti-
tuted in 40 cm3 of normal saline and is instilled in 
the catheter for 1 h. This has resulted in the restora-
tion of patency in 57% of catheters [105–107].

 Exit-Site Infection, Tunnel Infection, 
and Peritonitis

Catheter exit-site/tunnel infections and peritoni-
tis are a significant cause of catheter failure. The 
Italian PD registry documented catheter infec-

tions as the most common catheter-related com-
plication, with a prevalence of 73.2% and an 
incidence of 1 episode/27.4 patient-months [4]. 
As noted above, the SCOPE Collaborative 
recently found an annualized overall exit-site 
infection rate of 0.25 (equivalent to 1 episode/48 
patient-months), with 69% of the infections 
involving the exit site alone, 23% involving only 
the catheter tunnel, and 8% involving both loca-
tions [93]. The goal in all cases should be the 
prevention of infection by following published 
recommendations regarding catheter insertion 
and care and by regular exit-site monitoring with 
a scoring system [53]. If, however, an infection 
does occur, medical management is typically 
successful [10, 53, 108]. Oral antibiotics that 
may be used for the treatment of exit-site/tunnel 
infections in children are described in Table 12.3 
[53]. Daily exit-site care is also recommended 
when an infection is present [10]. In situations in 
which oral antibiotic therapy of an exit-site 
infection is unsuccessful or when it has been 
accompanied by a tunnel infection, intravenous 
or intraperitoneal antibiotic therapy should be 
considered.

Table 12.3 Oral antibiotics used in exit-site and tunnel infections

Antibiotic Recommended dose Dose frequency Per-dose maximum
Amoxicillin 10–20 mg/kg/day Daily 1,000 mg
Cephalexin 10–20 mg/kg/day Daily or 2 times daily 1,000 mg
Ciprofloxacin 10–15 mg/kg/day Daily 500 mg
Clarithromycin 7.5 mg/kg/day Daily or 2 times daily 500 mg
Clindamycin 30 mg/kg/day 3 times daily 600 mg
Dicloxacillin 4 times daily 500 mg
<40 kg 12–50 mg/kg/day
>40 kg 125–500 mg/dose
Erythromycin (as base) 30–50 mg/kg/day 3 or 4 times daily 500 mg
Fluconazole 6 mg/kg/day Every 24–48 h 400 mg
Levofloxacin 10 mg/kg Every 48 h Day 1 500 mg. then 

250 mg
Linezolid 600 mg
<5 years 10 mg/kg/dose 3 times daily
5–11 years 10mg/kg/dose 2 times daily

≥12 years 600 mg/dose 2 times daily

Metronidazole 30 mg/kg/day 3 times daily 500 mg
Rifampina 10–20 mg/kg/day 2 times daily 600 mg
Trimethoprim-sulfamethoxazole 
(based on TMP)

5–10 mg/kg/day Daily 80 mg

Used with permission from Warady et al. [53]
aShould not be used as monotherapy, or used routinely in areas in which tuberculosis is endemic
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Surgical salvage of the catheter by unroofing/
cuff shaving has been conducted [5, 18, 19, 109, 
110]. Cuff shaving involves removing (or shaving 
off) the infected subcutaneous cuff and then 
rerouting the catheter to a different exit site remote 
from the infected site . Wu et al. described a tech-
nique in which the authors were able to preserve 
the intraperitoneal portion of the dialysis catheter 
and simply excise the external infected portion of 
the catheter [110]. This was accomplished by cut-
ting down on the entrance site of the catheter into 
the peritoneum. At this point, the catheter is 
divided just above the internal cuff, and a new 
external portion with a new external cuff is then 
glued in place and passed out to the skin via a sep-
arate tunnel. The infected external portion of the 
catheter is then removed. They reported 26 cathe-
ter revisions in 23 patients with 100% resolution 
of the infection without interruption of peritoneal 
dialysis. To date, we have not had to utilize this 
technique, but it is intriguing to consider it for 
those patients in whom interruption of PD would 
be extraordinarily difficult.

The more standard surgical intervention for 
infection would be complete removal of the 
catheter when there is refractory peritonitis, 
fungal peritonitis, or a refractory catheter exit-
site/tunnel infection [5, 53]. Preservation of the 
peritoneum should always take precedence over 
preservation of the catheter. In those patients in 
whom the infection is caused by a Gram-positive 
organism and the dialysate white blood cell 
count is <100/mm3, catheter removal and 
replacement can occur as a single procedure 
under antibiotic coverage [111–113]. In con-
trast, fungal peritonitis and Gram-negative 
infections mandate that there is at least a 2–3-
week interval between removal and reinsertion.

 PD Catheter Care Post-Kidney 
Transplantation

If the PD catheter is not removed at the time of 
kidney transplantation, it is recommended that 
dressing care occur weekly during the post- 
transplant period. In most cases, catheters are 
removed within 4  weeks following successful 
kidney transplantation. It is not necessary to 

obtain routine PD cultures. While two studies 
noted an absence of catheter infections after trans-
plantation if the PD catheters were left in place 
but not used, one of the studies did find an 
increased incidence of catheter infections after the 
first post-transplant month [114, 115]. They also 
noted that the majority of complications that 
would require the use of the catheter occurred 
within the first month. For this reason, they advo-
cate and we agree that the peritoneal catheter can 
be safely left in place for 1 month, after which 
time it should be removed if it is no longer needed.

 Complications with PD Catheter 
Removal

An interesting short report by Korzets et al. makes 
the case that the removal of a PD catheter can be 
associated with significant complications [116]. 
In their series of 40 catheter removals, 10 (25%) 
of the procedures were associated with complica-
tions, and 8 of these required further surgical 
intervention. Half of their complications were 
related to bleeding. Their usual technique was to 
remove the PD catheter under local anesthesia, 
which they felt contributed significantly to their 
complication rate. They also make a strong case 
against using traction as the removal technique 
because of the complications of a retained cuff 
and subsequent infection. The surgeon removing 
the catheter must be aware of the device type and 
implant procedure and recognize that the more 
complex the catheter design, the more difficult the 
removal. In summary, the removal of a PD cathe-
ter is a real operation that should be done in the 
operating room with anesthesia, and it requires 
strict attention to detail to prevent annoying but 
potentially significant complications that could 
require a return to the operating room.

 Conclusion

The peritoneal catheter is the lifeline for the 
patient receiving peritoneal dialysis. Attention to 
detail is, in turn, necessary for everything from 
the selection of the best location for the exit site 
to the prophylactic measures used to prevent 
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infectious complications. The establishment of a 
catheter “team” with a select group of participat-
ing surgeons and the regular evaluation of treat-
ment results are initiatives designed to optimize 
the function of this important component of PD.
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 Introduction

Since 1978, when continuous ambulatory perito-
neal dialysis (CAPD) was first introduced for the 
treatment of pediatric patients with end-stage 
renal disease (ESRD) (see also Chap. 1), a series 
of technological improvements have been incor-
porated into the peritoneal dialysis (PD) proce-
dure. Important improvements have been 
achieved in the safety and ease of use of the 
mechanical devices employed in the dialysis pro-
cedure, as well as in the dialytic efficacy and bio-
compatibility of the PD solutions. The availability 
of automated dialysis delivery systems called 
“cyclers” provides great prescription flexibility 
and the ability to monitor therapy results, thereby 
facilitating improved patient adherence to the 
dialysis prescription. Unlike CAPD, in which 
treatment is truly continuous for 24 h of each day, 
in automated peritoneal dialysis (APD), treat-
ment is usually limited to only a portion of the 
24 h, usually overnight. Both CAPD and APD are 
currently widely used in children around the 
world.

In this chapter, we describe the most recently 
developed and currently available equipment 
for the various forms of PD and provide infor-
mation on how this equipment can be used to 
deliver the desired PD therapy for pediatric 
patients of all ages and sizes. Particular atten-
tion is paid to the technical developments that 
have proven to be most useful in fulfilling the 
specific clinical needs of the pediatric patient 
population.

 Update on PD Connection 
Technology

The PD solution container is connected to the 
patient’s PD catheter by a length of plastic tubing 
called a transfer set. Over the years, a number of 
transfer sets and associated devices have been 
developed in an attempt to reduce the possibility 
of bacterial contamination while making either 
the catheter-to-transfer set or the transfer set-to- 
container connections.

 Catheter-to-Transfer Set Connectors

A special Luer-lock catheter adapter made of 
titanium exists and can be utilized to prevent 
cracking of the plastic connector or accidental 
disconnection – problems that had unfortunately 
frequently occurred with the earlier generations 
of plastic plug-in-style connectors. Titanium 
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transfer sets are available and have a relatively 
light weight with resistance to degradation from 
electrolyte-containing PD solutions. More 
recently, catheter-to-transfer set connectors 
made of more durable plastics have also been 
developed and can be considered as an alterna-
tive to titanium. These more durable plastics 
may be a suitable option for acute PD catheter 
sets that will not transition to chronic use as 
well as in the extremely low birth weight 
(ELBW) infant given the lighter weight relative 
to titanium.

 Transfer Set-to-Container 
Connection

The original transfer set-to-container connect-
ing system had a spike-and-port design, which 
was later improved by the addition of external 
sleeves to reduce the risk of contamination. 
However, spiking the dialysis solution con-
tainer may be difficult for many patients/care-
givers. Failure to mate the spike with the port 
correctly can result in contamination and 
increased risk for subsequent peritonitis. This 
has led to the development of a screw-type or 
Luer-lock connecting system, resulting in eas-
ier insertion and a lower chance of accidental 
dislodgement.

 Transfer Sets

The ideal transfer set should be characterized by:

• Ease of connecting maneuvers
• The least number of connections at risk for 

touch contamination
• Small dimension (patient acceptability)
• No breaking components or glue
• No online disinfectant solution or, if present, 

no risk of its infusion into the peritoneal 
cavity

Several types of transfer set have been devel-
oped over the years.

 Straight Transfer Set (the Standard 
Oreopoulos System)

When introduced by Oreopoulos [1], this transfer 
set made the connection considerably easier and 
reduced the incidence of peritonitis in CAPD 
patients. One significant limitation of this system 
was that the PD fluid was infused into the abdom-
inal cavity immediately after the connection 
which increased the risk for potential bacterial 
contamination. Furthermore, the patient had to 
carry the bag and transfer set until the following 
exchange.

 The Y-Set

The Y-set [2] was developed to free the patient 
from the need to remain attached to the empty 
bag between exchanges and allow a flush-before- 
fill phase after the connection. The priming of the 
tubing with a small amount of fresh dialysis solu-
tion, followed by the discharge of the spent dialy-
sate into the drainage bag, together with the 
injection of a disinfectant solution into the Y-set 
lumen after the exchange to sterilize it, was able 
to dramatically lower peritonitis rates [3]. 
Precautions were still required to flush the anti-
septic solution completely before instilling fresh 
dialysis solution.

A further evolution of the Y-set was repre-
sented by the double bag system [4], where the 
Y-set is already attached to the dialysis solution 
bag and to an empty bag, eliminating the spiking 
procedure. The Y-set is connected to an adapter 
tubing during the exchange and is discarded after 
each use. The patient flushes the system after 
breaking color-coded frangible seals, drains the 
dialysate effluent, and then fills the peritoneal 
cavity with the dialysis solution. With this sys-
tem, the patient has to wear only a small adapter 
tubing, without any antiseptic solution inside, 
between the exchanges.

In the absence of a disinfectant inside the 
transfer set after the exchange, touch contamina-
tion at disconnection may lead to significant 
growth of bacteria before the following exchange. 
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Here, the flush-before-fill procedure could fail to 
completely wash out the contaminating microor-
ganisms, especially those with high adhesiveness 
to the plastic of the devices (e.g., Staphylococcus 
aureus, Pseudomonas sp.). For this reason, at the 
end of the exchange, the transfer set is closed 
with a disinfectant-containing cap (MiniCap®, 
Baxter Healthcare Corporation, McGraw Park, 
Illinois, USA). The povidone-iodine contained in 
the disconnect caps of these sets has the potential 
to be a contributing factor to thyroid function 
changes such as hypothyroidism. Patients most at 
risk to be potentially affected are primarily 
infants and children with small peritoneal dialy-
sate fill volumes, where high dialysate concentra-
tions of iodine may result [5]. In such patients, 
thyroid function should be monitored. In order to 
minimize iodine exposure, the contents of the 
peritoneal cavity should be drained prior to the 
initiation of the subsequent fill cycle whenever 
possible.

In another connecting device, disconnection 
takes place without opening the system 
(A.N.D.Y.  Plus®, Fresenius Medical Care, Bad 
Homburg, Germany), since the line is clamped 
very close to the catheter and then broken; the 
plastic clamp perfectly fits the line causing com-
plete occlusion.

Another device developed to increase the 
safety and ease of the line connection is repre-
sented by a connector that has a rotating gear 
with a fixed position for any phase of the 
exchange (Dianectan®, Laboratoire Aguettant, 
Lyon, France); in this system, when the cap is 
positioned, the catheter has already been auto-
matically closed.

In a further development, a polyolefin-made 
plasticizer-free system (stay•safe®, Fresenius) 
may reduce potentially harmful exposure to 
phthalate esters [6].

The development of safe and simple-to-use 
connecting devices has contributed to simplify-
ing and shortening patient and caregiver train-
ing, with an associated reduction in peritonitis 
episodes due to touch contamination both in 
adult [7, 8] and in pediatric patients [9] (see also 
Chap. 16).

 Peritoneal Dialysis Prescription

The strategic process of determining a PD pre-
scription for pediatric patients with ESRD 
requires a tailored treatment schedule to meet the 
needs of each individual child, according to a 
series of parameters including age, body size, 
associated nonrenal diseases, residual renal func-
tion (RRF), clinical condition(s), blood pressure, 
nutritional status, and peritoneal membrane (PM) 
transport characteristics [10, 11]. At the same 
time, potential negative effects of chronic PD on 
the patient’s metabolism and on the anatomical 
and functional integrity of the PM should be 
taken into account. Finally, the socioemotional 
burden of PD treatment should be minimized to 
allow for a satisfactory level of psychological and 
social rehabilitation for the patient and his/her 
family

The selection of chronic PD modality and 
treatment prescription should be based on knowl-
edge of PM physiology in parallel with an accu-
rate assessment of individual patient PM transport 
characteristics. Therefore, a basic description of 
the PD system and of the driving forces of solute 
and water exchange will be briefly presented, and 
the issue of PM function tests will be addressed.

 The Peritoneal Dialysis System

The PD system has three major components: the 
peritoneal microcirculation; the PM; and the dial-
ysis fluid [12].

 Peritoneal Microcirculation

Peritoneal capillary blood flow has been reported 
to vary between 50 and 150  mL/min in adults 
[13]. Blood flow through the peritoneal mem-
brane is usually preserved to allow solute removal 
even in moderately hypotensive subjects [14]. 
Peritoneal blood vessel density decreases with 
age, from the highest levels in infancy; thus, sol-
ute removal rates decrease proportionately [15]. 
In addition to blood flow, the peritoneum has 
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an active lymphatic system, which includes 
 specialized structures (lacunae) located on the 
undersurface of the diaphragm.

 Peritoneal Membrane

The PM lines the inner surface of the abdominal 
and pelvic walls (parietal peritoneum), covers the 
intraperitoneal organs, forms both the visceral 
mesentery and the omentum, and connects loops 
of the bowel (visceral peritoneum) [16].

The PM is the barrier that solutes and water 
must cross during dialysis. It is a complex struc-
ture composed of:

• The capillary wall. Peritoneal capillaries are 
mainly of the continuous type, with less than 
2% of fenestrated capillaries [17]. Peritoneal 
capillary endothelial cells are linked to each 
other by tight junctions and surrounded by a 
basement membrane. Healthy endothelium 
thus plays a central role in the control of PM 
vascular permeability [18].

• The interstitium. The PM interstitium is com-
posed of extracellular matrix, containing a 
limited number of cells (fibroblasts, mononu-
clear cells) and lymphatic vessels. Hyaluronan, 
a major component of the extracellular matrix, 
has been reported to be an important determi-
nant of the resistance to fluid and solute trans-
port [19].

• The layer of mesothelial cells. These cells have 
a system of tight and gap junctions, microvillus 
projections at the free surface, and several 
organelles in their cytoplasm. Mesothelial cells 
have been reported to participate in glucose 
transport and regulation of water and solute 
fluxes through tight junction modulation, but 
their actual role as a rate-limiting barrier to PM 
transport is still debated [20, 21].

 Dialysis Fluid Compartment

Both the composition of the PD solution and the 
modalities of its delivery influence the peritoneal 
exchange. PD solutions contain an osmotic agent 

to produce the osmotic gradient required to 
obtain ultrafiltration (UF), a buffer to correct the 
patient’s metabolic acidosis, along with balanced 
concentrations of calcium, magnesium, and elec-
trolytes. Dialysis fluid is infused into the perito-
neal cavity in an amount that is scaled to the 
patient’s body size and clinical conditions.

 Driving Forces of Solute and Water 
Exchange

The driving forces of solute and water exchange 
across the PM, between the dialysis solution and 
the capillary blood and surrounding tissues, are 
represented by diffusive transport, UF, and con-
vective mass transfer [21].

 Diffusive Transport

Diffusion consists of passive solute exchange 
between two solutions (blood and dialysis fluid) 
separated by a semipermeable membrane. Main 
factors affecting the rate of solute diffusion are 
represented by:

• The solute concentration gradient between 
blood and dialysate. Because blood flow 
through the PM is relatively stable and appar-
ently well preserved even in unstable patients 
who are moderately hypotensive, the concen-
tration gradient is best maintained by replac-
ing the dialysis fluid in the abdomen as often 
as is feasible.

• The molecular weight (MW) of the solute. Since 
diffusion is a size-selective process, small mole-
cules (urea, creatinine) diffuse more rapidly than 
larger molecules (vitamin B12, “middle mole-
cules,” higher-MW proteins). Low-MW com-
pounds such as urea are preferentially removed 
by diffusion. Each compound is characterized by 
a specific PM permeability coefficient. 
Phosphate transport is lower than that of urea 
and creatinine since its molecules are surrounded 
by an aqueous layer which increases their effec-
tive MW. Moreover, phosphate transport is influ-
enced by active transmembrane transporters.
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• The effective surface area and permeability of 
the PM. The PM is a dynamic dialysis mem-
brane [11], and it is the functional and not the 
anatomic peritoneal surface area that is impor-
tant in peritoneal exchange. The peritoneal 
vascular exchange surface area is determined 
by the peritoneal vascular mesenteric perfu-
sion and the density of the functional pores of 
the perfused capillaries available for dialytic 
exchange [22, 23]. This area can be estimated 
by means of the so-called three-pore permea-
bility model [24]. According to this model, the 
peritoneum is characterized as a heteroporous 
three-pore membrane with few (~1–2%) 
water-exclusive ultrasmall pores (aquaporins, 
radius 2–4 Å), a small percentage (~5%) of 
large pores (radius 200–300 Å), and a majority 
(~90–95%) of small pores (radius 40–60 Å). 
Hydrophilic small solute transport occurs pri-
marily by diffusion across the small pores, 
while the movement of proteins and other 
macromolecules occurs across the large pores 
and is driven by hydrostatic forces. Fluid 
transport can occur across all three pathways 
and is determined by crystalloid and colloid 
osmotic pressures. The total membrane pore 
area that is engaged in exchanges is dynami-
cally affected by different factors; for exam-
ple, fill volume (with a progressive increase in 
functional PM area recruitment taking place 
until the fill volume approximates 1400 mL/
m2 body surface area in children 2 years of age 
and older), patient posture (with positive 
recruitment occurring in the supine position), 
and PD fluid composition [25–28]. The impact 
of dialysate volume is felt to rest on the prin-
ciple of geometry of diffusion [29], which 
simply states that the larger the dialysate 
exchange volume, the longer the transperito-
neal concentration gradient will persist to 
drive diffusion. The permeability of the tissue 
between the capillary lumen and the perito-
neal space can be altered by illness – increas-
ing during acute peritonitis or progressively 
decreasing with peritoneal fibrosis.

• Residual peritoneal volume from previous 
exchanges. The concentration gradient and 
hence diffusive transport are also impacted by 

the presence of a residual peritoneal volume 
from previous exchanges. Small solutes in the 
residual fluid will likely have equilibrated 
with serum; this will lead to a time “zero” sol-
ute concentration that is much greater than 
zero, despite the fact that the instilled dialy-
sate concentration of a solute was zero. This 
will impact fluid flux and solute transport. 
Residual peritoneal volume can be substantial 
and of clinical relevance in children [30].

 Ultrafiltration

UF is the bulk movement of water along with 
permeable solutes across the PM. In the PD sys-
tem, the driving force for UF is primarily repre-
sented by the osmotic pressure, which can be the 
result of either crystalloid (i.e., generated by dif-
fusible solutes such as glucose in the dialysis 
fluid) or colloid (i.e., generated by nondiffusible 
solutes such as icodextrin in the dialysis fluid 
and albumin in plasma). The effects of the hydro-
static pressure gradient resulting from the differ-
ence between intravascular pressure and 
intraperitoneal pressure (IPP) are usually of 
minor importance in PD unless exceedingly high 
levels of IPP are reached [31]. Other factors that 
can affect UF are membrane surface area and 
hydraulic permeability. The flux of water (JF) 
across the membrane can be expressed by the 
following equation [32]:

 J K P s p PF f c f c f� �� �� �� �� � 
where Kf is the peritoneal membrane permeabil-
ity coefficient, Pc is the hydraulic pressure in the 
capillary, sf is the osmotic pressure of the perito-
neal fluid, pc is the oncotic pressure in the capil-
lary, and Pf is the hydraulic pressure of the fluid 
under flux.

In the course of the PD dwell, fluid is lost 
from the peritoneal cavity both directly into the 
surrounding tissues and via lymphatic vessels 
and capillaries. Net UF results from the balance 
between osmotic UF and peritoneal fluid absorp-
tion. High peritoneal fluid absorption can be clin-
ically important in some patients in whom net UF 
can be substantially reduced and the absorption 
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of macromolecules into the lymphatics increased. 
Lymphatic absorption has been estimated to 
account for 20% of net fluid absorption from a 
PD exchange [33]. Fluid is believed to move pri-
marily into interstices in the peritoneal cavity and 
to be driven by intraperitoneal hydraulic pressure 
[34]. The limited data on lymphatic absorption in 
children are conflicting [33, 35].

The peritoneal fluid absorption rate can be 
determined when a PD exchange is modeled 
using the three-pore model. In one pediatric 
study, the absorption rate increased with body 
size in absolute terms but decreased when nor-
malized to body size. The decrease was slight 
when scaled to body surface area (BSA) but 
marked when scaled to body weight (BW) [36].

Glucose is the most frequently used osmotic 
agent in standard PD solutions. It exerts its crys-
talloid osmotic effect through aquaporins, and its 
absorption from the dialysate to the plasma leads 
to a time-dependent dissipation of the osmotic 
gradient. In some patients, the rate of glucose 
absorption makes glucose unsuitable for mainte-
nance of UF during a long dwell [37]. Conversely, 
PD solutions containing a polymer of glucose 
with an average MW of 16,200 Dalton 
(Icodextrin® Baxter, Deerfield, IL) exert a more 
sustained colloid osmotic effect through the 
small pores and have been shown to maintain UF 
over a prolonged exchange dwell time [38–40].

 Convective Mass Transfer

Convective mass transfer occurs when water 
moves from capillaries to peritoneal cavity down 
a pressure gradient, “dragging” dissolved mole-
cules along with it (“solvent drag”). The convec-
tive transport of a solute depends on the amount 
of fluid removed by UF and on membrane perme-
ability. Permeability of a membrane to a given 
solute can be expressed by the sieving coefficient 
and calculated by dividing the concentration of 
solute in the ultrafiltrate by its concentration in 
plasma water (in the absence of a concentration 
gradient). The sieving of sodium reflects aquapo-
rin function and thus free water transport [41]. 
During PD exchanges, the contribution of con-

vection to solute removal is limited for small 
molecules but significant for high-MW com-
pounds such as the “middle molecular weight” 
uremic toxins [42, 43].

 Peritoneal Membrane Function 
Tests

Peritoneal solute and fluid transport may vary 
considerably from patient to patient and in the 
same patient during different phases of PD treat-
ment, as a consequence of the recurrence and/or 
severity of peritonitis episodes, or of the expo-
sure of the PM to PD solutions and materials. 
Moreover, inherited genetic variants could affect 
the transport capacity of the PM through the reg-
ulation of specific mediators [44]. Therefore, PM 
transport characteristics should be assessed at the 
beginning of chronic PD (usually, 1 month after 
the start of dialysis treatment) and then moni-
tored two to four times per year. Additional mon-
itoring may be required in case of recurrent or 
particularly severe peritonitis episodes or follow-
ing other clinical events that may cause changes 
in PM transport capacity [42, 45]. In this way, 
intraindividual changes in the functional status of 
PM can be detected, and adjustments in PD pre-
scription can be made.

PM function tests represent the first step in the 
process of tailoring the PD prescription to indi-
vidual patient needs and characteristics. The 
application of these tests to the pediatric patient 
population has long been hampered by a lack of 
standardization of dialysis mechanics during the 
test. Appropriate scaling for body size plays a 
central role in this standardization and for the cal-
culation of PM function parameters. While in 
infants the peritoneal surface area per unit BW is 
twice that of adults, the relationship between 
BSA and PM surface area is constant and age 
independent. In early pediatric transport studies, 
standardization of exchange volumes by BW 
contributed to the false perception of differences 
in peritoneal permeability between children and 
adults, with an enhanced transport function in the 
youngest patients. Further analysis revealed that 
the apparent enhanced solute transfer in children 
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was due to faster solute concentration equilibra-
tion with blood associated with the use of rela-
tively small dwell volumes scaled on BW [46]. 
On the contrary, scaling the exchange volume by 
BSA maintains the relationship between dialy-
sate volume and PM surface area across popula-
tions and makes comparison of peritoneal 
transport properties between patients of different 
body sizes possible [47, 48]. BSA can be calcu-
lated by means of mathematical formulas from 
the patient’s weight and height (see Section 
“Monitoring PD Adequacy in the Clinical 
Setting”). An exchange volume of 1100 mL/m2 
BSA approximates the standard 2000  mL 
exchange volume applied to adult patients.

 Mass Transfer Area Coefficient

Diffusive permeability of the PM can be 
expressed by means of the mass transfer area 
coefficient (MTAC), which describes the maxi-
mal clearance theoretically achievable at a con-
stantly maximal gradient for diffusion, that is, 
when dialysate solute concentration is zero. 
MTAC is independent of dialysate glucose con-
centration. Determination of MTAC helps to 
model both long and short PD dwells and to indi-
vidualize the dialysis prescription and can be per-
formed with the help of computer technology 
that gives reliable results in pediatric patients. 
Comparison of MTAC values obtained in patients 
of different age and body size is possible when 
exchange volume has been standardized to BSA 

[30, 49]. A small but significantly greater solute 
transport capacity has been reported in infants, as 
a consequence of higher peritoneal permeability 
or larger effective surface area of the PM [30].

 Peritoneal Equilibration Test

The peritoneal equilibration test (PET) remains 
the most widely employed means of characteriz-
ing PM transport capacity in adult and pediatric 
patients [30, 45, 50, 51]. The PET measures the 
rate at which solutes, usually creatinine (Cr), urea, 
and glucose, come to equilibration between the 
blood and the dialysate. PET results provide the 
clinician with data to adapt the dwell time to the 
individual PM function characteristics and pro-
vide the opportunity to evaluate prescription 
changes over time during the PD treatment. To 
reach a satisfactory level of reproducibility of 
PET results, a standard PET in children can be 
performed with a dwell volume of 1100 mL/m2 
BSA using a 2.5% dextrose PD solution. In pedi-
atric patients, comparable results have been 
obtained by using 2.5% dextrose [30] or 2.27% 
anhydrous glucose PD solutions. Dialysate-to- 
plasma (D/P) ratios of Cr and urea and dialysate 
glucose concentration to initial dialysate glucose 
concentration at time 0 (D/D0) are calculated at 2 
and 4 h of the test. A blood sample is obtained at 
time 2  h. If dialysate Cr concentration is deter-
mined colorimetrically (and not enzymatically), it 
must be corrected for the interference of the high 
glucose levels in the dialysate by the formula:

Corrected Cr mg dL measured Cr mg dL correction factor dia/ /� � � � � � � llysate glucose mg dL/� �

The correction factor should be determined in 
the laboratory of each dialysis center, by dividing 
measured Cr of a fresh, unused PD solution by 
the measured glucose concentration. Small solute 
concentrations in plasma should be expressed per 
volume of plasma water (aqueous concentration) 
instead of per volume of whole plasma by divid-
ing solute concentrations measured in whole 
plasma by 0.90 [52].

PET can be also performed by using a 4.25% 
dextrose or 3.86% anhydrous glucose PD solu-

tion to obtain more accurate information on UF 
capacity and assess sodium sieving, or the maxi-
mum dip in dialysate over plasma sodium con-
centration, which typically occurs during the 
initial 30–90  min of the dwell [53, 54]. In this 
way, free water transport capacity through the 
aquaporins can be evaluated, and UF failure can 
be more easily detected [11].

Cr and urea D/P ratios and dialysate glucose 
D/D0 calculated at 2 and 4 h of the PET can be 
compared to the results from a large pediatric 
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study in which the same PET procedure was 
adopted (Figs. 13.1 and 13.2) [30]. Thus, patients 
will be characterized as having a high, high aver-
age, low average, or low solute transport capacity 
(Table  13.1). Similarly to what is reported in 
adult patients, the high transporter status may be 
associated with poor treatment outcome and has 
been identified as a significant risk factor for 
inadequate weight control, poor statural growth 
[55], and low-turnover bone disease [56]. Studies 
comparing PET parameters obtained with PD 
solutions of different osmolality did not show any 
effect of the dialysate glucose concentration on 
the D/P creatinine or the categorization into a 
transport group [53, 54]. Conversely, the preced-
ing dwell composition and duration can influence 
small solute transport and net UF significantly. 
Higher D/P creatinine ratio was reported after a 
long dwell with icodextrin compared with a dwell 
with 2.27% glucose, even when a rinsing proce-

dure with glucose was performed before the PET 
[11, 54]. Therefore, the same PD solution should 
be used for the PET and for the dwell of the pre-
ceding night.

Warady and Jennings reported that the PET 
results obtained at 2 and 4  h, based on either 
creatinine or glucose transport in 20 children 
who had been on PD for a period of 7 months or 
less, provided identical characterization of PM 
transport capacity for the same solute [57]. The 
authors proposed the use in pediatric patients of 
a simplified, 2-h PET procedure, the so-called 
short PET, as already described in adult patients 
[58]. Since the short PET is more convenient 
for patients, families, and nursing staff and is 
associated with cost savings, the adoption of 
this procedure may help in performing the eval-
uation of PM transport characteristics on a 
more routine basis among pediatric PD centers 
[59, 60].

0

0.0

0.2

0.4

0.6

0.8

1.0

0.88

0.77

0.64

0.51

0.37

High

High
Average

Low
Average

Low

60 120 180 240

Time (Min)

Creatinine

D
/P

Fig. 13.1 Peritoneal 
equilibration test results 
for creatinine. Colored 
areas represent high, 
high-average, low- 
average, and low 
peritoneal transport rate 
categories for the 
reference pediatric 
population. (Modified 
from Ref. [30])

E. E. Verrina and L. A. Harshman



201

 Standard Permeability Analysis

Standard permeability analysis (SPA) and the PD 
capacity test (see below) are two other PM func-
tion tests that have given reliable results in adult 

and pediatric patients but are less frequently 
employed than the PET in the clinical setting and 
are mainly performed for research purposes. SPA 
can be considered an adaptation of PET, where 
polydisperse dextran-70 is added to the PD solu-
tion in order to obtain the simultaneous measure-
ment of transcapillary UF, the marker’s clearance 
rate (to assess lymphatic reabsorption), and intra-
peritoneal volume (IPV) [61, 62].

 Personal Dialysis Capacity Test

The personal dialysis capacity (PDC) test [24] is 
based on the three-pore model of solute and fluid 
transport across the peritoneum. The PDC test 
describes the PM transport characteristics by 
functional parameters, which are calculated from 
data obtained from several exchanges of different 
duration and performed with PD solutions of 
 different glucose concentration over a day. The 
PDC protocol includes five exchanges to be per-
formed in 24 h using different dwell times and 
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Table 13.1 Classification of peritoneal transport capac-
ity according to the results of urea and creatinine dialysate- 
to- plasma ratio (D/P) and of dialysate glucose/initial 
dialysate glucose concentration ratio (D/D0) at 4 h dwell 
of a peritoneal equilibration test performed with 1100 mL/
m2 body surface area of a 2.5% dextrose dialysis solution 
[30]

Category of 
peritoneal 
transport D/P urea

D/P 
creatinine D/D0 glucose

High 0.91–0.94 0.77–0.88 0.12–0.21
High average 0.82–0.90 0.64–0.76 0.22–0.32
Low average 0.74–0.81 0.51–0.63 0.33–0.42
Low 0.54–0.73 0.37–0.50 0.43–0.55

The four categories of peritoneal transport are bordered 
by the maximal, mean +1 standard deviation (SD), mean, 
mean −1 SD, and minimal values for the study population 
of pediatric patients (Data adapted from Ref. [30], used 
with permission)
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two glucose solutions for patients on CAPD; a 
simplified protocol for patients on APD is also 
available [36]. The effective peritoneal surface 
area, final rate of fluid reabsorption, and large 
pore flow are calculated in this model [63]. The 
PDC test has been successfully employed in chil-
dren to model individual PM function [36]. In 
one pediatric study, D/P or D/D0 ratios derived 
from PET analysis were used to estimate effec-
tive peritoneal surface area by using a specific 
computer program [25].

 Prescription of Peritoneal Fill 
Volume

As previously described, scaling IPV by patient 
BSA has become a standard in pediatric PD pre-
scription and allows an accurate assessment of 
membrane transport capacity [23, 42, 45]. IPV 
and patient posture dynamically affect the recruit-
ment of effective PM area available for PD 
exchange, which corresponds to the unrestricted 
pore area over diffusion distance as determined 
using the three-pore model [24, 25]. Raising IPV 
from 800 to 1400 mL/m2 BSA leads to maximiza-
tion of peritoneal vascular surface area [25]. On 
the other hand, a too large IPV may cause patient 
discomfort, pain, dyspnea, hydrothorax, hernia, 
emesis, gastroesophageal reflux, and loss of UF 
due to increased lymphatic drainage. These com-
plications may lead to reduced patient compliance 
to the PD regimen prescription and are primarily 
related to an elevated IPP [11]. Hydrostatic IPP is 
a reproducible patient- characteristic parameter, 
and its measurement helps evaluate fill volume 
tolerance in the individual patient [31]. In the 
supine position, a fill volume leading to an IPP of 
14 cm H2O in children above 2 years of age, and 
of 8–10 cm H2O in infants, is considered the max-
imum tolerable IPV, above which abdominal pain 
and a decrease in respiratory vital capacity may 
occur, and a higher risk of hernia and leakage is 
reported [23]. Increasing IPV above this peak vol-
ume can result in reduced PD efficiency. An IPV 
of 1400  mL/m2 BSA seems to be suitable to 
ensure optimal recruitment of vascular pore area 
in children; however, this should be considered as 

a maximal limit, the safety of which has not been 
validated in children. In infants, the target fill vol-
ume is generally 600–800  mL/m2 BSA until 
2 years of age [45, 64]. In many cases fill volume 
prescription is based more on individual patient’s 
tolerance than on a theoretically optimal exchange 
volume [11].

In clinical practice, peritoneal fill volume can 
be increased in steps toward the maximum limit 
of 1400  mL/m2 BSA (or 800  mL/m2BSA in 
infants) for a night exchange, while the patient is 
lying down, according to clinical tolerance and 
IPP measurement, in order to ensure as high 
recruitment of vascular pore area as possible and 
achieve adequate solute removal and UF [23]. 
Bedside measurement of IPP, i.e., of an objective 
parameter of abdominal filling, can be performed 
following the procedure described by Fischbach 
et al. [31]. Measured IPP levels can be compared 
with age-dependent normal values in children 
above 2 years of age [65].

 Prescription of Dwell Time

Dwell duration is an important determinant of 
PD efficacy and should always be determined 
according to the individual patient’s transport 
status [23, 42, 45]. Short exchanges lead to satis-
factory clearance of small solutes (like urea) and 
UF, which can be further enhanced by increasing 
dialysate glucose concentration. High transporter 
patients benefit from short exchanges, due to the 
dissipation of the osmotic gradient by fast glu-
cose absorption. Infants usually require shorter 
dialysis cycles than do older children to maintain 
the osmotic gradient and achieve adequate fluid 
removal. Long exchanges favor the removal of 
solute of relatively higher MW, such as Cr and 
phosphate. Phosphate clearance is clinically 
important owing to the contribution of hyper-
phosphatemia to metabolic bone disease and car-
diovascular morbidity. It should be considered 
that while performing a PET, the time needed to 
obtain a D/P for phosphate of 0.50–0.60 is three 
to four times longer than it is for urea [11, 31, 
66]. On the other hand, a long dwell time 
exchange can be associated with the risk of 
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impaired UF or dialysate reabsorption while 
using glucose-based solutions. An icodextrin- 
based solution is more appropriate for such long 
dwells (see also Chap. 14) [67].

A potentially useful way to individualize 
dwell duration in pediatric patients on APD 
according to peritoneal transport capacity is the 
calculation of the so-called APEX time. While 
performing a PET, APEX time corresponds to the 
point at which D/P urea and D/D0 glucose equili-
bration curves cross and should represent the 
optimal length of APD cycles.

The abovementioned prescription principles 
should be applied to the delivery of different PD 
regimens, which will be described in the follow-
ing section.

 Peritoneal Dialysis Methods 
and Regimens

Chronic PD can be performed either manually 
(CAPD = continuous ambulatory PD) or utilizing 
an automatic dispenser of PD solution, com-
monly called a “cycler” (APD = automated PD). 
The PD regimen can be continuous, with dialysis 
solution present in the peritoneal cavity evenly 
throughout 24 h, or intermittent, with an empty 
abdomen for part of the day, usually during day-
time (Fig.  13.3). Continuous regimens allow 
complete equilibration of small solutes as well as 
removal of middle-sized molecules. The pres-
ence of a large volume of dialysate in the abdo-
men during the day can be associated with patient 
discomfort, the occurrence of abdominal hernias 
(especially in infants and young children), and 
problems of body image (especially in adoles-
cents). Moreover, continuous absorption of glu-
cose from the dialysate compromises appetite 
and aggravates uremic dyslipidemia.

 Continuous Ambulatory Peritoneal 
Dialysis (CAPD)

CAPD represents a continuous regimen of man-
ual PD in which dialysis solution is present in the 
peritoneal cavity continuously, 7 days per week 

(Fig. 13.3). The short interruptions at the time of 
the 3–5 daily exchanges do not disqualify the 
regimen as continuous if they do not exceed 10% 
of total dialysis time [68].

In the CAPD exchange, a double-bag PD solu-
tion container with a Y-set disconnect system is 
currently employed. CAPD solution, as well as 
the solutions for any other form of PD, is usually 
warmed to body temperature prior to inflow, to 
avoid uncomfortable lowering of the body tem-
perature and shivering. Drainage of spent dialy-
sate and inflow of fresh dialysis solution are 
performed manually, relying on gravity to move 
fluid into and out of the abdomen. CAPD prod-
ucts fulfill the requirements of ease of use and a 
simple interface that should be characteristic of a 
home-based, self-care treatment. CAPD has the 
undoubted advantage of a limited cost of the 
equipment.

As described, the prescription of the fill vol-
ume per exchange should be scaled for BSA 
rather than BW. According to the guidelines of 
the European Committee on adequacy of the 
pediatric PD prescription [42], the initial fill 
volume can be 600–800 mL/m2 during the day 
and 800–1000 mL/m2 overnight. If an increase 
in the dialysis dose is indicated, the fill volume 
can be gradually increased according to patient 
tolerance and to IPP measurements [31]. When 
there is inadequate UF overnight due to rapid 
glucose absorption, an icodextrin-based PD 
solution can be employed for the prolonged 
nighttime exchange.

CAPD is usually effective in patients who still 
have RRF, while it may provide inadequate sol-
ute and fluid removal in children with poor RRF 
and in infants when their high nutritional require-
ments are achieved by liquid formula [69]. In all 
CAPD patients, RRF should be closely moni-
tored, together with the UF capacity and the 
patient’s dry BW. Patients with a low- average or 
high-average peritoneal transport  status as per the 
PET [30] can be maintained on CAPD, with close 
monitoring of the dialysis adequacy indices. A 
limitation of CAPD is that in order to further 
enhance the delivered dialysis dose there is no 
other means than increasing the number of 
exchanges. If increasing the number of exchanges 
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to obtain adequate UF and solute removal repre-
sents an excessive burden upon the patient and 
the family, a shift of the patient to an APD modal-
ity should be considered.

 Automated Peritoneal Dialysis (APD)

APD represents the PD modality of choice for 
children and has largely replaced CAPD in the 
treatment of this category of patients, at least in 
those countries where its use is not limited by 
cost constraints [70–73]. Financial and technical 
problems still represent a limitation to the use of 
APD for many units in developing countries. The 
preference for APD as the dialytic modality of 
choice for children with ESRD has largely been a 
lifestyle choice; indeed, nighttime APD treat-

ment enables children to attend school full-time 
and reduces the impact of dialysis treatment on 
the way of life of the patients and of their families 
[74]. Therefore, APD can ensure a higher level of 
psychological and social rehabilitation of chil-
dren with ESRD when compared to other forms 
of chronic dialysis. The option of an empty abdo-
men during the day, or a half-volume daytime 
dwell, has the potential to reduce the interference 
with nutritional intake and minimize the inci-
dence of abdominal hernias. At the same time, 
performing the nighttime exchanges in the lying 
position allows the use of larger fill volumes. 
Sequential measurements of IPP in children 
showed that in the supine position, an IPV up to 
1400  mL/m2 BSA was not associated with an 
unsafe increase of IPP. However, such a high fill 
volume is infrequently prescribed, due to prob-
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lems of patient tolerance [75, 76]. Increasing the 
nocturnal fill volume allows more effective con-
tact between dialysate and the PM, with the 
recruitment of a larger functional peritoneal sur-
face area (i.e., the area available for the diffusive 
transport of solutes) and a higher permeability × 
surface area product, frequently referred to as 
solute diffusive transport coefficient (KoA) [77]. 
In addition, the small solute KoA has been 
reported to be higher in the supine position than 
during the ambulatory upright position. Another 
important reason for using APD in pediatric 
patients is that with the range of treatment options 
which are available through this modality, the 
dialytic prescription can be tailored to the indi-
vidual patient’s age, body size, clinical condition, 
growth-related metabolic needs, and PM trans-
port status. APD is the preferred PD modality 
also in the treatment of infants: 71% and 85% of 
infants initiating chronic PD in Europe (between 
1991 and 2013) and in the United States (between 
1990 and 2014), respectively, started on APD 
[78, 79]. The flexibility of exchange frequency 
provided by the cycler allows frequent exchanges 
with short dwell times in anuric infants who 
require high ultrafiltration rates, or longer dwell 
times in infants with polyuric renal failure [11, 
64].

Mathematical modeling software programs 
have been developed to calculate kinetic param-
eters to mathematically simulate the results of the 
APD regimens and to rapidly find the best per-
sonalized dialysis schedule, thus avoiding long 
trials for the patient [80]. Such programs are 
based on specific kinetic models and the individ-
ual patient’s peritoneal function test. Two of 
these software programs have been validated and 
applied to pediatric patients [36, 49, 81]. Both of 
these software programs have a user-friendly 
interface, a mathematical model describing the 
PD system, and a specific individual peritoneal 
function test as data entry. The accuracy of these 
mathematical models in predicting the results of 
different APD schedules is greater for solute 
removal than for UF, owing to inability of kinetic 
modeling to account for changes in residual dial-
ysate volume, the marked variability of UF in dif-
ferent exchanges and on different days, even in 

the same patient, the large variability of daily 
fluid intake, and the confounding effects of resid-
ual diuresis in non-anuric patients [82, 83]. A cer-
tain amount of error is almost always a component 
of modeling biologic systems as well; moreover, 
since mathematical modeling refers to perfect 
and virtually uneventful APD sessions (no 
alarms, no delay in the drain and fill phases), the 
simulations may at times be too “optimistic.” 
However, computer-assisted kinetic models can 
be regarded as useful tools for the calculation and 
normalization of kinetic indices and for mathe-
matical simulation of the various APD regimens. 
They can help determine the optimal dose of 
dialysis for each patient, but in the individual 
patient, direct measurement of solute clearances 
and UF remains necessary.

Finally, the choice of the proper APD regimen 
through which the individual dialytic prescrip-
tion could best be accomplished is currently 
based not only on patient clinical and metabolic 
conditions and peritoneal transport but also on 
lifestyle considerations.

A description of the main characteristics of 
the various APD regimens will follow.

 Nightly Intermittent Peritoneal 
Dialysis (NIPD)

NIPD is an intermittent PD modality consisting 
of a number of short nocturnal cycles performed 
every night by an automated cycling machine in 
the patient’s home, without a daytime dialysate 
dwell (Fig. 13.3). The presence of a dry perito-
neal cavity during the day is the crucial feature 
distinguishing NIPD from other models of 
APD. The reasons why children with ESRD rep-
resent a patient group that may likely benefit 
most from a “dry” day have been already dis-
cussed and are summarized in Table  13.2. The 
reduced exposure of the PM to glucose and 
 glucose degradation products, together with the 
reduced deposition of advanced glycosylation 
end products (AGE), has been reported to be ben-
eficial for long-term PM preservation [84]. The 
prescription of a small fill volume during the day-
time is frequently adopted in an attempt to lessen 
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the risk of peritoneal infection due to touch con-
tamination through the preventive effect of a 
“drain before fill” phase with the flush of the 
peritoneal catheter and of the lines at the start of 
the night APD session [85].

The major limitation of NIPD may be that 
the absence of a daytime dwell reduces solute 
clearance compared to continuous PD modali-
ties; the negative impact on the clearance of 
middle molecules is even more pronounced. 
The evaluation of peritoneal transport status is 
mandatory while selecting patients for 
NIPD. NIPD is primarily indicated in patients 
characterized by a high transport PM, who 
show rapid equilibration of solute concentra-
tions and adequate UF only with rapid 
exchanges and/or patients with significant 
RRF.  NIPD may be not suitable for children 
with low and low-average peritoneal transport 
or for anuric patients. This frequently repre-
sents the initial mode of PD employed in chil-
dren with RRF [42]. A typical initial prescription 
can be formulated as follows:

• Nine to 12 hours of total treatment time.
• A fill volume of 800–1000 mL/m2 exchanged 

five to ten times (young infants frequently 
require more cycles); an exchange dwell time 
of approximately 1  h represents a typical 
choice for the initial APD prescription in pedi-
atric patients [11].

• Dialysis solution should contain 1.36% (1.5% 
dextrose) glucose or higher concentrations 
depending upon UF requirements. Solutions 
with different concentrations can be mixed by 
the cycler to titrate tonicity of the infused 
solution according to the patient’s individual 
needs.

In the course of treatment, the NIPD regimen 
can evolve according to clearance and UF 
requirements, which are mainly dictated by the 
decline of urine volume. In particular, the 
importance of the control of fluid balance on 
patient outcome should be emphasized [83, 86, 
87]. An increase of the efficiency of NIPD can 
be obtained by:

• Maximizing the dwell volume, according to 
patient tolerance and IPP limits [23, 25, 31].

• Increasing the number of exchanges in patients 
with high and high-average PM transport 
capacity. This should be done up to a point, 
beyond which clearance and UF decrease 
since the non-dialytic time, corresponding to 
the fill and drain phases, becomes more impor-
tant than the benefit of further increasing dial-
ysate volume.

• Increasing the total treatment time, as the 
patient’s compliance and social life allow. The 
number of exchanges can be kept constant in 
patients with low and low-average PM trans-
port capacity.

• Increasing dialysate tonicity in order to 
enhance UF rate. Since solutions from dialy-
sate bags are proportionally mixed by the 
cycler (provided they are positioned at the 
same level), the tonicity of the dialysate can 
be titrated by choosing different tonicity for 
the various bags; the most common glucose 
concentrations used are 1.5%, 2% (obtained 
from equal mixing of the other two concentra-
tions), and 2.5% [86].

If a sufficient increase of solute and water 
removal is not achieved with these adjustments 
of the NIPD schedule, the patient may be at 
risk for inadequate treatment and would benefit 
from consideration of a different APD 
regimen.

Table 13.2 Advantages and limitations of nightly inter-
mittent peritoneal dialysis

Advantages Limitations
No glucose absorption 
during the daytime

Not recommended in patients 
with poor residual renal 
function

Daytime normal 
intraperitoneal 
pressure

Inadequate small solute 
clearance in patients with 
low and low-average 
transport

Preservation of body 
image (for adolescents 
mainly)

Inadequate middle-sized 
molecule clearance

Reduced loss of 
proteins and amino 
acids
Better preservation of 
the peritoneal 
membrane integrity

No flush of the catheter and 
lines at the start of the night 
session (increased risk of 
infection)
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 Continuous Cyclic Peritoneal Dialysis 
(CCPD)

CCPD, just like CAPD, represents a continuous 
regimen of PD (Fig. 13.3). In the morning, at the 
end of the overnight PD session, the patient dis-
connects from the cycler, leaving in the abdomen 
a fresh exchange of dialysis solution, ranging in 
volume from 50% (more frequently in children) 
to 100% of the night fill volume. In the classic 
form of CCPD, this daytime exchange is drained 
at bedtime when the cycler is reconnected, so that 
patient involvement is reduced, as with NIPD, to 
one session for preparation of the equipment and 
solutions and a very short period for disconnec-
tion. The long daytime dwell makes a very sig-
nificant contribution to solute removal and to UF; 
moreover, clearance of middle-sized uremic tox-
ins that is poorly influenced by short cycles of 
APD with high-flow regimens is much more 
dependent on total dialysis time and favorably 
influenced by prolonged exchanges [88]. Since 
complete saturation of the dialysate with small 
solutes over a long dwell exchange is often 
achieved, daytime clearance is also dependent on 
the net UF (convective transport), that in turn can 
be influenced by the choice of the osmotic agent, 
the fill volume (which results in various IPPs), 
and the membrane transport status1 [89].

A continuous PD regimen is recommended 
when RRF has become negligible and/or the 
desired targets of solute and fluid removal cannot 
be achieved any longer by a NIPD regimen. 
Consideration of PM transport characteristics is 
also important for the choice of the optimal 
schedule of CCPD [90, 91]. Patients with high- 
average transport rates often do best on CCPD 
(Table 13.1).

1 It should be noted that reliance on membrane transport 
assessments based on mass transfer of urea or creatinine 
ignores the difficulty and importance of phosphate clear-
ance. Phosphate PD clearance is usually insufficient to 
obtain a satisfactory control of hyperphosphatemia, and 
there is a continued need for dietary restriction and phos-
phate binder administration. Phosphate removal by PD 
can be improved by increasing dwell time [89] and by 
optimizing exchange duration through the calculation of 
the so-called phosphate purification dwell time (PPT) 
from a PET [66].

During a long daytime dwell, glucose is 
largely absorbed, while a sustained net UF can be 
achieved with the use of the icodextrin-based PD 
solution (ICO). Available data on the use of this 
alternative osmotic agent in pediatric patients 
show that over a 12–14-h dwell, net UF obtained 
with ICO is similar to that obtained with a 3.86% 
(4.25% dextrose) glucose solution, and signifi-
cantly greater than that reached with a 1.36% 
(1.5% dextrose) glucose solution both in adult 
and pediatric patients [92, 93]. The evaluation of 
the intraperitoneal volume-to-time curve during a 
14-h dwell with icodextrin solution in children 
showed a gradual increase in net UF [38]. From 
the results of the mathematical modeling of the 
UF profile obtained with icodextrin solution, and 
based on the kinetic parameters of 396 adult 
patients, no separation between the PET transport 
categories was found [94]. By comparing the 
results of two 4-h PETs, performed in nine pedi-
atric patients using 3.86% (4.25%) glucose and 
7.5% icodextrin as a test solution, Rusthoven 
et al. [40] found that the two solutions had differ-
ent effects on the change in IPP. During the PET 
performed with a 3.86% (4.25%) glucose solu-
tion, the increase in IPP was positively correlated 
with transcapillary UF and inversely correlated 
with patients’ BSA; conversely, while by using 
an icodextrin solution, IPP demonstrated mini-
mal rise during the 4-h dwell, and no correlation 
was found with fluid kinetics or patient BSA.

If a further increase in solute clearance is 
required, and/or net UF is still insufficient for a 
patient’s clinical needs, as is often seen in patients 
with a low-average transport status treated with 
CCPD, more than one diurnal exchange can be 
used. With this optimized APD schedule (con-
tinuous optimal peritoneal dialysis, COPD), an 
exchange of the dialysate is performed at midday 
or after school, using the cycler in a disconnect-
able manner (Fig. 13.3), and the length of each 
dwell is optimized according to the patient’s peri-
toneal transport rate and the type of osmotic 
agent employed [42, 88]. This modality requires 
more patient participation but allows the patient 
to achieve small solute dialysate-to-plasma equil-
ibration during both of the two daytime 
exchanges.
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 Tidal Peritoneal Dialysis (TPD)

TPD is an automated PD technique in which an 
initial infusion of solution into the peritoneal cav-
ity is followed, after a usually short dwell time, 
by drainage of only a portion of the dialysate, 
leaving an intra-abdominal reserve volume 
(Fig.  13.3). The tidal drain volume is replaced 
with fresh dialysis fluid to restore the initial IPV 
with each cycle. At the end of the dialysis session 
(sometimes also once in the middle of the ses-
sion), the whole dialysate volume is drained. The 
amount of ultrafiltrate expected to be generated 
during each cycle must be estimated and added to 
the drain volume. Otherwise, the intra-abdominal 
volume will become progressively larger, thus 
affecting the efficiency of dialysis and the 
patient’s comfort.

TPD can be performed for the following 
indications:

• Increasing clearances as a result of the con-
tinuous contact between dialysate and PM, 
with a sustained diffusion of solutes

• Improving the efficiency of the dialysis tech-
nique by reducing inflow and outflow dead 
times (during which the peritoneal cavity is 
almost empty), particularly at high dialysate 
flow rates

• Avoiding repeated cycler alarms of low flow 
rate due to peritoneal catheter malfunction

• Reducing pain during the last part of the drain 
cycle

The major determinants of TPD efficiency are 
the total volume of delivered PD fluid and the 
individual peritoneal transport rate. Only high 
transport patients can reach adequate solute 
clearances with nightly performed TPD (NTPD), 
while high-average transport patients would ben-
efit from one or more daytime dwells, thus under-
going continuous TPD (CTPD).

The results of studies on pediatric patients 
showed that TPD efficiency was equal to or 
higher than standard APD but required larger 
total session dialysate volumes [95, 96].

Optimization of TPD may be obtained by 
adapting the tidal volume to the individual drain-

age profile, thus reducing the fill and drain dead 
times to the minimum [97]. The peritoneal cath-
eter drainage profile can be accurately evaluated 
by looking at the information on peritoneal fluid 
drainage during each cycle of an APD session 
recorded by the software of the new cyclers. 
Catheter drainage does not demonstrate a linear 
behavior, since a high flow rate is only main-
tained until a critical IPV is reached. After this 
critical point (also called the breakpoint), the 
flow rate drops, and the final part of the drainage 
can take more than twice the time of the previous 
segment. During this slow-flow portion of drain-
age, the peritoneal cavity is almost empty, and 
solute clearance is significantly reduced [76, 98]. 
Since the critical IPV is an individual characteris-
tic, tailoring the tidal volume to the drainage pro-
file of each patient reduces idle time, thus 
improving the overall efficiency of the system. 
This optimization would be particularly indicated 
in patients without an optimally functioning 
catheter.

 Adapted APD

The need to combine adequate ultrafiltration and 
solute removal, especially in anuric children and 
infants with a mostly liquid diet, has led to the 
development of a new approach combining short 
dwells with a relatively small volume of PD fluid 
to maximize UF with long dwells using a larger 
fill volume to enhance solute removal [99]. This 
APD schedule is called adapted APD and is 
 performed by means of new-generation cyclers 
that can deliver short exchanges with small fill 
volume in the first part of the APD session, fol-
lowed by longer exchanges with larger fill vol-
ume. With the use of adapted APD, a significant 
increase of urea, creatinine, sodium, and phos-
phate removal combined with improved UF was 
obtained in a randomized, prospective crossover 
trial conducted in adult patients [99]. An addi-
tional crossover trial in adults and a pilot study in 
children suggest that sodium and fluid removal 
are increased by adapted APD, leading to 
improved blood pressure control when compared 
with conventional PD [100].
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Such results were achieved applying the same 
total amount of glucose (and glucose exposure) 
and dialysate volume during the same total dialy-
sis time (and treatment costs) than in the standard 
APD session. PET results and IPP measurement 
data can be used to define dwell time and fill vol-
ume, respectively [101].

Concluding Remarks

For each regimen of chronic PD delivered to 
pediatric patients with ESRD, the dialysis pre-
scription should be adjusted and monitored fol-
lowing the guidelines of the European Pediatric 
Dialysis Working Group [42] and the 2006 
update of the NKF-KDOQI clinical practice 
recommendations for pediatric PD adequacy 
[45]. In the absence of definitive results from 
large randomized controlled studies on the cor-
relation between solute removal and clinical 
outcome in pediatric patients treated with PD, 
current clinical opinion supports the recommen-
dation that the target delivered solute clearance 
should meet or exceed adult standards. In 
patients with RRF, the contribution of renal and 
peritoneal clearance can be added for practical 
reasons. Regular assessment of the prescribed 
PD schedule should be performed, taking into 
account not only targets of small solute depura-
tion but all the parameters involved in the defini-
tion of adequacy of dialysis treatment in 
childhood, such as adequate growth, blood pres-
sure control, and nutritional status; avoidance of 
hypovolemia and sodium depletion; and ade-
quate psychomotor development [42, 45, 55]. 
These issues will be specifically addressed later 
in this chapter and elsewhere in this text.

 Peritonitis in APD Patients

Some peculiar aspects of the diagnosis and 
management of peritonitis in APD patients 
deserve a brief discussion owing to the clinical 
relevance of this complication, which signifi-
cantly affects PD treatment among pediatric 

patients. (For an in- depth discussion of this 
topic, please also see Chap. 16). A number of 
factors can make the diagnosis of peritonitis 
more difficult in APD than in CAPD: (1) perito-
neal effluent is not readily available for inspec-
tion, owing to the use of a nontransparent 
effluent bag or effluent drained directly to a 
household outlet; (2) the shorter dwell times and 
the high volume and continuous flow of the dial-
ysis fluid would result in lower white blood cell 
(WBC) number and less effluent cloudiness; 
and (3) the abdomen is frequently (although not 
necessarily) dry during the day. For these rea-
sons, the presence of a cloudy effluent, which is 
an early sign of peritonitis, may be missed ini-
tially. Similarly, the dialysate WBC count may 
be lower than the value currently considered 
indicative of peritoneal infection. Moreover, 
short dwell times and a large dilution factor of 
the dialysate may increase the possibility of a 
false-negative culture [102]. In view of these 
issues, the use of a reactive test strip (Combur2 
Test® LN, Roche) which is sensitive to granulo-
cyte peroxidase, can be helpful for the early 
diagnosis of peritonitis. In some centers, when a 
positive Strip-Test of the drained fluid from the 
daytime dwell or from the first APD cycle is 
observed, and no other signs and/or symptoms 
of peritonitis are present, the patient is instructed 
to obtain a fluid sample for culture and to pro-
gram the cycler so as to leave an amount of dial-
ysate equal to at least 50% of the night fill 
volume at the end of the night APD session and 
for at least a 4-h dwell. Then, a new sample for 
WBC count and culture is obtained from the 
effluent of this dwell, and laboratory diagnosis 
in the usual manner is conducted. When the pos-
itivity of the Strip-Test performed at the begin-
ning of night APD session is associated with at 
least one other sign or symptom of peritonitis 
(such as abdominal pain or fever), an effluent 
sample is immediately obtained for culture, and 
an empiric regimen of intraperitoneal antibiotic 
therapy is started. In general, during peritonitis 
the daytime dwell that contains antibiotics 
should be a full exchange as long as antibiotic 
treatment is continued.
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 Evaluation of the Adequacy 
of Peritoneal Dialysis Treatment

Historically, the first studies on the correlation 
between the delivered dialysis dose and the ade-
quacy of dialysis treatment were performed in 
hemodialysis patients and were mainly based on 
urea kinetic modeling. Therefore, the concept of 
“adequate” dialysis was initially adopted to 
define a minimum hemodialysis dose, below 
which a clinically unacceptable rate of negative 
outcomes might occur. The most frequently used 
outcome measures were represented by patient 
hospitalization, morbidity, and mortality. As a 
consequence, the influence of small solute clear-
ance on the outcome of PD patients was a major 
focus of interest during the 1990s. The results of 
observational studies in adult patients treated 
with CAPD suggested that better patient survival 
and lower morbidity and mortality were associ-
ated with higher clearances of low-MW mole-
cules, such as urea and creatinine [103, 104]. 
Small solute clearance was considered the key 
criterion of PD adequacy in the clinical practice 
guidelines developed in year 2000 by the Kidney 
Disease Outcomes Quality Initiative (KDOQI), 
which defined dialysis adequacy by certain mini-
mum urea and creatinine clearance values [105]. 
In the following years, a reanalysis of the data 
from the original CANUSA study as well as the 
results of prospective randomized interventional 
trials did not demonstrate any clear advantage for 
patient survival by further increasing peritoneal 
small solute clearances beyond a minimal “ade-
quate” level but showed that RRF is a much 
stronger predictor of survival than peritoneal 
clearance [106–108]. Failure of increased PD 
dose to significantly improve patient outcomes 
could be due to higher IPP associated with larger 
exchange volume, failure to increase clearance of 
middle molecules, and increased exposure of the 
PM to glucose-based dialysis fluids [109]. 
Moreover, some recommendations for higher 
clearance proved difficult to be fully applicable 
in clinical practice, especially among pediatric 
patients.

In children, even more than in adults, ade-
quacy of PD treatment cannot be exclusively 

defined by targets of solute and fluid removal. 
Clinical assessment of adequacy of PD treatment 
should also take into consideration a comprehen-
sive series of clinical, metabolic, and psychoso-
cial aspects, the most important of which are 
listed in Table 13.3.

 Clearance of Small Solutes

In the literature, there are no definitive outcome 
data indicating that any measure of dialysis ade-
quacy is predictive of well-being, morbidity, or 
mortality in pediatric patients on chronic 
PD. Therefore, the 2006 KDOQI guidelines [45] 
simply stated that by clinical judgment the target 
delivered small solute clearance in children 
should meet or exceed adult standards.

A minimal delivered dose of small solute 
clearance should correspond to a Kt/Vurea of no 
less than 1.8 per week. Data from pediatric and 
adult studies found the serum albumin level to be 
a predictor of patient survival and a Kt/Vurea of 1.8 
or greater in adult PD patients has been associ-
ated with better serum albumin values [45, 110]. 
This target should be intended as total clearance 
(i.e., the arithmetical sum of peritoneal clearance 
and renal clearance) or peritoneal clearance alone 
in patients without RRF (defined as a renal 
Kt/Vurea of less than 0.1 per week). Even if perito-
neal clearance and renal clearance have a differ-
ent impact on patient outcome [106–109], they 
can be added to determine total clearance in clini-
cal practice. The term delivered refers to the 

Table 13.3 Clinical, metabolic, and psychosocial 
aspects that should be taken into consideration in the 
assessment of the adequacy of chronic peritoneal dialysis 
treatment in pediatric patients

Hydration status
Nutritional status
Dietary intake of energy, proteins, salts, and trace 
elements
Electrolyte and acid-base balance
Calcium phosphate homeostasis
Control of anemia
Blood pressure control
Growth and mental development
Level of psychosocial rehabilitation
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actual dose the patient is receiving based on 
direct measurement, not to an estimated value 
obtained by using a kinetic modeling program. 
Solute clearance should be measured within the 
first month after the start of chronic PD treatment 
and at least once in every 6 months thereafter in a 
clinically stable patient. More frequent measure-
ments should be conducted when:

• Dialysis clearance may have been compro-
mised (e.g., 1 month after the resolution of a 
peritonitis episode).

• There is a rapid loss of RRF.
• There is clinical evidence of inadequate 

dialysis.

In any case, if a patient is not doing well and 
no other cause of the worsening of his clinical 
conditions than kidney failure can be identified, a 
trial of increased dialysis dose is indicated [45].

The 2006 KDOQI guidelines [45] recom-
mended the use of Kt/Vurea as a surrogate for ade-
quate dialysis, at least in CAPD patients. 
Historically, both Kt/Vurea and creatinine clear-
ance (CrCl) have been employed to evaluate PD 
clearance. It has been proposed that the ratio of 
these two parameters should be 1:30 [11, 42]. A 
discrepancy between urea and creatinine-based 
PD adequacy parameters has historically been 
reported in adults [111, 112] and in children [42].

In APD patients, for whom targets of CrCl 
have recently been published, the relationship 
between CrCl and Kt/Vurea is much more variable 
than in patients on CAPD [11, 113]. Indeed, urea 
clearance is mostly related to dialysate volume 
and number of exchanges, while CrCl is predom-
inantly affected by the duration of the dwell time 
(i.e., the duration of contact of the peritoneum 
with dialysate, which is currently called “contact 
time”) and by RRF. The finding of adequate val-
ues of Kt/Vurea associated with inadequate values 
of CrCl can be related to a hyperpermeable PM 
state, or a too low IPV, since both of these condi-
tions are associated with a greater removal of 
urea than creatinine [11, 55, 113]. Finally, scaling 
of Kt/Vurea to BW and CrCl to body surface area 
may differently influence values obtained in the 
calculation of these parameters in infants and 

small children as a result of a higher ratio of 
BSA/weight [42]. The 2006 KDOQI recommen-
dations stated that the determination of dialysis 
and urine Kt/Vurea alone for follow-up was pre-
ferred mainly due to the simplicity of its calcula-
tion and the observation that studies on adult PD 
patients have not provided evidence of a benefit 
in terms of patient outcome when expressing 
clearance in any manner other than Kt/Vurea [45, 
112].

Since Kt/Vurea is scaled for urea distribution 
volume (V), which is assumed to equal total body 
water (TBW), accurate estimation of TBW is a 
critical component of dialysis dose measurement. 
The gold-standard isotope dilution technique to 
determine TBW is laborious, costly, and not 
widely available; therefore, anthropometric pre-
diction equations based on height and weight are 
commonly used to estimate TBW.  Equations 
derived from healthy children [114] systemati-
cally overestimate TBW in pediatric patients 
receiving PD. In this patient population, anthro-
pometric TBW prediction equations have been 
developed and validated by comparison with the 
determination of TBW by means of a heavy water 
(H2O18 or D2O) dilution technique [115]. These 
formulae are based on an anthropometric param-
eter called height times weight, which correlates 
linearly with TBW when both values are log- 
transformed and are as follows:
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Hyperphosphatemia and elevated calcium 
times phosphorus product are associated with 
calcifying large-vessel arteriopathy, which devel-
ops even in young patients with childhood-onset 
ESRD [116, 117]. Schmitt and coworkers [118] 
raised the issue whether dialytic phosphate 
removal might provide a more reliable direct 
measure of dialysis efficacy than urea and creati-
nine clearance. By studying peritoneal phosphate 
kinetics and daily dialytic and renal phosphate 
elimination in 35 pediatric patients receiving 
chronic APD, these authors found that the perito-
neal transport state defined by the creatinine 
equilibration pattern is poorly predictive of daily 
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phosphate clearances; this finding suggests that a 
specific evaluation of the D/P phosphate ratio 
should be done to define an individual’s phos-
phate transport category. The efficacy of phos-
phate elimination by means of a standard APD 
regimen is limited and independently predicted 
by total fluid turnover, the number of cycles, 
2-hour D/P phosphate, dwell time, and achieved 
ultrafiltration [118].

In summary, numerical targets of small solute 
clearance, as defined by currently available 
guidelines, should be interpreted cautiously and 
in the context of patient clinical assessment. 
Neither Kt/Vurea nor CrCl are the perfect indices to 
predict outcome in PD patients; however, they 
provide complementary measurements of dialy-
sis dose. Indeed, these targets should be included 
as a part of global patient care. Failure to achieve 
them should not be considered an indication to 
abandon PD if all other aspects of patient care are 
successfully addressed by PD treatment.

 Clearance of Middle-Sized 
Molecules

Failure to achieve adequate clearance of the so- 
called middle-sized molecules (from 300 to 5000 
daltons of MW) is one of the possible explana-
tions for the failure of increased dialysis dose to 
improve patient survival [109]. Small solute and 
middle-sized molecule clearances respond differ-
ently to changes in the PD prescription, since the 
former is mainly determined by the frequency of 
exchanges and total volume of dialysate, while 
the latter depends more on the dialysate/PM con-
tact time [119, 120]. The transport rate of middle- 
sized molecules is much slower than that of small 
solutes and more dependent on the convective 
component of transmembrane solute movement 
[121]. In practice, the removal of middle-sized 
molecules and low-MW proteins, such as β2- 
microglobulin and leptin, mainly depends on 
RRF [122, 123]. Moreover, an increase in the 
restriction coefficient for macromolecules was 
reported in relation to time on chronic PD, which 
is associated with increased size selectivity and 
reduced peritoneal permeability for higher-MW 

solutes [62]. Hence, particular attention should 
be paid to middle molecule clearance, especially 
in children on NIPD and in all PD patients as 
RRF is declining. In these cases, a continuous PD 
regimen (CCPD or CAPD) should be adopted 
even if small solute clearance is above the target 
without the longer dwell [45]. Increased β2- 
microglobulin and leptin clearance have been 
reported in patients receiving a long dwell with 
icodextrin solution [124].

 Fluid Balance

Systematic adjustment of the PD prescription 
should be planned in order to achieve and main-
tain fluid balance and normal blood pressure. PD 
has been considered an optimal approach to reach 
this therapeutic result thanks to its continuous 
nature, which avoids fluctuations of the total 
body volume and offers better hemodynamic sta-
bility than intermittent therapies. Nevertheless, 
PD population surveys show a high prevalence of 
hypertension and cardiovascular mortality with 
inadequacy of UF as a significant predictor of 
mortality in anuric adult PD patients [87, 125]. 
Data from the North American Pediatric Renal 
Trials and Collaborative Studies (NAPRTCS) 
[126] showed that 57% of nearly 4000 pediatric 
patients on dialysis had blood pressure (BP) val-
ues higher than their age-, sex-, and height- 
specific 95th percentile; moreover, 20% of 
patients had blood pressure values at or above the 
95th percentile while receiving antihypertensive 
medication. In Europe, systolic or diastolic BP 
higher than the 95th percentile was reported in 
35.5% of 851 pediatric PD patients, irrespective 
of the use of antihypertensive medications [127]. 
As reported by the International Pediatric 
Peritoneal Dialysis Network (IPPN), 48% of 507 
pediatric PD patients treated in 55 centers had 
echocardiographic evidence of left ventricular 
hypertrophy (LVH) [128]. Hypertension and car-
diac impairment were most frequently found in 
the younger and nephrectomized PD patients 
[129]. Even if the cause of hypertension is multi-
factorial, volume overload is likely to play an 
important etiologic role in a relevant percentage 
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of patients on PD therapy [45, 130]. Chronic fluid 
overload represents an important clinical prob-
lem in pediatric PD patients, especially when 
RRF is decreasing.

Routine monitoring of volume status and daily 
UF volume, along with periodic assessment of 
residual urine output, are therefore essential in 
the process of attaining adequate fluid balance on 
PD [42, 45]. In the absence of validated, readily 
applicable indicators of volume status, the assess-
ment of patient target weight mainly relies on 
clinical judgment and assessment of vital signs. 
In clinical practice, the desirable target weight of 
a patient on chronic PD can be reasonably 
approximated as that weight at which the patient 
is edema-free and has a blood pressure within the 
limits of the normal range for age and gender, 
with minimal need for antihypertensive medica-
tions. Since fluctuations in patient weight sec-
ondary to growth and to changes in nutritional 
status may occur, repeated evaluations of target 
weight at regular intervals are mandatory in all 
patients.

In order to increase the efficacy of the PD pre-
scription to attain an adequate UF rate, a series of 
factors that can affect the maintenance of patient 
fluid balance should be considered, together with 
the related recommended interventions:

PM transport characteristics. PM transport 
characteristics affect net fluid removal at a 
given dwell time by determining the osmotic 
gradient time curve of each individual patient. 
As already mentioned, a modification of the 
standard PET utilizing 4.25% dextrose solu-
tion can be employed to better evaluate the 
UF kinetics and the maximum dip in D/P 
sodium, which reflects the sodium-free water 
transport [82, 83]. For instance, if the patient 
has a fast transport, as a result of either a large 
peritoneal surface area or a too low prescribed 
fill volume, improved UF will be obtained by 
increasing the fill volume as tolerated and/or 
by shortening the dwell time. In patients with 
decreased sodium-free water transport and no 
dip in D/P sodium after 1–2 h of the dwell, 
there will be no benefit from the use of a high 
dialysate glucose concentration; in these 

cases, a long exchange with an icodextrin PD 
fluid (daytime dwell on APD; nighttime dwell 
on CAPD) may enhance their UF capacity 
[11]. La Milia and colleagues [131] suggested 
calculation of the exact volume of free water 
transport by measuring the amount of sodium 
transported through the small pores over a 1-h 
dwell; since the total ultrafiltered volume is 
known, subtracting the small pore transport 
from the total transport will give the amount 
of water transported through the water chan-
nels. Smit and coworkers [132] added to this 
method the use of a volume marker, so that 
free water transport could be calculated at 
each time point. From both studies, the con-
tribution of free water transport appeared to 
be about 40–50% in the first hour of an 
exchange performed with an hypertonic PD 
solution [132].

Peritoneal surface area available for the 
exchanges. An extremely limited vascular sur-
face area might be the consequence of postin-
fectious or postsurgical adhesions, peritoneal 
fibrosis, or peritoneal sclerosis.
Dwell time and PD solution tonicity. These 
two parameters are interrelated and should be 
considered jointly. For instance, low dialysate 
dextrose concentration and prolonged dwell 
time will inevitably lead to inadequate fluid 
removal in high transport patients [83]. An 
increase of dextrose tonicity is associated with 
enhanced UF, but the osmotic gradient dissi-
pates over time; therefore, adjusted concentra-
tion dextrose solutions are indicated for short 
dwells, while for the nighttime dwell in CAPD 
and the daytime dwell in APD, icodextrin 
solution may be more appropriate. A poten-
tially useful rule of thumb to define the opti-
mal dwell duration in children on APD 
according to peritoneal transport characteris-
tics is the so-called APEX time during a 
PET.  As already mentioned, this is the time 
point at which the D/P urea and the D/D0 glu-
cose equilibration curves cross. APD cycle 
length should be equivalent to the APEX time 
[66].

Lymphatic absorption. A high effective 
lymphatic absorption rate may be the conse-
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quence of a marked elevation in IPP [133]. A 
reduction of the fill volume may help reverse 
the propensity for fluid reabsorption by 
decreasing IPP.

Mechanical complications. Low drained 
dialysate volumes can be the consequence of 
peritoneal catheter malfunction, leading to 
incomplete dialysate drainage, especially after 
prolonged dwells on CAPD and CCPD, or 
dialysate leakage through the catheter tunnel 
or from the peritoneal cavity to the pleural 
space.

Fluid and sodium intake. Dietary counsel-
ing on sodium and fluid restriction should take 
into account renal and/or dialysis-related 
sodium losses, since sodium depletion may 
result in hypotension and impaired growth, 
especially in infants. Compliance with dietary 
recommendations should be regularly 
assessed.

Residual diuresis. The use of loop diuretics 
can be considered with caution in children 
with RRF (see the following paragraph).

In summary, practical strategies to alter PD 
prescriptions with the aim of improving the UF 
rate can include:

• During short dwells of APD: Increase the 
number of cycles and/or overall treatment 
time and/or glucose concentration; however, 
every effort should be made to employ the 
lowest possible dextrose concentration 
required to achieve the desired UF rate.

• During prolonged dwells: Utilize icodextrin 
solution; if needed, replace single long 
exchange with two or more exchanges.

 The Role of Residual Renal Function 
in Treatment Adequacy

Prospective randomized trials of dialysis ade-
quacy and observational studies in adult patients 
confirmed that RRF is a much stronger predictor 
of patient survival than peritoneal clearance 
[106–108, 134, 135]. In pediatric populations, no 

data from large-scale trials on the correlation 
between RRF and patient outcome are currently 
available. However, a single-center observational 
study on pediatric PD patients [136] reported that 
growth velocity was higher in a group of children 
with RRF than in children without RRF, even if 
the same mean total solute clearance was 
achieved in the two groups. In a nationwide anal-
ysis on the incidence of arterial hypertension 
among children undergoing chronic dialysis in 
Poland [137], residual urine output was higher in 
normotensive patients. Furthermore, when 
reviewing cardiovascular risk in a group of 59 
pediatric PD patients, residual diuresis was nega-
tively correlated with diastolic dysfunction [138]. 
In the IPPN data, oliguria (diuresis <0.5  L/m2 
BSA per day) was associated with LVH [128].

The rate of RRF decline in pediatric patients 
on PD was reported to be slower than in patients 
on HD, and high urine volume at start of chronic 
PD is predictive of sustained diuresis [139, 140]. 
It is still not clear if there is any difference in the 
rate of preservation of RRF between patients on 
CAPD and patients on APD [141, 142]. A single- 
center, retrospective study of 30 children treated 
with CAPD or APD showed a better preservation 
of RRF in CAPD patients whose primary renal 
disease was a glomerulopathy or a familial or 
hereditary renal disease [143].

The PD prescription should be aimed to pre-
serve RRF as long as possible, by gradually 
increasing the dialysis dose in steps, accurately 
targeting UF rate to maintain the patient’s dry 
BW, and using the lowest possible dialysate glu-
cose concentration required to achieve the desired 
UF volume [45, 140]. Loop diuretics can be used 
to increase urinary water and salt excretion with-
out detriment to renal function in the peritoneal 
dialysis patient [144].

Efforts to preserve RRF also involve the pre-
vention of such nephrotoxic insults as the follow-
ing [45]:

• Exposure to nephrotoxic medications; in par-
ticular, aminoglycoside antibiotics should be 
employed in the treatment of PD-related peri-
tonitis only when taking into account their 
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nephrotoxicity, as well as ototoxicity and ves-
tibular toxicity.

• Exposure to radiocontrast agents.
• Extracellular fluid volume depletion.
• Urinary tract obstruction and infection.

The use of angiotensin-converting enzyme 
inhibitors (ACE-i) and angiotensin receptor 
blockers (ARB) to preserve RRF has been stud-
ied in adult patients on chronic PD [145, 146]. A 
systematic review and meta-analysis of random-
ized controlled trials on this issue showed that 
there are only limited data supporting the efficacy 
of these medications in slowing the decline of 
RRF [147]. Experience on the effect of these 
agents on RRF in children on chronic dialysis is 
still limited; while this issue is worth investigat-
ing further, close monitoring for the occurrence 
of hyperkalemia is recommended, especially in 
anuric patients in whom peritoneal potassium 
excretion may be adversely affected [148] and if 
dual blockade is employed [149].

In summary, interventions that may contribute 
to the preservation of RRF in the course of 
chronic PD treatment should be adopted when-
ever possible [45]. At the same time, RRF should 
be routinely measured by means of an accurate 
24-h urine collection, and PD prescription should 
be adjusted accordingly and in a timely fashion, 
in order to prevent inadequate treatment.

 Clinical Evaluation of PD Treatment 
Adequacy

Large-scale, prospective outcome studies in chil-
dren treated with chronic PD are lacking owing 
to the small number of patients per center, the 
relatively short period of time on dialysis prior to 
renal transplantation, and the, fortunately, low 
patient mortality rate. Nevertheless, some pediat-
ric studies have effectively addressed the issue of 
the correlation between PD dose and selected 
clinical aspects.

Growth is a potentially valuable outcome 
measure specific to pediatrics and can be used to 
evaluate the efficacy of PD depuration. 
Multivariate analysis of the data of a multicenter 

study [55] showed a weak positive correlation of 
height standard deviation score (SDS) with dia-
lytic creatinine clearance and a negative correla-
tion with peritoneal transport status, since 
children with high transport on PET had a lower 
change in height SDS. Accelerated height veloc-
ity was reported in 62% of the patients who met 
or exceeded DOQI target clearances [150]. Chada 
et  al. [136] suggest that growth correlates with 
renal solute clearance but not with peritoneal 
clearance. Similar to adult studies, these data 
may confirm that peritoneal and residual renal 
small solute clearances are not equivalent. IPPN 
data showed that among children who initiated 
chronic PD at <24 months of age, length SDS, 
adjusted for age and length at study entry, age at 
PD start, and region of residence did not change 
significantly with time; however, growth was sig-
nificantly better in patients receiving biocompat-
ible PD fluid and in those receiving rhGH for at 
least 6 months [151].

Nutrition is an issue of particular interest in 
pediatric PD, since it can significantly affect 
growth and development of children. Children on 
CPD commonly suffer from protein and calorie 
malnutrition with loss of muscle mass and pro-
tein stores, and this condition is associated with 
increased morbidity and mortality [152]. 
Compared with normal healthy children, pediat-
ric patients receiving chronic PD have signifi-
cantly lower energy intake, as well as diminished 
height, weight, triceps skinfold thickness, and 
mid-arm muscle circumference [152, 153]. In 
these patients, dietary protein intake is inconsis-
tently correlated with delivered Kt/Vurea [154–
156]. However, the relationship between Kt/Vurea 
and the normalized protein equivalent of nitrogen 
appearance (nPNA) has often been criticized as 
merely being the result of mathematical coupling 
[157]. Finally, a higher Kt/Vurea was associated 
with a lower serum albumin level in children, 
suggesting that enhancing PD dose may reach a 
point of no further benefit (i.e., a Kt/Vurea value of 
more than 2.75/week), owing to an increased loss 
of albumin in the peritoneal effluents [158].

A study of 18 children on PD showed that 
increasing weekly Kt/Vurea and CrCl was posi-
tively correlated with cardiac function and 
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inversely with left ventricular mass [159]. In an 
already mentioned study on the assessment of 
cardiovascular risk conducted in 59 pediatric PD 
patients, Kt/Vurea was a significant predictor of 
carotid intima-media thickness [138].

 Monitoring PD Adequacy 
in the Clinical Setting

Regular assessment of the delivered dialysis 
dose can be performed following the NKF-
DOQI clinical practice guidelines [45], with 
some adaptations to specific problems of child-
hood, and the European guidelines on adequacy 
of the pediatric PD prescription [42]. This 
assessment is fundamentally based on the direct 
measurement of dialytic and renal clearance, 

through a 24-h collection of dialysate and urine. 
For practical reasons, peritoneal and renal 
clearance can be added to determine total clear-
ance, even if they have a different impact on 
patient’s outcome. All dialysate discharged dur-
ing 24 h should be accurately collected, includ-
ing the daytime exchange(s) if present, total 
volume precisely measured, and a sample 
obtained after mixing effluent thoroughly. The 
same attention should be paid to performance 
of a complete 24-h urine collection. Urine col-
lection requires a preservative, such as thymol, 
to be added to the collection or refrigeration to 
inhibit the growth of bacteria that can degrade 
urea; dialysate does not require refrigeration or 
preservative.

Weekly peritoneal Kt/Vurea can be calculated 
with the following formula [160]:

( / ) /24 24 7� � � �hour D P urea hour dialysate volume V

where D/P represents the dialysate-to-plasma 
urea concentration ratio and V the distribution 
volume of urea that is assumed to equal TBW, 

which can be calculated from the already reported 
formulas [115].

In patients with RRF, renal Kt/Vurea corre-
sponds to

mL urea clearance , day , mL/ min min/ / .� �� � �� �1 440 7 1 000 V

CrCl calculation is normalized to BSA, 
which can be calculated from weight and 

height by the the use of the Gehan and George 
formula [161]:

BSA m height,cm weight,kg2 0 42246 0 51456
0 0235� � � �� � �� �.

. .

The following formula can be employed to 
calculate dialytic CrCl per week [160]:

24 24 7 1 73 2 2� � � � �� � � �hour D P Cr hour dialysate volume m BSA m/ . /

Residual renal clearance is better expressed as 
the average of CrCl and urea clearance, each of 

which can be calculated by the standard 
formula:

Solute clearance mL
h urine Volume in mL urine solut

/ min� � �
� �24 ee concentration

day serum solute concentration

� �
�� �1440min/

This calculation is then normalized to patient’s 
BSA.

PD dose assessment should be coupled with 
an evaluation of nutritional status, including 

anthropometric measurements (skinfold thick-
ness, mid-arm circumference), a 3-day dietary 
record (to be evaluated by a renal dietitian), and 
the determination of normalized protein equiva-
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lent of nitrogen appearance (nPNA), taking dial-
ysate protein losses into account.

Body composition of children on PD can be 
evaluated by means of bioelectrical impedance 

analysis (BIA). Specific equations to predict fat- 
free mass (FFM) and TBW from BIA data have 
been provided and are as follows [162]:

FFM kg height impedance ohms cm age years� � � �� � �� �� � �0 65 0 682 2. / / . �� � �

� � � �� � �� �� � �

0 15

0 144 402 2

.

. / /TBW L impedance height ohms cm weiight kg� ��1 99. .

The first measurement of PD dose can be 
obtained as early as 1 week after the patient is 
stabilized on a defined PD prescription. 
Subsequently, PD dose measurements can be 
completed every 3  months and in the event of 
any significant change in clinical status and/or 
in the amount of residual diuresis. A PET can be 
performed 1 month after chronic PD initiation 
and then repeated every 12 months or earlier in 
case of unexpected changes in delivered PD 
dose or if any clinical condition that could per-
manently affect the peritoneal transport proper-
ties occurs, such as recurrent or persistent 
peritonitis.

In the clinical setting, routine clinical and bio-
chemical outcome evaluations in pediatric 
patients on stable chronic PD can be organized 
according to the following timetable.

Every Month
• Clinical and physical examination
• Height/length
• Weight
• Head circumference (in infants and toddlers)
• Blood pressure
• Blood urea nitrogen and creatinine
• Sodium, potassium, acid-base status
• Hemoglobin/hematocrit
• Serum albumin, serum calcium, phosphorus, 

and magnesium
• Daily urine volume and UF

Every 3 Months
• Serum ferritin
• Serum iron
• Total iron binding capacity
• Alkaline phosphatase
• Parathyroid hormone

• 25-Hydroxyvitamin D
• Kt/Vurea and CrCl from a 24-h dialysate and 

urine collection

Every 12 Months
• Ambulatory blood pressure monitoring
• Echocardiography
• Hand and wrist x-ray for bone age
• Neurodevelopment assessment (every 

6 months in children <2 years of age)
• Peritoneal equilibration test

In the course of PD treatment, attention should 
be paid by the patient’s parents, dialysis nurses, 
and physicians to potential manifestations of 
inadequate dialysis. In practice, the signs and/or 
symptoms that should be regularly recorded and 
evaluated are the following:

• Clinical manifestations of overt uremia (ure-
mic pericarditis, pleuritis)

• Clinical and/or biochemical signs of 
malnutrition

• Hypertension/hypervolemia
• Hyperkalemic episodes
• Hyperphosphatemia and/or excessive calcium 

times phosphorus product
• Kt/Vurea and/or CrCl values below the minimal 

recommended targets
• Clues of patient and family noncompliance.

It should be stressed again that numerical tar-
gets of small solute removal must be interpreted 
cautiously and in the context of patient clinical 
assessment; failure to reach these targets should 
be regarded as a warning sign for treatment fail-
ure, requiring careful reevaluation of each con-
stituent of the therapeutic program. The 
contribution of RRF to the adequacy of PD treat-
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ment is extremely important and tends to deterio-
rate with time on chronic dialysis, albeit at a 
slower rate in PD than in HD patients. Therefore, 
RRF should be regularly measured, although this 
may be difficult to do accurately in young chil-
dren, requiring good cooperation by caregivers. 
While RRF is declining, adaptation of the PD 
prescription by increasing dialysis should be per-
formed in a timely manner in order to anticipate 
and prevent the occurrence of the abovemen-
tioned signs and/or symptoms of inadequate 
treatment.

 Machines for Automated Peritoneal 
Dialysis

The rapid evolution that APD has experienced 
has been closely linked to the development of 
new automatic machines, which are referred to as 
cyclers, which have been also adapted for pediat-
ric needs.

 Characteristics of Cyclers 
for Automated Peritoneal Dialysis

Advances in the fields of electronics and com-
puter technology generated substantial modifica-
tions of the old cyclers employed for high-flow 
intermittent PD (IPD), to machines that are now 
smaller, lighter, more user-friendly, less expen-
sive, and increasingly reliable. Since APD is per-
formed by the patient or caregiver at home, the 
most important requirements that cyclers should 
fulfill are the following:

• Small size, light weight, and easy portability, 
which have been obtained by means of com-
ponent miniaturization

• Simple interface with unequivocal messages 
and/or symbols (touch screen)

• Safe, accurate, and reliable functioning in the 
patient’s home setting

Patient satisfaction should therefore be one of 
the leading design criteria for an APD machine 
[163]. At the same time, the technology incorpo-

rated in the cycler should be so advanced as to 
allow one to:

• Individualize the dialytic prescription.
• Measure the delivered dialysis dose and net 

UF.
• Monitor patient adherence to the prescribed 

treatment schedule.
• Detect excessive IPP.
• Detect peritoneal catheter malfunction.
• Fulfill the basic requirements of safety accord-

ing to local and global standards.

Moreover, the overall cost of treatment must 
be contained, although proportionate to the 
expected level of patient well-being and 
rehabilitation.

Some of the technical options incorporated in 
modern cyclers for APD are:

• Online warming of dialysate.
• Pressure monitors to assess IPP.
• Gravity-assisted roller or diaphragm pumps to 

infuse and/or drain the dialysate; the pumps 
do not operate directly on the peritoneal cavity 
but on the heater and drain bag.

• Cassette receptacles for the tubing set, to sim-
plify the procedure and minimize operator 
errors and risk of contamination, thus facilitat-
ing a quick and safe connection.

• Bar code readers to match the prescription 
with the PD solution selected by the patient.

• Automated connecting devices to facilitate the 
connection between the bags and the tubing 
manifold.

• Ad hoc connectors to perform one exchange 
of dialysate during the day.

• Newer generations of cyclers are incorporat-
ing voice-led instructions for ease of training 
and improved caregiver troubleshooting at 
home. Furthermore, there is a significant 
potential for integration of cycler data to the 
electronic medical record (see “Registration 
and Transmission of Treatment Data”) with 
current advances in cycler technology.

The machine interface is typically character-
ized by an easy and clear display with unequivo-
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cal messages, through which trained personnel 
and patients can easily set up the prescribed dial-
ysis schedule. Usually, there are various levels of 
access to code protected programs so that sched-
uled changes can be programmed only by the 
operator. The access to the prescription and con-
trol level of the cycler is usually protected by a 
password that is known only by authorized per-
sonnel, while data of the ongoing treatment can 
be easily visualized on the display of the cycler.

The miniaturization of most components 
allows full portability by means of both reduced 
dimension and light weight.

In particular, cyclers to be used for the treat-
ment of children should have a specific pediatric 
mode designed to:

• Accurately deliver even a small volume of 
dialysate (as low as 60 ml per exchange in the 
newer cyclers), with the possibility of very 
small increments.

• Have a low recirculation volume set (20 mL or 
less) for low fill volume PD regimens.

• Allow peritoneal effluent inflow and drainage 
at low flow rates and pressure, which can be 
physiological for infants and small children, 
without alarming (low fill volume mode).

• Allow programming of individualized mini-
mum drain volume and minimum drain time 
for each patient, according to the desired PD 
schedule and peritoneal catheter function. 
The factory default setting of the patient fill 
volume can be adopted initially; then, an 
individualized, optimal drain percentage 
should be determined. Attention should be 
paid that if the minimum drain volume per-
centage is set too low, an incomplete drain 
could result, and this could lead to an overfill 
of solution that in some circumstances may 
cause injury to the patient. On the contrary, if 
the minimum drain volume percentage is set 
too high, an increased number of alarms and 
a loss of dwell time could result. Usually, a 
nontidal drain phase ends, and the system 
moves on to the next fill when a minimum 
volume has been drained, a minimum drain 
time has elapsed, and the system has deter-
mined the patient to be empty.

In general, the ideal cycler for APD should be 
able not only to perform all treatment schedules 
in an accurate and safe way but also to optimize 
the performance of the selected PD regimen 
[164]. Future directions may enhance cycler 
development to utilize machine learning – taking 
the recorded treatment information to suggest, or 
even automatically attempt, an improved regi-
men. Examples of such self-programming of the 
cycler are the following:

• Dialysate inflow and outflow time could be 
adjusted on the basis of the flow rate that has 
been registered during the previous exchange.

• Online detection of net UF, related to fluid 
osmolarity, dwell time, and fill volume, could 
serve as the basis for an automatic feedback 
on the PD fluid composition in the following 
cycle (profiling of glucose concentration 
throughout the dialysis session). Bedsides 
production of dialysis solution could individu-
alize PD treatment with respect to osmotic 
agent, buffer, sodium, and calcium contents 
[164].

 Registration of Treatment Data

The introduction of microchips and computer 
technology has led to greater programming flex-
ibility of the cyclers, as well as to the possibility 
of recording on an electronic device the patient’s 
prescription, medical history, and treatment 
events. This system provides information on the 
home dialysis treatment and a means of monitor-
ing patient compliance. This also provides a 
patient-specific database of therapy information. 
The cycler system includes a data card (memory 
card) which can store up to 60–90 days of actual 
treatment data. This database of therapy informa-
tion can be downloaded from the memory card of 
the cycler when the patient goes to the dialysis 
unit for a visit or can be retrieved remotely as 
needed.

One example of the potential utilization of this 
recording system is the evaluation of peritoneal 
catheter functioning. The pattern of the peritoneal 
catheter’s flow during each treatment cycle can be 

13 Technical Aspects and Prescription of Peritoneal Dialysis in Children



220

analyzed with the help of graphs and charts and 
any catheter malfunction detected even if it has not 
yet caused cycler alarms or  clinical symptoms. 
The PD prescription can be adapted to the drain-
age profile of each individual patient’s catheter, 
thus minimizing the fill and drain dead times and 
the occurrence of minimum drain volume alarms. 
An application of this adaptation process is repre-
sented by optimization of tidal volume to the indi-
vidual drainage profile, which eliminates the flow 
rate drop occurring beyond the so-called break-
point of the drainage curve [97].

The recording of a PD session may also reveal 
an excessive incidence of cycler alarms during 
the nightly treatment, resulting in sleep depriva-
tion and an impairment of the quality of life to 
both patient and caregiver [165]. Tube kinking 
and catheter malfunction are the most frequent 
causes of drain alarms. In some cases, unsuitable 
setting of alarm limits (e.g., the default adult set-
tings of the cycler – such as low drain – may not 
be appropriate for a small pediatric patient) may 
generate the occurrence of an excessive number 
of useless and disturbing alarms.

The memory card of the cycler can be repro-
grammed by the physician or the dialysis nurse to 
address patient prescription changes; when the 
patient inserts the card back into the cycler, all 
the settings are updated. Therefore, the use of 
these electronic devices eliminates the need for 
patients to program and manually record APD 
treatment data, thus shortening the training time 
and simplifying data collection and management 
by the dialysis team.

 Transmission of Treatment Data

The possibility of a remote Internet connection 
between the home cycler and the dialysis unit 
makes the so-called teledialysis possible. APD 
treatment data can be visualized and monitored by 
the staff in the dialysis unit online (while the treat-
ment is being administered at a patient’s home) or 
offline in the morning after the end of the night 
APD session. Alternatively, data can be trans-
ferred electronically from the cycler’s memory 
card to the personal computer of the dialysis unit 

on a regular basis (e.g., every 7–10  days). This 
provides ease of data review should there be any 
concerns observed by the patient or the caregiver 
related to cycler function or peritoneal catheter 
function. Information stored in the file of each 
patient should be examined and evaluated by the 
physician and dialysis nurse on a routine basis. 
Data can be organized in charts and graphs and 
statistically elaborated. Recently, a two-way tech-
nology has become available that allows for 
remote data monitoring and therapy adjustment 
from the dialysis unit – specifically, this provides 
a cost-effective opportunity to change a patient’s 
PD prescription setting remotely [166]. Integration 
of advanced technology allows for early detection 
of therapy problems and provides the opportunity 
to facilitate APD prescription changes that may 
help reduce the need for hospitalization [167]. 
Furthermore, technology-based integration with 
dialysis teams and families may also reduce the 
feeling of isolation and detachment that the 
patient and family may experience in the course 
of long-term home PD, especially should they live 
a significant distance from the dialysis center.

There is limited data on the use of telemedi-
cine in the pediatric PD program setting; how-
ever, one study [165] did demonstrate that the 
so-called telePD allowed timely identification of 
clinical and psychosocial problems and increased 
patient and family satisfaction with home PD 
treatment. Such problems were represented, for 
instance, by an imperceptible but progressive 
decrease of UF rate or by a prolongation of the 
drainage phase due to catheter malfunction that is 
still too small to release cycler alarms. A teledi-
alysis system can also be integrated by videocon-
ferencing equipment (digital camera; ISDN 
[Integrated Services Digital Network] line) to 
give private videoconferencing and video capture 
of images; thus, the dialysis and the exit site care 
procedure can be followed by the dialysis center 
server or by the physician’s personal computer 
[168, 169]. Contrasting data on the use of telec-
are in a pediatric program suggested that the 
employed videophone equipment showed techni-
cal limitations and was not cost-effective [170]; 
therefore, this technology deserves further evalu-
ation in pediatric home PD.
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 Monitoring of Patient Adherence 
to the Prescribed APD Treatment

Nonadherence is an important obstacle to achiev-
ing adequate PD therapy and a significant cause 
of morbidity, patient hospitalization, and dialysis 
technique failure. In a pediatric single-center 
analysis, at least some degree of nonadherence to 
the prescribed PD regimen was reported in 45% 
of patients [171]. Several methods to assess 
patient adherence to the PD prescription have 
been proposed, based on comparison of mea-
sured versus predicted creatinine excretion [172], 
home visits to check dialysis solution supply 
inventories [173, 174], patient self-report confi-
dential questionnaires [175], or the comparison 
of self-reports of compliance with the rate of pre-
dicted versus measured Kt/Vurea and CrCl [176]. 
Given that no single method is able to provide a 
complete assessment of nonadherence in patients 
on home PD, these assessments should be used in 
an integrated way.

The electronic data registration system of the 
cyclers for APD provides an objective means to 
monitor patient adherence to the prescribed treat-
ment. Comparison of the prescribed versus the 
actually delivered therapy shows any change the 
patient and/or caregiver may have made in the 
prescribed dialysis schedule on his or her initia-
tive. Most frequently reported changes in the set-
ting of nonadherence made by the patients or 
caregivers include changing session length or fill 
volume [171, 175] but can include all of the 
following:

• Skipping treatment cycles
• Shortening overall treatment time
• Manually changing treatment parameters
• Bypassing therapy phases or cycles
• Reducing fill volume by performing manual 

drains

In summary, recording and transmitting PD 
session data through an electronic device on a 
regular basis can enhance patient adherence to 
PD prescriptions, since the awareness of the 
recording makes the patient feel more confident 
of treatment control and the doctor-patient com-

munication more explicit. It also helps the dialy-
sis staff understand the reasons for inadequate 
depuration and accordingly change the PD 
prescription.

 Strategies to Enhance Patient 
Adherence to PD Prescriptions

An approach to increasing the compliance of 
patients and caregivers to the prescribed PD 
schedule should be considered an essential com-
ponent of the prescription process and a key fac-
tor in achieving the expected therapeutic results. 
Effective strategies to increase compliance 
require a structured, comprehensive care model 
with a team-based focus including the patient, 
caregiver(s), and dialysis staff.

Patient- and family-targeted interventions are 
mainly based on their active involvement in the 
choice of dialysis modality and on their educa-
tion to perform home dialysis treatment [177].

Patient selection should include the following 
action points:

• Early patient/family referral to dialysis staff
• Evaluation of patient’s clinical needs and 

patient and family lifestyle
• Structured, unbiased information on the avail-

able dialysis modalities
• Evaluation of physical and psychological abil-

ity of the caregiver(s) to perform dialysis tasks
• Assessment of patient home environment

Patient and family preparation for home PD 
[178] should:

• Start well before dialysis initiation.
• Involve a multidisciplinary team including 

nephrologist, renal nurse, renal dietitian, psy-
chologist, social worker, school teacher, and 
child life staff.

• Make use of appropriate written information 
and other teaching aids.

• Encourage contacts with similar-aged chil-
dren on home dialysis.

• Include a home visit and a liaison with the 
nursery/school/college and the family doctor.
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Training for home PD procedures should 
involve two family members and could poten-
tially be completed in the home environment by 
dialysis units with a well-organized home train-
ing program.

Ultimate goals of patient and family education 
are:

• To achieve an adequate level of knowledge, 
understanding, and participation in the choice 
of PD modality and in the process of PD 
prescription

• To reduce patient and family anxiety and 
stress by increasing awareness of the disease 
process and treatment options

• To convince the patient and family of the 
appropriateness and beneficial effects of the 
prescribed treatment and that adherence to the 
prescription will improve the outcome

Once PD treatment has started, regular contact 
(telephone, electronically, and/or telehealth) and 
support for the family should be planned; more-
over, acquired knowledge and skills of perform-
ing home PD should be assessed at regular 
intervals.

Dialysis staff-targeted interventions to address 
the issue of patient adherence should increase 
staff ability to:

• Individualize the PD prescription and evaluate 
results.

• Explain the reasons for prescription changes.
• Manage treatment complications as much as 

possible on an outpatient basis.
• Test and recognize signs of patient 

noncompliance.

Dialysis staff education about compliance 
should be monitored and regularly updated.

 Conclusions

PD therapy has experienced a remarkable evolu-
tion during the past 30  years in parallel to the 
development of safe and simple-to-use connect-
ing devices, more biocompatible dialysis materi-

als and solutions, and automatic machines for PD 
delivery that utilize computerized technology for 
improved prescription accuracy. All of these 
achievements have provided dialysis staff valu-
able tools to improve the overall efficacy and tol-
erability of PD treatment in children.

For CAPD, the use of an integrated Y-set, 
double- bag system, with a disinfectant- containing 
cap and a “flush before fill” mode, has been asso-
ciated with a reduction in the incidence of perito-
nitis episodes due to touch contamination and has 
simplified PD connecting maneuvers, thus short-
ening patient and partner training.

Individualizing the PD prescription is rou-
tinely performed by the characterization of PM 
transport capacity, assessed by means of well- 
standardized functional tests that have been vali-
dated in pediatric patients. Early controversy 
over the approach to prescribing fill volume has 
given way to generally accepted guidelines for 
scaling to BSA according to clinical tolerance 
and IPP measurement, in order to ensure maxi-
mal recruitment of peritoneal exchange area.

Fluid balance is increasingly recognized as a 
crucial aspect of PD patient management, as the 
efficiency of water and salt removal has been 
clearly associated with patient outcome, espe-
cially in anuric patients. UF failure is an impor-
tant cause of PD abandonment with conversion to 
hemodialysis.

Prospective randomized trials of dialysis ade-
quacy and observational studies in adult patients 
have confirmed that RRF is a much stronger pre-
dictor of patient survival than peritoneal clear-
ance. The PD prescription should be aimed to 
preserve RRF as long as possible, by gradually 
increasing the dialysis dose in steps, accurately 
targeting UF rate to maintain the patient’s dry 
BW, and using the lowest possible dialysate glu-
cose concentration required to achieve the desired 
UF volume. Prevention of RRF loss also involves 
avoidance of nephrotoxic agents. The potential 
role of angiotensin-converting enzyme inhibitors 
and ARB requires further investigation in chil-
dren on PD. As RRF declines over time, the PD 
prescription should be adjusted to its decline in a 
timely fashion to prevent the adverse effects of 
chronic fluid overload. The ultimate goal of PD 
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modality selection and prescription is to identify, 
and possibly achieve, the optimal PD dose for 
each individual patient; this can be regarded as 
determining the amount of dialysis above which 
the additional expected benefit does not justify 
the increase in the burden on patient and family 
and of financial costs.

The evolution of APD has been closely linked 
to advances in the technology incorporated in the 
new cyclers, which has made APD delivery safer 
and more efficient. While the currently available 
cyclers can monitor technical parameters, there 
remain limitations with current dialysis technol-
ogy that limit real-time data transfer from the 
cycler to the primary team. Teledialysis may help 
increase patient and caregiver confidence in per-
forming therapy at home and reduce the need for 
patient hospitalization, thus improving academic/
psychosocial outcomes and patient compliance 
with therapy.
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Peritoneal Dialysis Solutions

Elizabeth Harvey

 Introduction

The peritoneal dialysis solution (PDS) is the cor-
nerstone of peritoneal dialysis (PD), responsible 
for both fluid removal and metabolic control. As 
eloquently stated by Rippe, “the optimal electro-
lyte composition of a dialysis solution is that 
which best serves the homeostatic needs of the 
body” [1]. The absolute requirements for a PDS 
are a buffer to manage acidosis, an osmotic agent 
to produce ultrafiltration (UF), and electrolytes 
including sodium, chloride, calcium, and magne-
sium to maintain homeostasis and prevent meta-
bolic bone disease. Yet more than half a century 
since the introduction of PD as a chronic therapy 
for replacement of renal function, the ideal PDS 
remains elusive. This likely reflects the diverse 
nature and diet of patients on PD, the need to cus-
tomize treatment based on individual peritoneal 
transport characteristics, the type of dialysis 
(continuous ambulatory peritoneal dialysis 
(CAPD) versus automated peritoneal dialysis 
(APD)), dwell time, residual renal function, age 
and growth requirements, and accumulating data 
on the beneficial and harmful effects of PDS 
including their interaction with other components 
of CKD management [2].

This chapter will review PD solutions includ-
ing biocompatibility, key composition, specific 
solutions, new solutions, and membrane preser-
vation strategies.

 Biocompatibility

Increasing length of time on PD has been associ-
ated with an increase in small solute transport 
and decreased ultrafiltration, both of which are 
associated with an increased risk of technique 
failure and death. The pathological correlate of 
these functional changes was first elucidated by 
Williams et  al. in their landmark description of 
the changes in the peritoneal membrane associ-
ated with uremia and PD.  These changes were 
characterized by loss of the mesothelial layer, 
marked increase in the thickness of the submeso-
thelial compact collagenous zone, and a progres-
sive hyalinizing vasculopathy, with worsening of 
severity correlating with duration of PD [3]. UF 
failure was associated with increased blood ves-
sel density.

These changes were attributed in part to the 
use of “bio-incompatible” PD fluids, character-
ized by low pH (<6), high lactate concentration 
(35–40 mmol/L), high osmolarity, high glucose 
concentration, and high glucose degradation 
products (GDPs) [4]. This ushered in the era of 
“biocompatible” fluids including neutral pH 
solutions, alternate osmotic agents such as 
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 icodextrin, bicarbonate dialysate, and low GDP 
solutions.

Glucose Degradation Products GDPs are gen-
erated during heat sterilization and prolonged 
storage of glucose containing solutions [5, 6]. 
GDPs impair mesothelial cell function, stimulate 
local cytokine production, and are thought to be 
key contributors to the peritoneal alterations seen 
with long-term PD [6]. GDPs bind to proteins 
and lipids to produce advanced glycation end 
products (AGEs) which in the peritoneum con-
tribute to peritoneal fibrosis. GDPs are rapidly 
absorbed across the peritoneal membrane, result-
ing in elevated levels of AGEs in patients with 
renal failure, and are implicated in complications 
of renal failure such as vasculopathy and amyloi-
dosis [7].

The production of GDPs can be reduced in an 
acid solution, and the early lactate-based PDS, 
many of which are still in use, have an unphysi-
ological pH of 5.2 which may be associated with 
infusion pain. A breakthrough in manufacturing 
was the development of the multichamber bag 
which allowed separation of the buffer source 
(lactate and/or bicarbonate) from the glucose 
which could be in an acid milieu, resulting in 
lower GDP production during sterilization [6]. 
Neutral pH of the whole solution was achieved 
by mixing the two compartments just prior to 
instillation. However, even solutions considered 
to be low in GDPs have significant variability in 
the GDP concentrations, hampering interpreta-
tion of clinical trial results [8]. Two chamber 
bags are most commonly available, with 
Gambrosol Trio™ (Fresenius Med Corp) utiliz-
ing a three-chamber bag which allows for three 
different glucose concentrations from a single 
bag, depending on which of the three chambers 
are mixed together before infusion.

Neutral pH Solutions The concern that pH was 
a factor not just in GDP production, but in dam-
age to the peritoneal membrane, as well as clini-
cal consequences of pain on infusion, led to the 
development of neutral pH solutions such as 
Physioneal™, Balance™, and Bicavera™ (see 

Table  14.1), also made possible by the multi-
chamber bag. With bicarbonate-based solutions, 
calcium and magnesium must be separated from 
bicarbonate during heating and storage to prevent 
precipitation of calcium carbonate and magne-
sium carbonate.

Clinical Data with Biocompatible 
Solutions Unfortunately, multiple studies on 
these “biocompatible” solutions with neutral pH 
and low GDPs have yielded conflicting results on 
clinically relevant outcomes, most likely due to 
study design, duration, and power [9, 10]. 
Biocompatible solutions have been associated 
both with an increased risk of peritonitis and 
shorter time to the first peritonitis episode [11, 
12] and a lower rate of peritonitis and longer time 
to the first peritonitis [13, 14]. In meta-analyses 
and systematic reviews, several themes have 
emerged, namely, better preservation of residual 
renal function especially urine volume and less 
inflow pain [12, 15–20]. Several studies have 
shown that biocompatible solutions have been 
associated with lower ultrafiltration and increased 
peritoneal solute transport at initiation, which 
stays stable over time, compared to deterioration 
in ultrafiltration and increasing solute transport 
over time with conventional PDS (cPDS) [13, 
14]. Conversely, two studies of prevalent adult 
patients switched to a low GDP solution have 
shown decreased ultrafiltration and overhydra-
tion compared to conventional solutions [21, 22] 
but with lower blood C-reactive protein (CRP) 
values in the low GDP solution group. It has been 
speculated that the preservation of residual renal 
function seen with the low GDP solutions may in 
part be due to overhydration [23]. Overall, while 
no harm has been attributed to these newer solu-
tions, there has been no improvement in patient 
or technique survival demonstrated to date [8, 10, 
15, 24, 25].

Encapsulating sclerosing peritonitis (EPS) is a 
devastating complication of long-term peritoneal 
dialysis [26] (see Chap. 39). Interestingly, both 
Japanese [27] and Dutch [28] registries demon-
strate a reduced incidence of EPS over the last 
decade. Whether this is due in part or wholly to 
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more biocompatible PDS cannot be ascertained 
at this point.

The longitudinal analysis of the Global Fluid 
Study in adults examined the long-term perito-
neal solute transport rate (PSTR) in patients 
using biocompatible solutions (7.5 years) versus 
cPDS (12.8 years) [29] and found a progressive 
increase in PSTR over time with cPDS, while 
biocompatible solutions were associated with 
stability of the PSTR by 2  years. The early 
increase in PSTR seen with the biocompatible 
solution in the balANZ trial [30] was not seen in 
this study, likely reflecting study methodology, 
different biocompatible solutions, and timing of 
peritoneal equilibration testing [31]. The use of 
biocompatible PDS also appeared to attenuate 
the elevated PSTR seen during episodes of peri-
tonitis [29], possibly by reducing the severity of 
peritonitis as suggested in the balANZ study 
[14]. Whether the use of biocompatible solutions 
will result in a lower incidence of EPS over time 
remains to be seen.

Pediatric Clinical Data In a prospective study 
of 401 children by the International Pediatric 
Peritoneal Dialysis Network (IPPN), the use of 
biocompatible PDS was associated with a mar-
ginal improvement in daily urine output, but did 
not reduce the risk of developing oligoanuria 
[32]. In a prospective cohort study of 65 children, 
the use of neutral pH/low GDP solutions was 
associated with higher free water transport com-
pared to acid pH/high GDP solutions [33].

Pathology Studies In vivo benefit of biocompat-
ible solutions has been suggested by the morpho-
logical study of 46 adults (23 biocompatible PDS 
and 23 cPDS) matched for time on dialysis [34]. 
Biocompatible PDS was associated with 
improved mesothelial layer integrity and less 
hyalinizing vasculopathy. Similarly, another peri-
toneal morphology study of adults at termination 
of PD showed that the use of neutral pH and low 
GDP solution was associated with less membrane 
fibrosis, less vascular sclerosis, and less AGE 
accumulation compared to acidic cPDS [35]. 
Despite an increase in the number of peritoneal 
capillaries, the neutral pH solutions were associ-

ated with lower peritoneal equilibration (PET) 
scores and preserved UF volumes.

However, the seminal peritoneal morphology 
study of children on PD lays waste to the theory 
that “biocompatible” PDS preserves the perito-
neal membrane and places the focus again on the 
osmotic agent, glucose, as the culprit in long- 
term membrane dysfunction [36, 37]. This study 
performed a comprehensive analysis of perito-
neal biopsies on children with end-stage kidney 
disease before commencing PD (90 patients) and 
while on PD (82 patients) with control specimens 
on 56 children with normal kidney function. It 
showed a marked early (6–12 month) increase in 
peritoneal blood microvessel density, an increase 
in endothelial surface area per peritoneal volume, 
and an increase in submesothelial thickness 
despite the use of neutral pH solutions with low 
GDP concentrations. Multivariate analysis 
showed that increasing glucose exposure was 
associated with total vessel density. Additionally, 
vessel density correlated positively with 2-hour 
dialysate-to-plasma (D/P) creatinine and 
inversely with 2-hour dialysate-to-dialysate at 
time zero (D/Do) glucose on PET and predicted 
solute transport at 3 and 6 months. Cluster analy-
sis showed marked angiogenesis in younger chil-
dren with short PD vintage and submesothelial 
fibrosis in older children on long-term PD. While 
it is uncertain if these findings are generalizable 
to adults, the early, marked peritoneal angiogen-
esis observed in this study potentially explains 
the faster peritoneal transport and lower UF seen 
in adult studies using neutral pH and low GDP 
solutions [30].

 PD Solution Components

pH/Buffer End-stage renal disease (ESRD) is 
characterized by metabolic acidosis. Correction 
of this acidosis is a vital component of any renal 
replacement therapy including PD. To that end, 
PDS must contain a buffer. Early attempts to use 
bicarbonate in single-chamber bags led to 
 precipitation of calcium carbonate [38]. Acetate 
was used initially but was quickly discontinued 
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due to infusion pain, prolonged acidic pH of the 
infused solution, peritoneal membrane damage 
and loss of UF, systemic alkalosis, and an asso-
ciation with EPS [39–41]. Therefore, solutions 
with L-lactate in concentrations of 35–40 mmol/L 
with an acidic pH of approximately 5.2 became 
widely used. Instillation into the abdomen is 
associated with rapid equilibration of the pH in 
the abdominal fluid to 7.4 over 10 minutes, fol-
lowed by a gradual drop in peritoneal lactate due 
to diffusion into the blood across the concentra-
tion gradient, where it is then metabolized to 
bicarbonate. Recent animal studies show that the 
neutralization of pH is achieved both by bicar-
bonate diffusion out of the blood into the PD 
fluid and local production of bicarbonate by 
peritoneal carbonic anhydrase isoforms, with 
bicarbonate transport not mediated by the water 
channel aquaporin 1 [42]. Absorbed lactate is 
rapidly metabolized via the Krebs cycle or via 
gluconeogenesis, and stable chronic dialysis 
patients have normal serum lactate levels. 
However, during intercurrent illness, lactate lev-
els may become elevated in the absence of 
hypoxemia or gut ischemia, precipitating unnec-
essary investigations [43].

By contrast, a brief randomized crossover 
study of 25 children comparing lactate versus 
bicarbonate solutions during a 4-hour PET dem-
onstrated a persistently acidic PD fluid up to an 
hour of dwell time with the lactate-buffered solu-
tion of 35 mmol/L [44]. This has potential impli-
cations for children on cyclic PD where the short 
dwell times would predispose to constant expo-
sure of the peritoneal membrane to an acidic pH.

The creation of the multichamber bag allowed 
introduction of bicarbonate-based solutions with 
bicarbonate at high pH separated from glucose 
and electrolytes in an acid milieu, resulting in 
lower creation of GDPs during sterilization, a 
neutral pH after mixing, and at least 24-hour sta-
bility. Two solutions were initially commercially 
produced, Physioneal™, a bicarb (25 mmol/L)/
lactate (15 mmol/L) solution, and Bicavera™, a 
pure bicarbonate (34  mmol/L) solution. Both 
were shown in adults to achieve acidosis correc-
tion. Additionally, pure bicarbonate use was 

associated with increased protein catabolic rates, 
lower peritonitis rates, and better preservation of 
residual renal function [38].

Single buffer PDS may be associated with 
elevated blood pCO2 (bicarbonate-buffered solu-
tions) and peritoneal bicarbonate loss (lactate- 
buffered solutions), whereas mixed buffer 
solutions (lactate + bicarbonate) may be more 
physiological in their regulation, based on studies 
of effluent and plasma acid-base concentrations 
in both adults and children [40, 45].

The use of bicarbonate/lactate solutions with a 
total buffer of 39–40 mmol/l has been associated 
with the development of alkalosis [46], most 
notable in Japanese adults due to lower dietary 
protein intake [47]. This has prompted the devel-
opment of solutions with a total buffer of 
35 mmol/L (bicarbonate 25 mmol/L and lactate 
10 mmol/L) with two different calcium concen-
trations (1.25 mmol/L and 1.75 mmol/L) which 
have been shown to reduce alkalosis and correct 
acidosis while maintaining similar creatinine 
removal and UF [47].

Balance™ Balance™ (Fresenius Medical Care) is 
a neutral pH, lactate-based solution with low GDPs, 
produced in a two-chamber bag. The specific com-
position is outlined in Table  14.1. The balANZ 
study conducted in Australia and New Zealand was 
a randomized trial of 185 incident adult PD patients 
with residual renal function comparing Balance™ 
to cPDS over a 2-year period. Significant outcomes 
from primary and secondary analyses [30, 48, 49] 
are summarized as follows: the use of Balance™ 
was associated with initial lower peritoneal UF at 3 
and 6 months, which improved over the study dura-
tion; a longer time to anuria; reduced peritonitis 
rates and severity; increased peritoneal transport at 
1 month which remained stable compared to a pro-
gressive increase with cPDS; and comparable tech-
nique survival. Increased solute transport over time 
correlated with GDP exposure and not glucose 
exposure.

Pediatric Experience In children on APD, 
Bicavera™ has been shown to improve acidosis 
correction compared to lactate-based cPDS.  It 
was also associated with higher peritoneal cancer 
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antigen-125 (CA-125) levels in keeping with 
recovery of the mesothelial cell layer and 
improved in  vivo mesothelial cell tolerance to 
high glucose concentrations [50]. Schmitt et  al. 
subsequently compared the efficacy of two neu-
tral pH and low GDP solutions (Balance™ 
35  mmol/L lactate and Bicavera™ 34  mmol/L 
bicarbonate) in children on APD and demon-
strated equal acidosis control [51]. However, the 
bicarbonate solution was associated with better 
preservation of ultrafiltration.

Alkalosis is common in children treated with 
pure bicarbonate or bicarbonate/lactate solu-
tions on APD, especially with an icodextrin day 
dwell [52].

There are no published studies specifically 
using Balance™ in children. Of potential rele-
vance is a study of adults on APD comparing 
Balance™ to cPDS.  Balance™ was associated 
with a higher effluent CA125 rate of appearance 
and concentration, suggesting improved biocom-
patibility [53].

Published pediatric guidelines suggest the use 
of a neutral pH and low GDP solution in children, 
with the choice of buffer dependent on local 
availability and automated delivery system, and 
buffer concentration tailored to the patient’s acid 
basis status to correct acidosis and avoid alkalo-
sis [54]. A pediatric PD program thus requires a 
variety of solutions with varying base type and 
concentration to meet the metabolic needs of 
growing children.

Osmotic Agent Removal of excess salt and 
water to achieve euvolemia and improve blood 
pressure control is a critical component of PD. To 
that end, the PDS must contain an osmotic agent 
to achieve fluid removal. Osmotic agents in the 
currently available PDS include glucose (dex-
trose), icodextrin, and amino acids. Experimental 
solutions such as carnitine and polyglucose will 
be reviewed later.

Glucose Glucose in supraphysiological concen-
trations to achieve an osmolality higher than ure-
mic serum remains the most widely used osmotic 
agent worldwide. Solutions containing 1.5%, 

2.5%, and 4.25% glucose were introduced with 
the advent of PD and were found to produce 
ultrafiltration in children on CAPD [55, 56]. With 
instillation of a volume of PDS of 1100  ml/m2 
BSA in children above approximately 2 years of 
age, it has been demonstrated that children and 
adults have comparable peritoneal kinetics for 
glucose absorption and UF [57, 58]. Glucose 
works to achieve UF largely through the 
ultrasmall pores or aquaporins [59].

While it is an effective osmotic agent, glucose 
is readily absorbed across the peritoneal mem-
brane, contributing to hyperglycemia, obesity, 
insulin resistance, anorexia, and dyslipidemia in 
PD patients. Additionally, hyperosmolar glucose- 
containing solutions and GDPs are key players in 
the structural alterations in the peritoneal mem-
brane seen with long-term PD.

The creation of the multichamber bag for PDS 
resulted in the manufacture of solutions low in 
GDPs and with neutral pH. A crossover compari-
son of a lactate single chamber versus bicarbon-
ate two-chamber solution in 25 children 
demonstrated similar UF and peritoneal transport 
kinetics for the two solutions, with a 10% lower 
removal of creatinine and phosphate with the 
bicarbonate-based solution [44]. A subsequent 
study of 21 children comparing the two solutions 
over 12 weeks each demonstrated rapid absorp-
tion of GDPs across the peritoneal membrane 
and a reduction in AGEs in children treated with 
the two-chamber bicarbonate-based, low GDP 
solution [60]. As a result, the 2011 European 
Pediatric PD guidelines endorsed the use of mul-
tichamber PD fluids for use in children [54], 
along with the lowest concentration of glucose 
and lowest number of cycles possible to achieve 
euvolemia.

With loss of residual renal function, patients 
require more hypertonic solution to maintain UF 
and solute clearance, placing them at risk for 
alteration in body composition. However, one 
longitudinal study in 136 anuric adults on PD 
demonstrated no increase in body fat, no loss of 
fat-free muscle mass, and maintenance of nor-
malized protein catabolic rate (nPCR) despite 
increasing exposure to hypertonic dialysate [61]. 
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By contrast, tube-fed anuric, or oliguric infants 
are frequently obese, with contributing factors 
being delayed motor milestones, excessive glu-
cose exposure to achieve UF, and uremic inhibi-
tion of endogenous growth hormone.

One source of confusion in the literature and 
in clinical practice is the different labeling of 
the glucose content in PD solutions between 
North America and Europe. European labeling 
is for anhydrous glucose equivalent, while in 
North America, solutions are labeled for dex-
trose content. Thus a 1.36% Physioneal™ solu-
tion contains 15  G/L of glucose monohydrate, 
equivalent to anhydrous glucose of 13.6 G/L; a 
2.27% solution contains 25  G/L of glucose 
monohydrate or 22.7  G/L anhydrous glucose; 
and a 3.86% solution contains 42.5 G/L glucose 
monohydrate or 38.6 G/L of anhydrous glucose. 
The carbohydrate content and UF capacity of 
these solutions are equivalent to North American 
labeled solutions of 1.5%, 2.5%, and 4.25% 
dextrose, respectively.

Icodextrin (Extraneal™) Icodextrin is a 
polyglucose solution derived from starch with 
an average molecular weight of 16,200 daltons. 
It is an isosmolar (284 mOsm/L), non-glucose- 
containing, lactate-buffered (40 mmol/L) solu-
tion with a pH of 5.2 and low GDPs (Table 14.1). 
It exerts UF through colloid osmosis, resulting 
in salt and water removal through the small 
pores, without activation of aquaporins, and 
without sodium sieving. Approximately 
20–40% is absorbed from the peritoneal cavity 
through the lymphatics over an 8–12-hour 
dwell, resulting in a sustained gradient for 
UF. Icodextrin is metabolized by α-amylase to 
maltose, maltotriose, and maltotetraose. Serum 
metabolites reach steady state in 7–10 days and 
disappear within the same time frame when the 
solution is discontinued. Approximately 20% 
of icodextrin and its metabolites are removed 
through dialysis or via the urine. Tissue malt-
ases convert the metabolites to glucose within 
the cells, without producing hyperglycemia, 
unlike conventional glucose- based solutions 
[62–64].

First introduced into clinic care in the early 
1990s, icodextrin gained widespread use for the 
long overnight dwell in adults on CAPD [64] and 
was subsequently adopted for the long day dwell 
in children on APD [54, 65, 66]. In adults, ico-
dextrin has been shown to be associated with 
improved UF and mitigation of uncontrolled fluid 
overload independent of peritoneal transport type 
[67, 68], improved preservation of residual renal 
function [69], reduction in insulin resistance in 
nondiabetic patients [70], improved atherogenic 
lipid profiles [71], and reduced technique failure 
[72]. Glucose-sparing regimens incorporating 
icodextrin, amino acid dialysate, and conven-
tional glucose-containing PDS have also been 
shown to improve atherogenic lipid profiles com-
pared to regimens with only glucose-based PD 
fluids [73]. Twice daily icodextrin exchanges and 
the use of “bimodal” or combined icodextrin/glu-
cose solutions have also been associated with 
improved UF in adults [63, 74, 75]. However, the 
latter combined solutions are not currently com-
mercially available and have not been studied in 
children. Although used as part of a membrane- 
sparing strategy, icodextrin use has been associ-
ated with EPS and with markers of peritoneal 
fibrogenesis [76]. More recently, a dual-chamber 
neutral icodextrin solution (pH ~ 6.8) has become 
available in Japan. Preliminary clinical evalua-
tion in adults suggests equivalent salt and water 
removal but improved biocompatibility similar to 
other neutral pH PD solutions based on mesothe-
lial cell proliferation assays [77].

Pediatric Studies Early pediatric experience 
demonstrated UF similar to 3.86% glucose over a 
12-hour dwell and serum icodextrin metabolites 
comparable to those seen in adults [65]. Addition 
of a single day dwell of icodextrin, approximately 
1100  ml/m2, provided an increased Kt/V of 
0.52 ± 0.07 weekly [45]. A second study using a 
day dwell of 1100 ml/m2 confirmed an increase 
in weekly Kt/V from 1.99 to 2.54 and weekly 
creatinine clearance from 35 to 65  L/1.73m2, 
without increased loss of albumin but with an 
increased loss of essential and nonessential 
amino acids [66].
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Using a long day dwell volume of 
630 ± 191 ml/m2, Canepa et al. demonstrated a 
linear increase in fluid removal up to 8  hours, 
with a plateau until the end of the dwell [45]. The 
disappearance of icodextrin from the peritoneal 
cavity was compatible with removal via lym-
phatic absorption, with an average of 45% 
absorption. The caloric value of the absorbed ico-
dextrin was low, approximately 3.4% of recom-
mended daily caloric intake. A subsequent report 
on eight children suggested an inverse relation-
ship between UF and age, with infants more 
likely to absorb icodextrin rather than achieve UF 
[78]. However, UF was not correlated with 
infused volume. A retrospective study of 50 chil-
dren on automated PD treated with an icodextrin 
day dwell showed a linear correlation between 
fill volume and net ultrafiltration, with a fill vol-
ume of ≥550 ml/m2 associated with UF in 88% 
of children [79].

Clinical Considerations There are several clini-
cal considerations that must be appreciated when 
using icodextrin, as outlined in the excellent 
review by Silver et al. [62].

Rash Skin rash occurs in 5–10% of patients. 
Acute generalized pruritic exfoliative rash may 
occur early after starting icodextrin, necessitating 
discontinuation, with rapid resolution of symp-
toms. Milder forms involving peeling of the 
palms and soles may not require icodextrin with-
drawal unless distressing to the patient. A later 
blistering rash in sun-exposed areas occurring 
3–6  months after exposure has also been 
described, taking several weeks to resolve after 
removal of icodextrin.

Falsely Elevated Glucose Measurements The 
accumulation of non-glucose sugars (icodextrin 
metabolites) may interfere with glucose measure-
ments by nonspecific methods such as commonly 
employed glucose strips or glucometers [80]. 
This has resulted in hypoglycemia in diabetics 
whose insulin was adjusted on the basis of a spu-
riously elevated reading. This risk exists while 
the patient is on icodextrin and for up to 2 weeks 
after discontinuation. Serum glucose should 

therefore be measured by glucose-specific assays 
in patients utilizing icodextrin.

Amylase Interpretation for Diagnosis of 
Pancreatitis Serum amylase activity is reduced 
in patients receiving icodextrin. This appears to 
be due to a competitive interaction with amylase 
substrate resulting in a low serum amylase, which 
may mask the diagnosis of pancreatitis in PD 
patients. Lipase should be measured in PD 
patients on icodextrin suspected of having 
pancreatitis.

Sterile Peritonitis The early use of icodextrin 
was associated with the development of sterile 
peritonitis, subsequently linked to contamination 
with a peptidoglycan produced by Bacillus 
acidocaldarius, a bacterium which may contami-
nate starch. Improved manufacturing has reduced 
but likely not completely eliminated this 
contaminant.

Miscellaneous Side Effects Clinically insignifi-
cant mild hyponatremia and mild elevation in 
alkaline phosphatase have both been described 
with the use of icodextrin.

Pediatric-Specific Contraindications Icodextrin 
should not be used in patients with glycogen stor-
age disease or lactic acidosis.

Antibiotic Stability Of relevance to pediatrics 
where a significant proportion of patients are on 
overnight cycling is the stability of antibiotics in 
icodextrin. Cefazolin, tobramycin, cotrimoxa-
zole, and vancomycin have been shown to be 
stable for 24  hours in Physioneal™ and 
Extraneal™ under conditions mimicking CCPD 
[81]. Ceftazidime is stable for 24  hours in 
Extraneal™, but not in Physioneal™.

Amino Acid (Nutrineal™) Nutrineal™ (Baxter 
Corporation) is a 1.1% amino acid dialysis solu-
tion with UF capacity similar to a 1.36% (1.5%) 
glucose-based PDS [82–84]. It contains both 
essential (valine, leucine, lysine, isoleucine, 
methionine, histidine, threonine, phenylalanine, 
tryptophan) and nonessential (arginine, alanine, 
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proline, glycine, serine, tyrosine) amino acids. 
The preparation currently available in North 
America is a high lactate (40 mmol/l), low cal-
cium (1.25  mmol/L), and low magnesium 
(0.25  mmol/L) solution (Table  14.1). However, 
solutions with higher calcium and magnesium 
and lower lactate were initially available, with 
modification of buffer and amino acid content in 
response to early clinical studies [85]. Peritoneal 
solute transport characteristics of Nutrineal™ are 
similar to glucose solutions [84].

Nutrineal™ was first introduced in the 1980s 
in response to concerns about protein losses and 
malnutrition in PD patients. Early pediatric stud-
ies using a single exchange in CAPD patients 
showed absorption of 80–86% of the amino acid 
from a single dwell, net positive nitrogen balance 
for a 24-hour period [83, 86], and reduced losses 
of amino acids not contained in the amino acid 
solution. Administration of a single daily dwell 
for 6–12 months in eight children on CAPD dem-
onstrated improvement of plasma essential amino 
acid levels but elevated urea and minimal 
improvement in cellular amino acid levels [87]. 
Adult studies showed mixed results in terms of 
nutritional benefit from a single daily dwell, with 
acidosis and elevated urea as common side 
effects. A more recent retrospective study has 
shown similar improvement in nutritional param-
eters in adults using either oral essential amino 
acid supplementation or a single daily exchange 
of amino acid dialysate [88].

Anorexia and decreased caloric intake are 
common in PD patients, and many receive over-
night tube feeds. If an amino acid dialysate 
(AAD) is utilized as a day dwell in this situation, 
the amino acids are utilized as calories, resulting 
in acidosis and elevated urea [89]. Working on 
the theory that an AAD coupled with adequate 
glucose administration would allow for better 
incorporation of amino acids into protein, Canepa 
et  al. studied AAD as part of a cyclic dialysis 
regimen. They utilized a mixture of ¼ 
Nutrineal™, ½ 2.27 (2.5) % dextrose, and ¼ 3.86 
(4.25)% dextrose during CCPD in ten children 
[90]. The solution was well tolerated, and despite 
absorption of approximately 50% of the infused 

amino acids, elevation in urea was not seen, sug-
gesting improved utilization of the amino acids. 
This short-term study achieved the three requi-
sites for improved protein synthesis, namely, 
hyperinsulinemia, elevated plasma amino acid 
levels, and a favorable nonprotein calorie/nitro-
gen intake ratio. The use of this regimen for 
1 year resulted in positive nitrogen balance, a rise 
in serum albumin, and improved linear growth 
[91]. Subsequently Tjiong et  al. have shown 
improved protein synthesis using amino acid plus 
glucose solutions in fed adult CAPD patients 
[92] and also in adults on automated PD [93], 
supporting the notion of “dialysate as food” [94].

The product monograph states that Nutrineal™ 
is contraindicated in patients with known hyper-
sensitivity to any of the amino acids or excipients 
in the solution, an elevated urea above 38 mmol/L 
(106  mg/dL), symptoms of uremia, metabolic 
acidosis, liver insufficiency, severe hypokalemia, 
and, most importantly for pediatrics, inborn 
errors of amino acid metabolism.

A multicenter outbreak of sterile peritonitis 
from a single batch of Nutrineal™ was reported 
in 2011  in adults [95, 96], with no etiology 
reported. Several patients were able to resume 
Nutrineal™ from a different lot without recur-
rence of the chemical peritonitis. Similarly, in a 
study in children using a 1:1 dilution of 
Nutrineal™ and glucose dialysate, five of seven 
children developed sterile peritonitis which did 
not respond to antibiotics but which resolved 
with cessation of Nutrineal™ [97].

Nutrineal™ has been used as part of the 
“PEN” membrane-sparing regimen which uti-
lizes Physioneal™, Extraneal™, and Nutrineal™ 
(discussed below) [98].

As noted, Nutrineal™ is a lactate-buffered 
AAD. Aminobic™ (Fresenius Medical Care) is a 
bicarbonate-buffered 1% amino acid dialysate 
with bicarbonate 24  mmol/L, Mg 0.5  mmol/L, 
calcium 1.25 mol/L, and pH of 7.2–7.6 [99]. In 
comparison to a lactate-based glucose-containing 
PDS of similar osmolality with pH  5.5, 
Aminobic™ was associated with improved via-
bility and reduced cellular stress response in 
human peritoneal mesothelial cells [99]. In one 
in vivo study, Aminobic™ was associated with a 
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small but significant increase in permeability to 
larger proteins, notably β2 microglobulin, albu-
min, and IgG [100]. However, no comparison of 
Nutrineal™ and Aminobic™ exists, and 
Aminobic™ does not appear to be commercially 
available currently.

 Electrolyte Composition

Sodium Removal of excess salt and water to 
control hypertension and normalize extracellular 
volume status is one of the basic goals of perito-
neal dialysis. Sodium concentrations in cPDS 
average 132  mmol/L (132  mEq/L). Hence, 
sodium removal is primarily by convection 
through ultrafiltration (UF), due to the low con-
centration gradient for diffusion between the 
PDS and serum. Sodium removal and UF rate are 
thus proportional and related to the mechanics of 
dialysis and the PDS, with typical sodium 
removal of 100 mmol/L UF in CAPD, 80 mmol/L 
UF in APD, and 130 mmol/L UF with a long ico-
dextrin dwell [1].

Low-Sodium Solutions Despite two decades of 
published experimentation with low-sodium 
PDS, they are not yet commercially available, 
and the ideal solution or number of exchanges 
has not been fully elucidated. Lowering the dial-
ysate sodium concentration results in greater dif-
fusive sodium removal but loss of ultrafiltration 
due to a lower osmolar gradient. Low-sodium 
solutions must therefore be compensated with the 
addition of more glucose [1, 101, 102].

Pediatric Considerations In infants and chil-
dren on PD, hyponatremia is relatively common, 
especially in patients with high output renal 
impairment due to urinary sodium loss [103] and 
in anuric or anephric infants due to dialytic 
sodium loss in excess of intake [104]. These 
patients require sodium supplementation. 
Additionally, growing children require a positive 
salt balance to prevent worsening growth impair-
ment. A subset of children on APD may have 
hypernatremia when treated with hypertonic glu-
cose and short dwell times [105], due to sodium 

sieving, as described in intermittent peritoneal 
dialysis [106]. These patients might benefit from 
a lower sodium dialysate. In general, low-sodium 
PDS likely has a minimal role in pediatric PD.

 Calcium

The original commercially available PD solu-
tions contained a calcium concentration of 1.62–
1.75 mmol/L (3.2–3.5 mEq/L), and these remain 
available throughout the world. Mass transfer 
studies demonstrated net absorption of calcium 
from these high calcium (HC) solutions, with 
greater absorption with lower glucose concentra-
tions due to convective removal of some calcium 
during ultrafiltration [107]. With the advent of 
calcium carbonate as a non-aluminum phosphate 
binder, hypercalcemia became common, so lower 
calcium (LC) PDS with calcium 1.25  mmol/L 
(2.5 mEq/L) and lower magnesium 0.25 mmol/L 
(0.5  mEq/L) (see below) were developed and 
became widely used in the early 1990s. Mass 
transfer studies showed a negative or neutral cal-
cium balance with greater removal with higher 
glucose solutions as expected, allowing for sup-
plementation with oral calcium to achieve phos-
phate control while preventing hypercalcemia 
[108–110]. What is clear in all the subsequent 
studies is that patients on a LC PDS tolerated 
higher doses of calcium containing phosphate 
binders with fewer episodes of hypercalcemia 
[111]. However, longitudinal studies showed 
conflicting results, with some demonstrating 
good tolerance with maintenance of normal 
serum Ca, Mg, and PTH levels [110, 112, 113], 
while others documented a fall in ionized cal-
cium and a persistent rise in serum PTH [114–
116], highlighting the need to individualize the 
PDS prescription for any given patient [117]. 
More recent studies suggest that whether a LC 
PDS is beneficial or not relates to the target out-
come. In a retrospective study of 236 adults on 
PD, Kang et al. noted that patients on a low cal-
cium (LC) dialysate (1.25 mmol/L, 2.5 mEq/L) 
had a greater decrease in bone mineral density 
and higher PTH and alkaline phosphatase levels 
compared to those treated with a high calcium 
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(HC) dialysate (1.75 mmol/L, 3.25 mEq/L) [118]. 
By contrast, Wang et al. showed better left ven-
tricular diastolic function and preservation of 
residual renal function in adults using a LC ver-
sus HC solution [119]. Haris et al. demonstrated 
reversal of adynamic bone disease in adults using 
a LC PDS [120]. Zhao et al. found the combina-
tion of a LC and HC solution to provide the best 
control of serum calcium and PTH [121].

Commercially available PDSs have the same 
calcium concentration regardless of the glucose 
content. However, kinetic modeling and clinical 
studies show that calcium transfer across the 
peritoneum is dependent on serum-ionized cal-
cium, PDS calcium content, and PDS glucose 
concentration which determines UF.  Higher 
degrees of UF result in increased removal of cal-
cium [122]. Rippe suggests that in order to main-
tain neutral calcium balance during a 4-hour 
dwell, there should be higher calcium concentra-
tions in higher glucose solutions. He proposes 
calcium of 1.38 mmol/L (2.76 mEq/L) for 1.5% 
glucose, 1.7 mmol/L (3.4 mEq/L) for 2.5% glu-
cose, and 2.2  mmol/L (4.4  mEq/L) for 4.25% 
glucose. Thus, patients requiring larger amounts 
of UF are at risk for more negative calcium 
balance.

Pediatric Considerations Mass transfer calcium 
studies have been done almost exclusively on 
adults on CAPD, and a paucity of data exists for 
children or for automated PD. A further consider-
ation in children is the need for net positive cal-
cium balance during growth. Hypocalcemia and 
secondary hyperparathyroidism are common in 
infants on APD, especially if they are on LC 
PDS, are receiving renal formulas low in phos-
phate, and thus are not receiving large doses of 
calcium-containing phosphate binders [123, 
124]. Thus, the calcium content of the PDS used 
must take into account the locally available PDSs 
and the individual needs of the patient, including 
their UF requirements. Maintenance of normal 
calcium, phosphate, and PTH requires coordina-
tion between the dialysis prescription, PDS, diet, 

supplements, phosphate binders, and activated 
vitamin D.  A pediatric program should have 
available both HC and LC PDS to meet the needs 
of all patients.

 Magnesium

The original commercially available PD solu-
tions contained a magnesium concentration of 
0.75 mmol/L (1.5 mEq/L). A number of factors 
lead to the development of lower-magnesium 
PD solutions. It was recognized that hypermag-
nesemia was common in patients with ESRD 
due to an imbalance between gut absorption and 
dialytic removal. The realization of the toxicity 
of aluminum containing phosphate binders in 
patients with ESRD led to the use of alternate 
phosphate- binding agents, including calcium 
carbonate and magnesium carbonate. Finally, an 
association between higher serum magnesium 
levels and low PTH and adynamic bone disease 
was suggested [125]. Thus, PDSs with a lower 
magnesium content of 0.25 mmol/L (0.5 mEq/L) 
were introduced, were shown to maintain serum 
magnesium in the normal range, and gained 
widespread popularity [110, 126], despite con-
cerns about potential depletion of tissue magne-
sium [127]. Subsequently, reports of 
hypomagnesemia in PD patients emerged, 
necessitating magnesium supplementation [128] 
or a switch to higher- magnesium PD fluids 
[129]. More concerning is the accumulating 
data that a higher serum magnesium may be 
protective against vascular and coronary calcifi-
cation and may contribute to suppression of 
PTH [130]. Newer solutions such as Balance™ 
have an intermediate magnesium concentration 
of 0.5 mmol/L (1 mEq/L) (Table 14.1).

Thus, the optimal PDS magnesium concentra-
tion remains unknown, but accumulating evi-
dence is in favor of either a reversion to higher 
magnesium solutions or oral supplementation 
with magnesium as needed to maintain a high 
normal serum magnesium.

E. Harvey



241

 Alternate PD Solutions 
and Membrane-Sparing Strategies

Carnitine Carnitine is a water-soluble molecule 
important in fatty acid metabolism. Depletion of 
muscle and plasma-free carnitine may occur in 
patients on PD due to losses of carnitine in the dial-
ysate, resulting in elevation of acylcarnitine and an 
elevated acyl/free carnitine ratio. Adult patients on 
APD have lower carnitine levels than their CAPD 
counterparts [131]. Dialysis-related carnitine disor-
der may be associated with erythropoietin- 
stimulating agent (ESA) resistance, hypotension, 
abnormal lipid metabolism, and muscle weakness. 
Carnitine can be supplemented by the IV or intra-
peritoneal (IP) route [131, 132]. Oral carnitine is 
considered contraindicated in patients on dialysis 
due to potential accumulation of trimethylamine 
produced by metabolism of carnitine by gut bacte-
ria [133], although there is published data on 
improvement in plasma carnitine levels [134, 135] 
and apolipoprotein B levels [136] in children on 
PD supplemented with oral carnitine.

A study in rats showed that L-carnitine exerts 
an osmotic effect similar to glucose, with half the 
water transport facilitated by aquaporin-1 water 
channels [137]. The same authors conducted a 5- 
day study in four adults on CAPD. A solution of 
1.5% glucose and 0.25% L-carnitine as the over-
night dwell yielded higher ultrafiltration than 
with a 2.5% glucose solution and similar uremic 
solute removal [137]. Plasma carnitine levels 
rose substantially and were not in steady state by 
5  days, although the percent absorption from 
each dwell fell progressively, with increasing 
amounts recovered from the dialysate each day.

A further 4-month randomized study of insu-
lin sensitivity was done in 27 adult patients on 
CAPD (15 carnitine, 12 glucose group) using a 
single exchange of a solution of either 2.5% or 
1.5% glucose with 0.1% carnitine added, with 
two glucose exchanges and an overnight icodex-
trin exchange. Compared to the control group 
who received three glucose exchanges and the 
overnight icodextrin exchange, the L-carnitine 
group showed improved insulin sensitivity and 
preserved urine volume [138].

These studies suggest a potential role for 
L-carnitine-containing dialysis solutions as a 
membrane-preserving strategy and/or to prevent 
or treat carnitine deficiency, but further data is 
required on long-term safety and efficacy. No 
pediatric data exists, and no commercial 
L-carnitine-containing solution is yet available.

Dialysis Solutions with Dissolved Molecular 
Hydrogen (H2) Molecular hydrogen (H2) has 
been shown to have antioxidant and anti- 
inflammatory properties. PDS can be loaded 
with H2 by placing the bag in H2-enriched 
electrolyzed water. In rats, PDS with infused 
H2 has been shown to induce less peritoneal 
damage than the same PDS alone [139]. In a 
2-week study in six prevalent Japanese patients, 
H2-infused PDS was clinically well tolerated, 
with a trend toward improvement in effluent 
CA125 and mesothelin in some patients [140]. 
More clinical experience is obviously required 
with this novel therapy. Additionally, H2 is 
rapidly lost from the PDS upon exposure to air, 
despite wrapping the bags in foil, so significant 
logistical considerations must be overcome 
before this could become commercially 
available.

Polyglucose Solutions Polydispersity is the 
ratio of weight-average molecular weight (Mw) 
to number-average molecular weight (Mn), while 
ultrafiltration efficiency is the ratio of UF to car-
bohydrate absorbed. Icodextrin, with a polydis-
persity of 2.6, has superior UF efficiency 
compared to glucose when used over a long 
dwell. Based on theoretical considerations using 
the three-pore peritoneal model, alternate solu-
tions to icodextrin to provide sustained UF have 
been explored. Experimental studies in rabbits 
have shown that polyglucose solutions with low 
polydispersity are effective osmotic agents [141]. 
A 6 K polymer solution with a Mw of 6.4 kilodal-
tons (KDa) and polydispersity of 2.3 was com-
pared to a 19 K polymer solution with a Mw of 
18.8 kDa and polydispersity of 2.0. The 6 K solu-
tion was associated with greater UF and superior 
UF efficiency but at the expense of more absorp-
tion of the polymer. Further rabbit studies by the 
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same authors have shown that an 11% glucose 
polymer solution with a Mw of 18–19 kDa and a 
polydispersity of 2 provides higher UF without 
greater carbohydrate absorption [142]. These ini-
tial studies suggest that altering both the molecu-
lar weight distribution and the concentration of 
glucose polymers can provide prolonged UF 
without increased carbohydrate absorption. 
These solutions are not yet commercially 
available.

Hyperbranched Polyglycerol Hyperbranched 
polyglycerol (HPG) is a hydrophilic, nontoxic, 
non-immunogenic, water-soluble branched poly-
ether polymer, which is being used in many bio-
medical applications. It has limited accumulation 
in internal organs after intravenous injection, 
although may accumulate in the reticuloendothe-
lial system with repeated exposure. It does not 
activate platelets or the coagulation or comple-
ment systems. HPG-based PD solutions have 
been produced with concentrations varying from 
2.5% to 15%, osmolality of 294–424 mOsm/kg, 
and neutral pH of 6.6–7.4. In a rat PD model uti-
lizing a single exchange, HPG PD solutions pro-
duced equal or superior solute and fluid removal 
and were associated with less damage to the peri-
toneal membrane histologically [143] as com-
pared to cPDS.

In a 3-month study in rats, HPG PDS was 
associated with stable blood chemistry, with less 
peritoneal membrane structural change and neo- 
angiogenesis, and with less upregulation of 
inflammatory pathways, as compared with cPDS 
[144].

The kinetics of HPG in uremia must be further 
elucidated. HPG solutions have theoretical 
advantage and may compete with icodextrin as a 
single daily exchange in the future, but much 
more clinical experience is required [145].

PEN Study The PEN study compared a regimen 
of Physioneal™ (1–2 exchanges/day), 
Extraneal™ (1 overnight exchange), and 
Nutrineal™ (1 exchange daily) compared to 3–4 
exchanges of Dianeal™ daily in incident adult 
PD patients over 12  months, followed by a 

6-month conversion of the PEN group to 
Dianeal™. The studies measured multiple perito-
neal markers of inflammation and demonstrated 
an improvement in urine volume in the PEN 
group and increased levels of anti-fibrotic mark-
ers and adiponectin and an associated reduction 
in some inflammatory markers in the PEN group, 
suggesting better preservation of peritoneal 
membrane integrity [146] [98]. However, a sig-
nificant flaw was the absence of peritoneal mor-
phology to corroborate improved membrane 
integrity.

Two other studies have shown this regimen to 
be well tolerated clinically but with a suggestion 
of increased deaths in diabetic patients [147]. 
There is no published pediatric experience with 
this regimen.

 Conclusion

Misra et al. suggest that the ideal biocompatible 
solution must provide sustained ultrafiltration 
and solute clearance; have no adverse effects and 
have potential nutritional or metabolic benefits if 
absorbed; be associated with no interference with 
peritoneal host defenses; and cause no peritoneal 
inflammation or long-term peritoneal damage 
[9]. Despite significant advances in the knowl-
edge of the beneficial and detrimental effects of 
peritoneal dialysis, the ideal PDS does not yet 
exist. In pediatrics, prescription of PD is further 
confounded by varying requirements based on 
age, size, and growth, along with regional 
 differences in delivery systems and solution 
availability.

PDSs should be considered “drugs” and 
ordered with knowledge of their composition, 
risks, and potential benefits. The decision to use a 
particular PDS is a complex one based on what is 
available to the clinician in their region of prac-
tice, the delivery system (cycler versus CAPD), 
and a determination of the most appropriate con-
tent of buffer, calcium, osmotic agent, and mag-
nesium. An ideal solution may not exist for an 
individual patient, requiring additional medical 
therapy to maintain homeostasis.
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In general, for children, recommendations are 
to use neutral pH and low GDP biocompatible 
solutions; to minimize exposure to hypertonic 
glucose; to use a buffer which will correct acido-
sis without causing alkalosis; and to utilize mem-
brane sparing strategies which may include the 
use of icodextrin, amino acid solutions, or newer 
osmotic agents [2, 45, 54].

In pediatrics, a “one size fits all” strategy will 
not be successful. Thus, a pediatric program must 
have a variety of solutions with varying buffer 
type and concentration, a variety of osmotic 
agents, and variable calcium concentrations to 
meet the needs of the majority of pediatric PD 
patients.
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Peritoneal Dialysis During Infancy

Enrico Vidal and Joshua Zaritsky

 Introduction

During recent years, an increasing number of pub-
lications have reported satisfactory outcomes with 
respect to morbidity, mortality, growth, and devel-
opment in newborns and infants undergoing main-
tenance peritoneal dialysis (PD) [1–6]. A very 
young age at dialysis initiation still has a negative 
prognostic implication, but this alone is not a con-
traindication to any form of renal replacement 
therapy (RRT). As a consequence, more and more 
infants are successfully treated with PD, and over 
the years the question of whether or not to start 
dialysis has shifted to how to improve dialysis 
delivery to these fragile patients.

Although transplantation is the ideal RRT for 
children, technical aspects limit the feasibility 
of the procedure in the first year of life. Thus, 
dialysis is used as a bridge to successful early 
transplantation with PD the modality of choice. 
Despite European data showing similar hard 
outcomes in infants on PD or hemodialysis 
(HD) therapy [5], figures from the North 
American Renal Trials and Collaborative 
Studies (NAPRTCS) show that 94% of children 

who initiated dialysis during the first year of life 
were treated with PD [4]. Data from the 
European Registry for Children on Renal 
Replacement Therapy (ESPN/ERA-EDTA 
Registry) also showed that the vast majority 
(87%) of incident dialysis infants (≤12 months) 
were started on PD [5].

Both technical challenges and dialysis access 
are likely the primary reasons behind the over-
whelming preference of PD over HD in these 
young patients. Not only is a fistula or graft not 
feasible in an infant due to small vasculature, 
but a well-functioning HD access through the 
use of a central venous catheter can also be very 
difficult to obtain in very small infants, and the 
rates of both infectious and mechanical compli-
cations are exceedingly high [7]. HD access 
revision rates in this age range are estimated at 
35% [8], a value that is higher than that reported 
in other series including older children [9]. The 
potential for stenosis of the central vein is also 
high, which may in turn limit the ability to cre-
ate a fistula in the future for these patients who 
are faced with a lifetime of end-stage renal dis-
ease (ESRD) care.

 Incidence and Etiology

The development of ESRD in an infant and the 
subsequent need for long-term RRT is a rare 
occurrence. Data from international registries 
showed an ESRD incidence ranging from 7 to 
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10 cases per million age-related population in 
infants aged 0–2  years [10, 11]. According to 
the 2011 NAPRTCS report, 13.2% of all chil-
dren who initiated dialysis from 1992 to 2010 
were younger than 1 year at RRT initiation [12]. 
Similar data are available from the ESPN/ERA-
EDTA Registry, which has reported that 11% of 
all children who initiated chronic dialysis from 
1991 to 2013 were infants [5]. Interestingly, 
Ronnholm et  al. reported a much higher per-
centage (47%) of young children at the 
University of Helsinki, presumably due to the 
high rate of congenital nephrotic syndrome in 
Finland [1]. The incidence of ESRD resulting in 
the provision of chronic dialysis in infants also 
appears to vary regionally, with a recent report 
of the International Pediatric Peritoneal Dialysis 
Network (IPPN) suggesting that centers in low-
income countries (gross national income 
<$12,000) rarely offer PD to young patients, 
with only 8% of their dialysis patients being 
<3 years old [13].

As opposed to what might give rise to new- 
onset ESRD in older children, the most frequent 
causes of ESRD in this age group are congenital 
anomalies of kidney and urinary tract (CAKUT), 
including renal hypoplasia/dysplasia and obstruc-
tive uropathy (e.g., posterior urethral valves). 
These abnormalities account for nearly half of 
the cases. The next most common diagnoses are 
congenital nephrotic syndrome, autosomal reces-
sive polycystic kidney disease (ARPKD), and 
cortical necrosis related to perinatal asphyxia 
[12]. Among the cohort of 3450 dialysis patients 
younger than 4  years of age registered in the 
United States Renal Data System (USRDS) 
between 1990 and 2010, the percentage of chil-
dren with greater than 1 comorbidity increased 
from 3.9% to 31.1% between 1990 to 1994 and 
2005 to 2010, indicating that the youngest 
patients on dialysis have become more medically 
complex [14]. Along with three other registries, 
namely, the IPPN, the Australia and New Zealand 
Dialysis and Transplantation Registry 
(ANZDATA), and the Japanese Society for 
Dialysis Therapy registry, the ESPN/ERA-EDTA 
Registry provided information on the largest 
cohort of neonates, starting chronic dialysis to 

date in 2014 [15]. In the first year after starting 
RRT, 73% of 111 patients were reported to have 
comorbidities. No determinants of survival could 
be identified, except that the presence of a neuro-
logical disorder was associated with a significant 
fivefold increased risk of death: this can have 
profound ethical implications for both the 
patient’s family and the healthcare team, regard-
ing the decision to start RRT.

 Ethical Considerations: Should 
Dialysis Be Initiated?

Clearly, one of the most difficult issues that fami-
lies and pediatric nephrology teams are con-
fronted with is the decision regarding when and if 
chronic dialysis therapy should be initiated for 
neonates and infants with ESRD. In a survey of 
938 European patients younger than 18  years, 
median eGFR at the start of dialysis therapy 
increased with age from 6.3 mL/min/1.73 m2 in 
infants younger than 1  year to 13.5  mL/
min/1.73  m2 in adolescents, reflecting the ten-
dency to delay the initiation of dialysis therapy in 
the infant age group [16]. Despite advances in 
dialysis technology and clinical expertise that 
now makes it possible to provide dialysis to this 
patient population safely and effectively, the con-
cept of proceeding with a lifetime of ESRD care 
is unavoidably complex.

Comorbidities, such as neurocognitive delay, 
growth delay, the prospect of multiple hospital-
izations, and the need for supplemental tube 
feeding, contribute to the ethical dilemma experi-
enced by many families and healthcare providers. 
In up to one third of cases, the presence of signifi-
cant nonrenal abnormalities, such as neurological 
abnormalities or pulmonary hypoplasia, can fur-
ther complicate the clinical picture [17]. In fact, 
the survival rate of the youngest infants 
(0–2  years) who have received chronic dialysis 
has historically been quite poor, with 2-year mor-
tality rates as high as 30% [18]; however, more 
recent data has revealed that survival of infants 
on dialysis has improved markedly and now 
closely approximates that of older children 
receiving maintenance dialysis [4].
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It is also noteworthy that a substantial per-
centage of children with in utero evidence of 
severe kidney disease never presents for consid-
eration of chronic dialysis. Advanced ultrasound 
techniques facilitate prenatal diagnosis of renal 
disease in most affected children. Severely 
impaired kidney function in utero results in renal 
oligo- or anhydramnios due to decreased fetal 
urine output. In a recent study, a German group 
characterized the postnatal overall survival and 
the degree of renal impairment in a series of 103 
pregnancies with renal oligohydramnios [19]. 
After diagnosis, 38 families opted for termina-
tion of pregnancy, 8 infants died in utero, and 8 
cases were lost to follow-up. The decision to 
interrupt a pregnancy was associated with onset 
of renal oligohydramnios, underlying renal dis-
ease, and the presence of extrarenal manifesta-
tions. Among the 49 survivors, 11 received 
palliative care, 42 received initial active care, 
and 35 (34% of the original pregnancy cohort) 
eventually survived until discharge. About one-
third (12 out of 35) of the survived infants needed 
dialysis in the first 6 weeks after birth, but this 
was only on a temporary basis in 5 of them and 
continued as a chronic therapy in 7. The postna-
tal need for dialysis was not associated with 
onset of renal oligohydramnios.

In adult patients, the four principles of medi-
cal ethics, autonomy, beneficence, non- 
maleficence, and justice, are characteristically 
applied when confronted with the decision on 
whether to withhold or withdraw dialysis. 
However, in the case of infants, the wishes of the 
parents, who are usually entitled to make deci-
sions regarding the medical care their children 
receive, must also be taken into consideration. 
Overall, the principle criterion used to make this 
decision should be “the best interest of the child.” 
This ethical dilemma is not all that uncommon in 
the neonatal intensive care unit and occurs in 
other situations, such as in the case of the infant 
with hypoplastic left heart syndrome [20]. 
Ideally, the decision of providing or withholding 
dialysis represents a consensus opinion of the 
parents, nephrologist, neonatologist, and other 
members of a multidisciplinary team after a thor-
ough review of the patient’s clinical status, the 

family’s dynamics, and a review of the data that 
exists within the medical literature on the out-
come of young infants with ESRD. A checklist 
with guiding questions might be used in the 
decision- making process and should include a 
variety of potentially influential aspects, such as 
the presence of comorbidities, which could 
impact medical care and outcome, the availabil-
ity of equipment, expertise, and financial 
resources, the possibility of future transplanta-
tion, and the predicted quality of life for the child 
and family [21]. Despite the best efforts to this 
end, there remains substantial potential for dis-
agreement regarding the best course of action to 
take because of the multiple patient and social 
factors that often exist, along with the different 
prior experiences of healthcare team members 
with similar patient scenarios. Whereas the 
nephrology team and family members most often 
come to a conclusion that is agreeable to all, on 
occasion, a hospital ethics committee may be 
consulted for their opinion.

Twenty years ago, Geary and colleagues sur-
veyed the opinions of pediatric caregivers from 
around the globe, regarding the decision process 
surrounding the initiation of chronic dialysis in 
infants <1 year of age [22]. In that survey, a sub-
stantial percentage (50%) of physicians 
responded that it was usually acceptable for par-
ents to refuse dialysis for children less than 
1 month of age, in contrast to the situation when 
children were 1–12  months of age at presenta-
tion, at which time dialysis refusal was deemed 
less acceptable. Factors felt to be most influential 
by the physicians with respect to their opinions 
regarding withholding dialysis were the presence 
of “coexistent serious medical abnormalities” 
and the “anticipated morbidity for the child.” As 
a follow-up to that survey, 10 years later, Teh 
et al. reported on the results of a similar multina-
tion survey of both nephrologists and nurses on 
this topic, to determine if the perspectives of 
healthcare providers had changed subsequent to 
the introduction of advances in care and addi-
tional personal and published experiences [23]. 
Of note, only 30% of the 270 nephrologists indi-
cated that they would offer chronic dialysis ther-
apy to all children less than 1 month of age and 
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50% to all children aged 1–12 months. The figure 
of 30% was decreased from the figure of 41% 
reported in the prior survey. In the more recent 
assessment, a minority of physicians (27%) 
believed that the parents could not refuse dialysis 
for infants less than 1 month of age, a figure that 
increased to 50% for children aged 1–12 months. 
Noteworthy was the finding that nurses were 
more likely than physicians to consider the pres-
ence of oliguria or anuria as a contraindication to 
initiating dialysis, and they placed more empha-
sis on the parent’s right to decide. Whereas a dif-
ference of opinions among healthcare staff may 
be fairly common in these scenarios, a consensus 
should ideally be reached before speaking with 
families and during the parental decision-making 
process.

 Peritoneal Dialysis Access

Long-term PD mandates the surgical placement 
of a Tenckhoff catheter. A chronic PD catheter 
can be inserted in infants as young as newborns 
with few long-term complications of the proce-
dure itself. The most important consideration for 
the successful placement and function of a PD 
catheter in the young infant is the experience of 
the surgeon [24]. This can be particularly prob-
lematic at centers caring for a small volume of 
infants overall, where the need to provide dialysis 
to a very young infant may be a rare event. 
Because of the importance of the access and the 
desire for the outcome of placement to be without 
complication, the surgical placement should ide-
ally be limited to only a few surgeons per center. 
In some circumstances, it may be preferable to 
refer the patient to another, more experienced 
center for access placement, in a manner similar 
to what has been recommended for a vascular 
access.

If complications, such as dialysate leakage, 
are to be avoided, placement of the catheter 
2–3 weeks before its eventual use is ideal, so that 
there is an opportunity for ingrowth of the Dacron 
cuffs of the catheter into the surrounding tissues. 
The provision of fibrin sealant at the peritoneum 
as a means of achieving a tight closure when a 

delay in PD initiation is not possible has been 
practiced [25]. The need for an access revision 
early after PD catheter placement is most com-
mon during infancy and is often secondary to 
mechanical dysfunction. Borzych-Duzalka et al. 
reported that nearly 40% of infants initiated on 
PD at <1 year of age required PD catheter revi-
sion, most frequently >60 days after the initiation 
of dialysis [26]. Additional considerations in the 
chronic setting are the orientation of the subcuta-
neous tunnel of the catheter, the exit-site orienta-
tion and location, the potential need for an 
omentectomy, and the timing of placement of a 
gastrostomy tube (G-tube).

Observational data from the NAPRTCS sug-
gests that catheters with a downward-pointed 
exit-site are associated with the lowest peritonitis 
rates, a technique (along with the preference for 
two-cuffed catheters) that should characterize all 
PD catheters placed in children. This is especially 
relevant in infants and young children because of 
their increased rates of peritonitis compared to 
older children [12, 27]. The exit-site should also 
be placed outside of the diaper area and away 
from any potential ostomy site, with the superfi-
cial cuff located approximately 2  cm from the 
skin surface. Occasionally, this necessitates 
placement of the exit-site on the chest wall [28]. 
Given the small size of the neonatal/infant 
patient, these requirements can be difficult to 
accommodate and, as noted above, require a very 
skilled and experienced surgeon.

One somewhat controversial aspect of cathe-
ter placement is the decision whether to routinely 
perform an omentectomy. The basis for its per-
formance in children is that catheter obstruction 
(usually due to omental wrapping) represents the 
main reason for access revision and magnifies the 
risk of technique failure compared with infec-
tious causes, especially in small children [26]. 
Although children appear to be at higher risk for 
omental obstruction compared to adults, most of 
the data in support of omentectomy comes from 
the adult literature, while there are no well- 
designed studies in children addressing this topic. 
One retrospective study of children by Cribs 
et  al. did demonstrate a decrease risk of early 
catheter failure with omentectomy [29]. Similarly, 
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in a retrospective study of 92 pediatric patients 
(mean age 5  years), Conlin et  al. demonstrated 
that the outflow obstruction rate was 5% in 
patients who received an omentectomy vs 10% in 
patients who did not [30]. On the contrary, in a 
recent series of 154 PD catheters, Radtke et  al. 
found that omentectomy did not reduce the inci-
dence of catheter obstruction in pediatric patients, 
whereas the type of catheter (straight or curled) 
and presumably the size of the holes at the cath-
eter tip might influence the incidence of PD cath-
eter obstruction [31].

One additional unique consideration for cath-
eter placement in this age group is the timing and 
location of placement relative to the common 
need for a gastrostomy tube (G-tube) in order to 
accommodate nutritional requirements. As noted 
above, the catheter exit-site should ideally be 
placed at a distance (often the contralateral side) 
from the site of a current or potential G-tube to 
decrease the risk of contamination and possible 
peritonitis. Likewise, it is recommended that 
when possible, the PD catheter be placed either 
simultaneously with or after the placement of a 
G-tube to avoid contamination of the peritoneum 
from gastric contents [24, 27, 32]. Data from the 
Standardized Care to Improve Outcomes in 
Pediatric End-Stage Renal Disease (SCOPE) col-

laborative – a quality improvement initiative that 
aims to reduce PD-associated infections in pedi-
atric patients on chronic PD – demonstrated that 
G-tube placement after PD catheter insertion was 
associated with a threefold increased risk of peri-
tonitis [33]. When the catheter placement pre-
cedes G-tube placement, the latter procedure 
should take place under prophylactic antibiotic 
and antifungal therapy and with the patient 
drained of PD fluid [27]. In addition, there is 
some evidence that an open gastrostomy (Stamm 
procedure) in contrast to a percutaneous proce-
dure (PEG) is preferred in this setting as well, to 
decrease the risk of peritonitis associated with 
gastrostomy placement [24, 34]. PD should be 
held for 2–3 days following the gastrostomy pro-
cedure if possible (Fig. 15.1).

 Prescription

The dialysis prescription in infants is character-
ized by some key details that differentiate it from 
the prescription used in older children and adults 
(Table 15.1).

When scaled to body weight, the surface area 
of the infant peritoneal membrane is almost twice 
that of a 70 kg adult. Thus, in small children the 

Fig. 15.1 Placement of 
a PD access in infants 
should often take into 
account the presence of 
multiple ostomies
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Table 15.1 Key factors for individualizing dialysis prescription in infants

1.  Exchange 
volume

The size of the peritoneal cavity, the weight of the infant, feeding difficulties, presence of 
pulmonary disease, and the degree of uremic toxicity may affect exchange volume
The initial exchange volume should be low (300–400 mL/m2) in order to reduce abdominal 
pressure resulting in dialysate leakage. It should be slowly increased during the PD course to a 
maximum of 600–800 mL/m2

Low fill volumes are safer for infants but result in poor clearance and low UF and induce a 
hyper-permeable exchange (functional hyperpermeability)
Automated PD can be performed in infants with fill volumes greater than 100 ml using pediatric 
tubing and standard cyclers with pediatric software. The use of smaller fill volumes (<50–60 mL) 
may lead to several pitfalls. For infants with fill volumes of <100 mL, short-term dialysis needs to 
be performed manually with the use of commercially available two chamber sets with a controlled 
temperature

2.  Dialysate 
composition

Infants should ideally receive biocompatible fluids with neutral pH to allow for long-term 
preservation of the peritoneal membrane function.
In some infants, the use of bicarbonate-containing solution can result in alkalosis, with subsequent 
hypoventilation and hypercapnia. In these cases, a lower buffer content dialysate is recommended
An initial dialysis solution of 1.5% dextrose concentration should be used, but polyuric infants 
may absorb fluid from low glucose exchanges, whereas anuric children may require higher 
glucose fluids for adequate UF.
The use of icodextrin in infants may result in poor efficacy, due to its enhanced absorption from a 
peritoneal membrane with physiological high permeability (high pore density)

3.  Time and 
number of 
exchanges

Infants require shorter dwell times (30–40 min), more frequent exchanges (12–16) and longer 
duration of dialysis (10–12 h) than older children

4.  Monitoring 
fluid 
balances

Infants and small children receiving chronic PD are particularly prone to chronic hypotension, 
because of the risk for hyponatremic hypovolemia that is related to their primary renal disease 
(salt losing nephropathies), specific nutritional needs, and peritoneal membrane characteristics
Accurate record of body weight and blood pressure and frequent assessment of “dry weight” are 
essential to avoid high glucose concentration PD solutions and excessive UF
In infants undergoing chronic PD, the systolic BP levels should be targeted at least at the 50th 
percentile adjusted for age, gender, and height
In case of intercurrent illness or dehydration, infants treated with PD should be carefully 
evaluated with respect to opportunities to initiate intravenous rehydration and to modify the 
dialysis prescription (reduced treatment time, increased dwell time, minimized dialysate glucose 
content, long low-glucose daytime dwell for resorption of fluid and electrolytes on demand)

use of a weight-based fill volume results in a rela-
tively low fill volume, which can result in inade-
quate ultrafiltration and reduced dialysis 
efficiency due to two main mechanisms: (1) the 
development of “functional hyperpermeability,” 
characterized by apparent ultrafiltration failure 
secondary to enhanced lymphatic uptake and the 
rapid loss of the glucose-related osmotic gradi-
ent, and (2) the “geometry of diffusion,” a con-
cept that addresses the rapid equilibration of 
solute that occurs across the peritoneal mem-
brane when using small fill volumes [35]. In con-
trast, the provision of an exchange volume scaled 
to body surface area (BSA) takes into consider-
ation the age-independent relationship of BSA to 
peritoneal surface area and makes the fill volume 
homogeneous across all ages [36].

Peritoneal blood and lymphatic vessel density 
decreases with age, from the highest levels in 
infancy; thus, solute removal rates decrease pro-
portionately [37]. This situation also leads to a 
reduced ultrafiltration capacity because of the 
increased resorption speed of the osmotic agent, 
so infants require shorter dialysis cycles than do 
older children to maintain the osmotic gradient.

Typically, initial dialysis exchange volumes in 
an infant should be 300–400  mL/m2 and are 
increased as clinically warranted and tolerated. 
Accordingly, the recommended maintenance 
exchange fill volume for patients below age 
2  years is generally 600–800  mL/m2 [24], to 
maintain the intraperitoneal pressure between 8 
and 10 cm of water [38]. A high intraperitoneal 
hydrostatic pressure counteracts ultrafiltration, 
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interferes with food intake, and increases the risk 
of hernia formation, leakage, and emesis/gastro-
esophageal reflux.

The lower dialysate fill volume that is 
employed in the neonate generally necessitates 
the use of manual exchanges early in the course 
of PD, with the use of commercially available 
two chamber sets that allow inflow and outflow 
volumes to be measured with an accuracy of 
1  mL.  In this setting, dwell times are initially 
every 30–60  min, and the dialysis is provided 
continuously, a schedule that most often requires 
a one-to-one level of nursing support. Manual 
exchanges in infants should be performed in a 
hospital setting, and infants are seldom dis-
charged home until the infant is able to tolerate 
fill volumes larger than 100 mL and automated 
PD (APD) using cyclers can be performed. APD 
is typically conducted at night over a 10–12  h 
period with or without a single daytime exchange. 
The last (daytime) fill volume should be one-half 
the night fill volume and may be required, for 
example, in cycling PD patients with a high sol-
ute load or when clearance is not sufficient. 
However, it should be recognized that daytime 
exchanges with glucose containing dialysis solu-
tions might contribute to early satiety or anorexia, 
due to feelings of fullness from the indwelling 
dialysate, or the adverse effect of absorption of 
dialysate glucose on appetite.

The composition of PD solutions is important, 
and the use of dialysate with the highest dextrose 
concentrations should be restricted because of 
the associated risk of complications such as 
encapsulating peritoneal sclerosis, a particularly 
serious issue because of the potential long-term 
need of a functional peritoneum for the youngest 
patients [39]. Guidelines from the European 
Pediatric Dialysis Working (EPDW) Group rec-
ommend the use of biocompatible multicham-
bered PD fluids, which are low in glucose 
degradation products (GDP) and reduce lactate 
exposure [40]. The choice of PD solutions is 
largely dependent upon their availability in dif-
ferent regions of the world. In the United States, 
only lactate-buffered solutions containing either 
glucose or icodextrin as the osmotic agent, are 
available, while additional bicarbonate-buffered 

solutions are available in Europe and other areas. 
Given that small infants might have many years 
of ESRD ahead, the use of the new, more bio-
compatible dialysis solutions may prove to be 
particularly beneficial to the pediatric patient 
population, although this remains to be proven by 
well-conducted trials in both children and adults. 
Hass et al. did demonstrate an improved correc-
tion of acidosis in a small cohort of pediatric 
patients switched to BicaVera® (Fresenius 
Medical Care, Bad Homburg, Germany)  – a 
34  mmol/L bicarbonate solution [41]. 
Additionally, Fischbach demonstrated decreased 
inflow pain with Physioneal® (bicarbonate-based; 
Baxter Healthcare, McGaw Park, Illinois, USA) 
versus Dianeal® (lactate-based; Baxter 
Healthcare, McGaw Park, Illinois, USA). The 
use of Physioneal® was also associated with a 
lower IPP, which could improve clinical toler-
ance in cases where larger fill volumes are neces-
sary [42]. In small patients using PD with 
bicarbonate-containing solutions, consideration 
of sleep-disordered breathing is important as sub-
sequent metabolic alkalosis can potentially lead 
to hypoventilation and hypercapnia [43].

Compared to adults, icodextrin (Extraneal®) is 
rarely employed in place of dextrose as the 
osmotic agent in PD solutions for infants and 
young children, with rare published reports. 
Whereas de Boer et al. showed that in 11 children 
(median age 10.3 years), a 12 h exchange with 
7.5% icodextrin produced ultrafiltration compa-
rable to a 3.86% dextrose solution [44], Dart 
et al. reported poor ultrafiltration in very young 
children (median age 2.8 years) with its use [45]. 
This poor efficacy was due to enhanced absorp-
tion of icodextrin, with half of the patients 
 showing absorption even when dwell times were 
reduced from 10 to 6  h. The higher density of 
lymphatic vessels in young infants provides a 
morphological correlate to these functional 
observations [37].

Given the substantial nutritional needs of this 
patient population, amino acid-based solutions 
would seem to be a natural choice. Some, but not 
all, of the few studies that have been performed in 
pediatrics have demonstrated an improved nutri-
tional state using these solutions. Although the 
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use of glucose and amino acid admixtures to 
ensure the effective incorporation of the addi-
tional nitrogen load into protein was associated 
with promising preliminary results in eight chil-
dren a decade ago, little additional research on 
this topic has been conducted with children [46]. 
In large part, this may be because similar out-
comes can be achieved more physiologically and 
possibly more economically with supplemental 
nasogastric or gastrostomy tube feedings.

A dialysis schedule based on frequent 
exchanges, short dwell times, and a low fill vol-
ume may lead to adequate urea but relatively 
poor creatinine and phosphate elimination in 
infants, which appears as a characteristic discrep-
ancy of high Kt/V and low creatinine clearance. 
Although small-molecule clearance in the form 
of Kt/V measurements are widely used as a 
means of evaluating the efficiency of dialysis, 
care must always be taken to individualize ther-
apy, even in cases of adequate or even high urea 
clearance, because of the absence of definitive 
data linking urea clearance to clinical outcome in 
the infant population. Small solute clearance is 
just one minor part of the effectiveness of dialy-
sis, and in fact “optimum” dialysis, rather than 
“adequate” dialysis, is what pediatric nephrolo-
gists should aim for with their patients [47]. 
Outcome parameters that should be taken into 
consideration include linear growth and weight 
gain, increase in head circumference, and neuro-
cognitive/psychomotor development. Additional 
qualitative targets of dialysis adequacy are the 
avoidance of hypovolemia and sodium depletion, 
because of their significant influence on growth 
and associated risk of severe complications [48].

 Nutrition and Growth

Meeting the nutritional needs of infants can be 
challenging, especially with the severely oligu-
ric/anuric patient who must receive formula vol-
umes as high as 150 mL/kg of body weight per 
day. In the setting of ESRD during infancy, the 
provision of adequate nutrition takes on particu-
lar importance because the neonatal/infant period 
is typically characterized by accelerated brain 

growth and a linear growth rate of nearly 25 cm/
year. Remarkably, half of postnatal brain growth 
normally takes place in the first year of life, and 
one-third of the normal final adult height is 
achieved during the initial 2 years of life [49].

However, infants with ESRD can lose more 
than two standard deviation score (SDS) of height 
and adversely impact their final height if their 
clinical status is compromised by suboptimal 
care and/or complications of their disorder [50]. 
There is also data linking poor growth with mor-
tality in children with ESRD.  Both Furth et  al. 
[51] and Wong et al. [52] demonstrated an inde-
pendent association between a decrease in height- 
SDS and an increased risk of death, with impaired 
growth likely serving as a surrogate of overall 
well-being. Encouragingly, longitudinal analysis 
from the ESPN/ERA-EDTA Registry demon-
strated that although final height remains subop-
timal in small children with ESRD, it has 
consistently improved over time from −2.12 SDS 
in children 0–4 years of age who started dialysis 
before 1990 to −1.72 SDS among those starting 
dialysis between 1990 and 1999 [53].

Most noteworthy is the fact that this early 
period of growth is primarily dependent upon the 
provision of optimal nutrition, with the growth 
hormone/insulin-like growth factor (IGF) axis 
having less importance when compared to its 
influence later in life. KDOQI pediatric nutrition 
guidelines provide recommendations for the con-
tent and frequency of monitoring infants/young 
children for growth/nutrition status and recom-
mend that patients with ESRD receive 100% of 
the estimated energy requirements (EER) for 
chronological age, with adjustments based on 
changes in either weight or growth [48].

There are several nutritional considerations 
that need to be addressed when PD is conducted. 
Specifically, neonates and infants can experience 
excessive losses of protein via PD, with studies 
demonstrating average losses of 250 mg of pro-
tein per kg of body weight or almost twice the 
peritoneal protein losses seen in older children 
[54]. In order to avoid the negative consequences 
of protein depletion, current guidelines recom-
mend an allowance for dietary protein of at least 
1.8 g/kg/day for the first 6 months of life, 1.5 g/
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kg/day for months 7–12, and 1.3  g/kg/day for 
1–3 years, taking into account the dietary refer-
ence intakes and peritoneal losses. In the case of 
congenital nephrotic syndrome, in which a bilat-
eral nephrectomy has not been performed, ongo-
ing urinary losses of protein also need to be 
accounted for [55].

Infants receiving PD also experience exces-
sive sodium (Na) losses across the peritoneal 
membrane, due to the need for high ultrafiltration 
rates in relation to body weight. As a rule of 
thumb, 80 mmol sodium is removed per liter of 
ultrafiltrate (UF). Hence, an anuric 5  kg infant 
with 300 mL daily UF will lose almost 5 mmol/
kg Na per day, more than twice the daily urine 
losses of a healthy child. If the child receives 
500 mL standard formula milk per day, the Na 
intake will only be about 3–10 mmol. At normal 
serum Na concentrations, the Na losses from UF 
are normally greater than the quantity ingested 
from infant formula. This may result in a negative 
Na balance until a steady state is achieved at a 
low serum Na concentration. Without adequate 
supplementation (Table 15.2), the consequences 
of the resultant hyponatremia, low intravascular 
volume, and systemic arterial hypotension can be 
catastrophic and include both blindness due to 
anterior ischemic optic neuropathy and cerebral 
edema [56].

In most cases, the nutritional targets defined 
by the guidelines for neonates and young infants 
on PD are not achievable without the implemen-
tation of either nasogastric (NG) or G-tube feed-
ing. Children with ESRD suffer from poor 
appetite and early satiety that may be, in part, due 
to elevated circulating concentrations of proin-
flammatory cytokines and increased levels of 
hormones involved in energy balance (i.e., ghre-
lin and obestatin) [57, 58]. The generation of an 
increased IPP secondary to the presence of dialy-
sis fluid might also play a role. Compounding the 
problem is a high rate of poor gastrointestinal 

motility and gastroesophageal reflux, which can 
lead to the loss of up to one-third of feeding vol-
umes via vomiting [57, 59]. Thus, the need to 
allow feeds to be provided over extended periods 
of time (e.g., nocturnal drip feeds) mandates the 
use of tube feedings. Not surprisingly, the institu-
tion of tube feeding can also help alleviate the 
intolerable stress placed on families, in which 
sufficient oral intake cannot be achieved and 
growth suffers.

Whereas historically NG tubes were preferen-
tially used because of the simplicity of placement 
(although not necessarily simple from the per-
spective of the parent and patient), frequently 
associated complications of this approach to ther-
apy, in addition to the unsightly appearance, 
include recurrent emesis, nasal trauma associated 
with tube replacement, and inhibition of the nor-
mal development of oral motor skills [60]. On the 
other hand, G-tubes/buttons are not as frequently 
associated with the development of altered oral 
motor skills, are not regularly associated with 
emesis, and are not visible. They also offer the 
advantage of being available for prolonged use 
into the post-renal transplant period, where they 
can be essential to ensure proper hydration and 
enhance medication administration in the young 
infant [61].

The use of enteral nutrition has been associ-
ated with improved linear growth in infants on 
PD, but this outcome is not universal [62]. In fact, 
a significant increase in weight-for-age and body 
mass index-for-age, but not height-for-age has 
been reported in children with ESRD after G-tube 
feeding, and 50% of tube-fed subjects were over-
weight or obese at the most recent evaluation 
[63]. Although recombinant human growth hor-
mone (rhGH) has not been adequately investi-
gated in infants, small trials suggest that very 
early treatment with rhGH in patients with early- 
onset ESRD may improve growth [64]. Institution 
of rhGH in the first year of life might be consid-

Table 15.2 Method for estimating sodium needs in anuric infants on PD

Age-related dietary reference intake Losses from ultrafiltration
Total daily sodium 
requirements (mmol) =

0–6 mo = (0.9 × kg of body weight)
7–12 mo = (1.7 × kg of body weight)

+ (8 × [ml of UF/100])
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ered in young infants, who are failing to grow 
adequately despite the provision of an adequate 
dietary intake.

 Complications

Several studies indicate young age as a risk factor 
for infectious complications, morbidity, and mor-
tality in children on dialysis. The most common 
complication associated with PD continues to be 
peritonitis, which is also the most frequent cause 
for hospitalization in children receiving PD [65]. 
On the basis of previous studies describing infant 
dialysis, cohort-specific peritonitis incidence 
ranges from 0.58 to 1.7 episodes per patient-year 
[1–3]. In the 2011 annual report of the North 
American Pediatric Renal Trials and Collaborative 
studies (NAPRTCS), which includes data col-
lected over a 20-year period, a total of 4248 epi-
sodes of peritonitis in 6658  years of follow-up 
are reported, yielding an annualized rate of 0.64 
or 1 episode every 18.8 months [12]. The annual-
ized rate decreases with the age of the patients, 
with the youngest (<1 year) having an annualized 
rate of 0.79, while children older than 12 years 
have a rate of 0.57. The occurrence of peritonitis 
is associated with high mortality and can also 
impact on structure and function of the peritoneal 
membrane, thus reducing the long-term availabil-
ity of effective PD in children [65].

Several risk factors can influence the inci-
dence of peritonitis during infancy, and an 
understanding of these is important if one aims 
to optimize prevention and patient outcome. 
Surgical expertise and antibiotic prophylaxis are 
keys to minimize the risks for early-onset perito-
nitis after PD catheter insertion [27]. As men-
tioned before, the catheter design associated 
with a lower risk of infection in children appears 
to be the double-cuffed swan-neck catheter, with 
its inherent downward-directed exit-site. 
However, infants with limited subcutaneous tis-
sue of the abdominal wall, particularly if hypo-
proteinemic, are at risk for distal cuff extrusion 
[66], with a subsequent higher risk of leakage, 
exit-site infection, and eventually peritonitis. 
This risk can be reduced by delaying the onset of 

dialysis for 2–3  weeks after implantation [67]. 
Some authors have also suggested that regular 
monitoring of intraperitoneal pressure in infants 
on PD might help prevent the development of 
hernias from anatomically weak sites [68]. 
Concerns also exist that a downward exit-site 
may be a risk factor for infections in small chil-
dren using diapers. The proximity of the catheter 
exit-site to the diaper region or to gastrostomy/
vesicostomy/nephrostomy sites has been associ-
ated with a higher incidence of gram-negative 
peritonitis (“diaper peritonitis”) as compared 
with older children [69]. In some centers, this 
issue has been successfully addressed by placing 
the PD catheter exit- site outside the diaper area, 
in the presternal area [55].

Infants on chronic PD with oliguria fre-
quently have hypoproteinemia and hypogam-
maglobulinemia resulting from malnutrition 
and peritoneal protein losses [3]. The presence 
of hypogammaglobulinemia is commonly com-
plicated by the development of recurrent infec-
tions and, specifically, might be a risk factor for 
the development of bacterial peritonitis in 
patients receiving PD. There is no evidence for 
routine administration of prophylactic intrave-
nous immunoglobulins in all infants [70], but 
replacement therapy should be considered if 
very low immunoglobulins levels (<4 g/L) are 
found [24, 71].

Infants who develop peritonitis early after PD 
catheter implantation and while hospitalized 
have different clinical characteristics compared 
to those who only develop peritonitis as an outpa-
tient. In a recent report from the SCOPE collab-
orative, Zaritsky et al. examined the epidemiology 
of peritonitis in 156 infants, who had a PD cath-
eter placed in the first year of life [33]. The study 
included patients who started chronic PD as an 
inpatient and remained hospitalized. The authors 
found that 65 out of 156 infants (42%) had at 
least one episode of bacterial peritonitis within 1 
year after PD catheter implantation, resulting in 
an overall annualized peritonitis rate of 0.76 epi-
sodes per patient-year. An extremely high inci-
dence of peritonitis was observed early, during 
the initial hospital stay after PD catheter place-
ment (1.73 episodes per patient-year). The diag-
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nosis of polycystic kidney disease (namely, 
ARPKD), history of pulmonary hypoplasia, the 
use of a curled PD catheter or plastic adaptor, 
nephrectomy prior to or concurrent with PD cath-
eter insertion, and G-tube insertion after catheter 
placement were significantly more common in 
patients who experienced peritonitis compared to 
those without peritonitis. Infants with an episode 
of peritonitis during their initial hospitalization 
were also younger and were more likely to have a 
diagnosis of ARPKD and a history of pulmonary 
hypoplasia, as compared to those patients who 
developed peritonitis only as outpatients. 
Moreover, the vast majority of inhospital perito-
nitis was associated with the prior need for 
nephrectomy, perhaps a surrogate for the diagno-
sis of ARPKD, a condition associated with severe 
comorbidities, a higher risk of infection, and 
mortality. In this disease, unilateral or bilateral 
nephrectomy often represents an inevitable thera-
peutic approach to ameliorate respiratory impair-
ment and nutritional management and also to 
facilitate PD initiation. The relative lower inci-
dence of outpatient peritonitis in this study may 
reflect an exposure to fewer or less severe risk 
factors in nonhospitalized infants but may also be 
due to the use of quality improvement methods 
aimed at implementing standardized practices for 
PD catheter care by trained staff and parents 
according to the SCOPE bundles [72, 73].

 Hospitalization and Long-Term 
Outcomes

Hospitalization rates for infants on PD are higher 
than that for older children [3]. In a NAPRTCS 
analysis, Carey et al. demonstrated that – while 
on maintenance dialysis – about 75% of children 
younger than 2  years required hospitalization 
[10]. An analysis of the ESPN/ERA-EDTA 
Registry data showed a gradual decrease over 
30  years of follow-up (from 1980 to 2010) in 
infection-related hospitalizations in children on 
PD, except for peritonitis [74]. The greater likeli-
hood of longer hospitalization and the increased 
risk of complications, potentially resulting in 
additional surgical procedures, are factors that 

significantly impact the biological and economic 
cost of dialysis for infants. It follows that efforts 
should be directed to implement all strategies 
aimed at preventing and reducing peritonitis in 
infant PD, including the use of improvement sci-
ence models [73].

Whereas mortality data have improved in 
children overall on dialysis over the past few 
decades, the highest mortality rates are seen in 
those patients who receive dialysis during the 
first year of life [75]. The most recent NAPRTCS 
results, based on data collected from 2000 to 
2012, show a 3-year patient survival of 78.6% 
and 84.6% in patients who initiate dialysis dur-
ing the first month and first year of life, respec-
tively [4]. Combined data from four other 
registries shows a slightly lower survival rate for 
those patients who initiated chronic dialysis 
within the first month of life with 2- and 5-year 
survival rates of 81% and 76%, respectively 
[15]. Finally, a recent retrospective review of the 
USRDS database for data on infants who initi-
ated PD from 1990 to 2014 has shown an 
increased risk for mortality in all infants who 
initiated PD in the earlier initiation era (1990–
1999) vs the later era (2000–2014) (aHR of 
1.95), for females vs males (aHR 1.43), and for 
those with a primary diagnosis of cystic kidney 
diseases vs CAKUT (aHR 1.84). In 2000–2014, 
patient survival at 1 and 5 years was 86.8% and 
74.6% for those who initiated PD as neonates 
and 89.6% and 79.3% for those who did so as 
older infants [6]. Overall, the most commonly 
identified causes of death on dialysis were car-
diorespiratory disease (25.8%) and infection 
(22.8%).

The most important predictor of mortality in 
this PD patient age group remains the presence of 
nonrenal disease [50, 75–77]. Wood et  al., and 
later Van Stralen et  al., clearly showed that 
comorbidities such as anuria, neurological com-
plications, and pulmonary hypoplasia were asso-
ciated with the greatest risk of mortality in infants 
undergoing dialysis [15, 76]. A recent publica-
tion of the IPPN examining 1830 patients aged 
0–19 years found that the presence of at least one 
comorbidity was associated with a 4-year sur-
vival of 73% versus 90% survival in those with-
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out a comorbidity (p < 0.001) [17]. Data on the 
influence of comorbidities on survival is likely 
impacted by regional differences, as countries 
with a lower gross national income appear to be 
more restrictive in terms of making PD available 
to very young patients and those with significant 
extrarenal complications [13].

 Conclusions

Peritoneal dialysis has long been considered the 
modality of choice when treating neonates and 
infants with ESRD needing chronic RRT. Its pop-
ularity and success largely derive from its sim-
plicity and effectiveness in even the smallest 
patients.

PD during infancy helps to meet the nutri-
tional demands of patients through the effective 
removal of solute and fluid. The substantial nutri-
tional needs of this patient population also require 
an enteral nutrition program to address the 
marked increases in height, weight, and brain 
development that the young infant should be 
experiencing.

Dialysis access-associated infections, specifi-
cally peritonitis, are leading causes of hospital-
ization and death among infants receiving 
PD.  Clinical practice improvement techniques 
and standardization have been shown to lower 
infection in older children [78] and should be 
included in all pediatric PD programs.

Over the last decade, there has been a steady 
improvement in survival rates with recent stud-
ies, showing excellent survival 1 year after ther-
apy initiation, even in patients who first receive 
dialysis when they are less than 1 month of age. 
Nevertheless, ethical issues/concerns pertaining 
to the provision of dialysis remain present, espe-
cially when extrarenal comorbidities exist.
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Infectious Complications 
of Peritoneal Dialysis in Children
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and Franz Schaefer

 Introduction

Home peritoneal dialysis (PD) is often the 
chronic dialysis modality of choice for children 
with end-stage kidney disease (ESKD), as the 
inherent flexibility of this modality places fewer 
restrictions on school and other activities and its 
daily delivery minimizes dietary and fluid restric-
tions. Although recent data suggests that hemodi-
alysis is increasingly used at dialysis initiation in 
children with ESKD in the United States (US), 
especially in the adolescent population, PD 
remains the most common dialysis modality uti-
lized worldwide, and its usage is expanding rap-
idly on a global scale [1–4]. Unfortunately, 
PD-related infections, which include PD catheter- 
related infections (infections of the catheter exit- 
site and tunnel) and peritonitis, remain a frequent 

and significant complication of PD in children. 
Data from the United States Renal Data System 
(USRDS), the North American Pediatric Renal 
Trials and Collaborative Studies (NAPRTCS), 
the International Pediatric Peritoneal Dialysis 
Network (IPPN) registry of the International 
Pediatric Dialysis Network (IPDN), and the 
European Society of Pediatric Nephrology/
European Renal Association and European 
Dialysis and Transplant Association (ESPN/
ERA-EDTA) registry reveal that infectious com-
plications, primarily peritonitis, remain the most 
frequent cause for hospitalization of children 
receiving PD, and recurrent peritonitis is a sig-
nificant reason for technique failure [1–5]. In 
addition, infection is a leading cause of death in 
children on PD [1, 2, 5].

Given the high clinical relevance of PD-related 
infectious complications, pediatric PD specialists 
around the globe have long collaborated to evalu-
ate the causes, management, and outcomes of 
PD-related infections by systematically collect-
ing and analyzing clinical information. In 2000, 
the first guidelines for the prevention and treat-
ment of PD-related infections specifically for 
children were published by the International 
Society for Peritoneal Dialysis (ISPD) [6]. 
Following publication of these largely opinion- 
based guidelines, the International Pediatric 
Peritonitis Registry (IPPR) collected detailed 
data on 501 peritonitis episodes in children from 
47 pediatric dialysis centers in Europe, Turkey, 
Asia, and America between 2001 to 2004 [7, 8]. 
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This effort was initiated to assess the efficacy and 
validity of the pediatric guidelines and to enhance 
existing knowledge regarding the global variabil-
ity of bacteriology and antibiotic susceptibilities 
associated with peritonitis in children on PD [7, 
8]. Data from that study, and the subsequent 
IPPN/IPDN Registry, informed the development 
of updated clinical practice guidelines for the 
prevention and treatment of PD-related infec-
tions in children and adolescents on PD, which 
were published in 2012 [9]. Those guidelines, 
and the studies used to develop them, form the 
basis for much of this chapter.

In 2011, the Standardizing Care to Improve 
Outcomes in Pediatric End-Stage Renal Disease 
(SCOPE) collaborative, a quality transformation 
network of nearly 50 pediatric dialysis centers in 
the United States, was launched with the goal of 
reducing PD-related infections by increasing 
implementation of standardized PD catheter care 
practices [10]. The care practices, or bundles, 
included in the SCOPE collaborative were largely 
derived from the ISPD pediatric guidelines [9, 
10]. Data from the SCOPE collaborative, which 
has demonstrated a significant reduction in peri-
tonitis rates among participating centers, support 
much of the information included in this chap-
ter’s discussion of risk factors and infection pre-
vention [11, 12].

 Incidence of PD-Related Infections

Peritonitis rates among children on chronic PD 
have improved substantially over the past few 
decades, likely related to technical improvements 
in connectology, and increased emphasis on 
training and patient education [13–16]. According 
to the NAPRTCS 2011 Dialysis Report, the annu-
alized peritonitis rate among children enrolled in 
that registry decreased from 0.79 episodes per 
patient year in children who initiated PD between 
1992 and 1996 to 0.44 in those children who ini-
tiated PD between 2007 and 2010 [1]. Among 
children participating in the IPPN registry 
between 2007 and 2018, the annualized rate of 

peritonitis was 0.44 [17]. Of note, IPPN data did 
not demonstrate any variation in infection rates 
between high- and low-resourced regions [8, 17]. 
Despite these improvements, these peritonitis 
rates still exceed the rate of 0.17 episodes per 
patient year reported among 130 Japanese chil-
dren maintained on chronic PD between 1999 
and 2003 [18].

Rates of PD catheter-related infections are 
less often cited, but data from the IPPN revealed 
an exit-site/tunnel infection rate of 0.13 infec-
tions per patient year among patients enrolled in 
that registry between 2011 and 2014 [19]. The 
exit-site/tunnel infection rate among SCOPE par-
ticipating centers was 0.25 episodes per catheter 
year during the same period (2011–2014) [20].

To guide quality improvement efforts aimed at 
reducing PD-related infections, both pediatric 
and adult ISPD peritonitis guidelines suggest that 
centers monitor their PD-related infection rates 
on a regular basis [9, 21, 22]. Organism-specific 
rates should be monitored as well, as the various 
organisms may direct improvement efforts to 
specific aspects of care [9, 21, 22]. For example, 
an increase in peritonitis rates with skin flora may 
prompt efforts to increase recognition and appro-
priate treatment for touch contamination [9, 21–
23]. In addition, the antibiotic susceptibilities of 
the organisms should be monitored, which will 
allow the development of center-specific empiric 
antibiotic regimens [9, 21–23]. Population-based 
peritonitis rates can be misleading, because peri-
tonitis risk is not evenly distributed across the PD 
population  – some patients have few, if any, 
infections while others experience many. The 
4248 episodes of peritonitis reported to the 
NAPRTCS registry between 1992 and 2001 
occurred in fewer than half of the 4430 PD 
patients enrolled during this period, with 877 
patients experiencing only 1 peritonitis episode, 
432 experiencing 2 infections, 482 experiencing 
3–7 infections, and 53 patients with 8 or more 
peritonitis episodes [1]. These data emphasize 
the potential value of expressing the average risk 
of peritonitis for a dialysis unit as the median of 
patient-specific peritonitis rates [24].
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 Microbiology of PD-Related 
Infections

 Peritonitis

The majority of peritonitis episodes in children 
on PD are caused by bacteria, and historically the 
percentage of infections caused by fungi has been 
less than 5% [25]. This trend was confirmed by 
data from the IPPR, where only 10 of 501 (2%) 
episodes of peritonitis were due to fungi [26]. Of 
the remaining episodes, gram-positive organisms 
were cultured in 44% and gram-negative in 25%, 
while 31% of peritonitis episodes were associ-
ated with a negative bacterial culture [26]. These 
distributions were confirmed by data from the 
IPPN/IPDN, which revealed that among the 1456 
peritonitis episodes reported to that registry 
between 2007 and 2014, the culture-negative rate 
was 33% [19]. Of the culture-positive cases, 63% 
were caused by gram-positive, 33% by gram- 

negative and 4% by fungal organisms [19]. The 
most common causative organisms were 
coagulase- negative Staphylococci (24.7%), 
Staphylococcus aureus (S. aureus) (22.2%), 
Escherichia coli (7.7%), Streptococci (6.9%), 
Pseudomonas species (6.3%), and Enterococci 
(5.5%) [19]. There was, however, significant 
regional variability in the distribution of organ-
isms with gram-positive infections predominant 
in Europe, coagulase-negative Staphylococci 
most common in Eastern Europe, S. aureus pre-
dominant in Western Europe, and Enterococci in 
Turkey (Fig. 16.1) [8]. Conversely, gram- negative 
organisms were predominant in Argentina and 
the United States, where they accounted for 70% 
and 46% of culture-positive infections, respec-
tively [8]. Pseudomonas species were the most 
common gram-negative organism cultured in the 
United States, while other gram-negative organ-
isms were more common in Argentina [8]. S. 
aureus and Staphylococcus epidermidis (S. epi) 
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Fig. 16.1 Distribution of causative organisms according to regions among 501 episodes peritonitis reported by the 
IPPR. (Adapted from Ref. [8])
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remain the most frequently isolated organisms in 
a more recent analysis of more than 2000 epi-
sodes of peritonitis reported to the IPPN, with 
culture-negative peritonitis most common in 
Turkey and Latin America [17]. This analysis 
also noted significant regional variation in antibi-
otic susceptibility for aminoglycosides and meth-
icillin [17]. The SCOPE collaborative reported 
that among 389 episodes of peritonitis for which 
culture results were available, 37.8% were due to 
gram-positive organisms and 19.5% to gram- 
negative organisms [12]. Thirty (7.7%) fungal 
infections were reported, while 10.3% of cultures 
were polymicrobial, and 24.7% of the cultures 
were negative [12]. S. epi. was the most common 
gram-positive organism, while Pseudomonas 
species were the most common gram-negative 
organisms identified [12]. It has been proposed 
that this geographic variability in causative 
organisms is likely multifactorial in origin and 
factors may include environmental influences, 
such as climate and humidity, and variability in 
PD practices, including exit-site care and the rou-
tine use of topical antibiotic prophylaxis [27].

The IPPR discovered not only a wide regional 
variability in causative organisms but also in the 
rate of culture-negative peritonitis in their partici-
pating sites, representing from 11% to 67% of all 
center episodes [8]. A survey of the laboratory 
procedures among the participating centers did 
not reveal systematic differences in culture tech-
nique to explain this variability, but it was hypoth-
esized that issues such as incubation of 
insufficient effluent volumes, long sample trans-
port times in rural areas, and extreme ambient 
temperatures may have adversely affected culture 
results [8]. Similarly, the culture-negative perito-
nitis rate among SCOPE centers is quite high, at 
24.7% [12]. A recent analysis of the data showed 
a significant center-to-center variability in 
culture- negative rates, ranging from 7.1% to 
61.1%, as well as a significant variability in the 
culture techniques among the centers [28]. Since 
culture technique may influence the likelihood of 
isolating an organism from peritoneal effluent, 
the SCOPE collaborative has developed a stan-
dardized protocol for obtaining a culture from 
peritoneal dialysis effluent and processing the 

sample, based on the procedure recommended in 
the ISPD guidelines. Compliance with this cul-
ture “bundle” and the associated rates of culture-
negative peritonitis will be tracked following 
implementation of this bundle [9].

As mentioned above, fungi account for a 
minority of peritonitis episodes and represent just 
2% of episodes in the IPPR report and 4% among 
episodes reported to IPPN, with a slightly higher 
rate seen in the SCOPE collaborative [12, 19, 
26]. Candida species are the most common fun-
gal organisms implicated. In the largest pediatric 
report addressing this infection, Candida species 
accounted for 79% of all fungal infections, with 
nearly 24% due to Candida albicans and more 
than 26% secondary to Candida parapsilosis 
[29–31].

 PD Catheter-Related Infections

PD catheter exit-site and tunnel infections may 
be caused by many organisms, including normal 
skin flora such as Corynebacteria [24, 32]. S. 
aureus infections are the most common, with or 
without S. aureus nasal carriage [20, 33, 34]. PD 
catheter-related infections due to gram-negative 
organisms, especially Pseudomonas species, are 
increasingly common [8, 35].

 Risk Factors and Prevention

Analyses of data from large pediatric dialysis 
registries have revealed associations between 
many factors and the risk for PD-related infec-
tions, primarily peritonitis, in children on 
PD.  Recognition of these risk factors is impor-
tant, as they may prompt modification of care 
practices, which, in turn, may lower infection 
rates.

 Patient Age

Data from the NAPRTCS has long revealed that 
peritonitis rates increase with decreasing age at 
dialysis initiation [1]. Data from the IPPR 
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 confirmed a statistical association between young 
age and gram-negative peritonitis, and patients 
2  years and under at dialysis initiation had the 
highest rates of peritonitis among children 
enrolled in the SCOPE collaborative [12, 36, 37]. 
An additional analysis of data from 156 infants 
enrolled in SCOPE, including neonates on 
chronic PD who had not yet been discharged 
from the hospital, revealed a peritonitis rate of 
1.73 episodes per patient year, among those 
infants who remained hospitalized, and an over-
all annualized rate of 0.76 [38]. Multivariable 
regression models demonstrated that nephrec-
tomy prior to or at the time of PD catheter place-
ment and gastrostomy tube placement after PD 
catheter placement were associated with a sig-
nificantly increased risk of peritonitis in this 
group of infants [38]. It seems intuitive that the 
relatively close proximity of the PD catheter to 
the diaper region or urinary or gastrointestinal 
ostomy sites in a small infant would increase the 
risk for bacterial contamination and subsequent 
infection, in fact, some centers have reported 
improvement in the infection rates of such 
patients, by placing the PD catheter exit-site in a 
presternal location [39, 40].

 PD Catheter Design, Insertion, 
and Postoperative Exit-Site Care

Early data from the NAPRTCS suggested that a 
catheter with two subcutaneous cuffs rather than 
one; a swan-neck tunnel; and a downward or lat-
eral directed exit-site orientation rather than 
upward, were associated with lower peritonitis 
rates and longer time to the first peritonitis epi-
sode [41]. A subsequent analysis revealed a sig-
nificant increase in the use of this catheter 
configuration among NAPRTCS centers, and, 
associated with this trend, tunnel type (swan- 
neck versus straight), number of cuffs, and exit- 
site orientation were no longer associated with 
the risk for peritonitis in patients who initiated 
PD between 1997 and 2000, compared to those 
who initiated dialysis between 1992 and 1996 
[42]. In a multivariate analysis performed on 490 
non-fungal episodes of peritonitis reported by the 

IPPR, a single-cuff catheter and a downward ori-
entation of the exit-site were independent risk 
factors for relapsing peritonitis [43]. Data from 
the IPPR also revealed a nearly 13 times increased 
risk for gram-negative peritonitis associated with 
a single-cuff catheter [36]. In the recent IPPN 
analysis, an upward pointing exit-site continued 
to be associated with an increased risk for perito-
nitis (OR 1.26, p < 0.001) [17]. A univariate anal-
ysis of catheter characteristics in patients with 
and without a history of peritonitis in the SCOPE 
collaborative revealed no difference in the per-
centage of patients with a swan-neck tunnel or 
with two subcutaneous cuffs, but subgroup analy-
sis by organism was not performed [12]. Upward 
orientation of the exit-site was associated with a 
higher risk for peritonitis in multivariable analy-
sis [12]. Current guidelines recommend the use 
of a double- cuff catheter with a downward- or 
lateral- oriented exit-site [9].

Other efforts to minimize the risk for peritoni-
tis at the time of catheter placement include the 
provision of antibiotics prior to surgical incision, 
in order to reduce the risk for wound infection 
and peritonitis in the postoperative period [9, 44, 
45]. Although vancomycin may be slightly more 
effective than a first-generation cephalosporin in 
the prevention of postoperative peritonitis, the 
use of the latter is recommended, because of con-
cern for the generation of vancomycin resistance 
as a result of repeated usage [9, 21, 45, 46]. The 
ultimate choice of antibiotic for perioperative 
prophylaxis should be influenced by the PD 
unit’s antibiotic susceptibility patterns [9, 21].

Placement of the PD catheter using a laparo-
scopic technique, rather than an open surgical 
procedure, has become increasingly common in 
pediatric centers, and among patients enrolled in 
the SCOPE collaborative more than 60% of cath-
eters are placed using this technique [47]. 
Retrospective single-center studies have not 
demonstrated a difference in infection rates 
between catheters placed laparoscopically versus 
an open surgical insertion [48, 49]. More recently, 
the analysis of data from the SCOPE collabora-
tive showed no difference in the percentage of 
patients undergoing laparoscopic versus open PD 
catheter placement among those patients with 
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and without early peritonitis, defined as infection 
within 60 days of catheter placement [47]. Once 
the catheter is inserted, sutures should be avoided 
at the catheter exit-site, as they may increase the 
risk of bacterial colonization and subsequent 
infection [50, 51].

In the immediate postoperative period, PD 
catheter and exit-site care are aimed at optimiz-
ing healing and minimizing bacterial coloniza-
tion [52]. Current guidelines suggest that the 
sterile dressing placed in the operating room fol-
lowing PD catheter placement remain in place for 
at least 1 week. Subsequent dressing changes 
should be performed by a trained staff, using 
aseptic technique, and should occur no more fre-
quently than weekly until the exit-site is healed 
[9, 53]. More frequent dressing changes should 
be performed only if the dressing becomes loose, 
damp, or soiled [9]. The catheter should be 
immobilized to optimize healing and minimize 
trauma [54]. Immobilization with tape or a dress-
ing is usually sufficient, although commercially 
available immobilization devices may also be 
used [9]. It is generally recommended that initia-
tion of dialysis be delayed for at least 2 weeks 
following catheter placement to minimize risk of 
leak at the peritoneal insertion site, although exit- 
site healing may take as long as 6  weeks. The 
care practices described here, and included in the 
most current ISPD guidelines for children, are 
derived primarily from the work done by Prowant 
and Twardowski over 20 years ago [52–54].

The care practices monitored by the SCOPE 
collaborative include a PD catheter insertion bun-
dle [10]. The elements of this bundle, which 
address PD catheter insertion and the immediate 
postoperative care, were derived largely from the 
ISPD guidelines [9, 10]. The required care ele-
ments include the provision of an intravenous 
antibiotic prior to skin incision at the time of PD 
catheter placement, avoidance of sutures at the 
exit-site, no dressing change for at least 7 days 
following catheter placement unless soiled, loose 
or damp, sterile dressing changes performed by a 
healthcare professional until the exit-site is 
healed, and no use of the catheter for dialysis 
until at least 14 days following placement [9, 10]. 
In the first 3 years of the collaborative, compli-

ance with the majority of these care practices has 
been high (80–90%), highlighting the capacity to 
incorporate these practices into clinical care [11]. 
The one exception is the requirement to avoid the 
use of the catheter for dialysis within the first 14 
postoperative days, for which compliance across 
the collaborative has been between 50% and 
60%, largely as a result of patients requiring 
prompt initiation of dialysis [11]. Whereas an 
early analysis of SCOPE data failed to detect an 
association between compliance with the PD 
catheter insertion bundle and risk for peritonitis 
at the patient level, a more recent analysis, which 
focused on peritonitis episodes in the first 60 days 
following catheter insertion, revealed a signifi-
cant association between the risk for early perito-
nitis and initiation of dialysis within 14 days of 
catheter placement [47]. While there was no 
association found between compliance with the 
other bundle elements and the risk for early peri-
tonitis, the high rate of compliance with these 
other care practices across the collaborative may 
have limited the ability to detect an association 
between compliance and infection risk [47].

 Training

Because PD is a home dialysis therapy, appropri-
ate training of patients and caregivers is essential 
to minimize the risk for peritonitis. Unfortunately, 
there are no randomized controlled trials to eval-
uate the relationship between various training 
elements or the training process itself and patient 
outcomes [55–57]. There are, however, several 
observational studies, which have sought associ-
ations between variations in timing of training, 
training content, training duration, nurse-to- 
patient ratios, and experience of the trainer and 
risk for peritonitis in both adult and pediatric set-
tings [55–59]. In recent analyses of data from 
Brazil, shorter training time (<15 h), training in 
the 10  days after catheter insertion, and small 
center size were associated with increased risk 
for peritonitis [60]. In a survey of pediatric dialy-
sis units, center size (≥15 patients) and longer 
training time dedicated to theory and practical/
technical skills were associated with lower 
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 peritonitis rates [58]. In agreement with the sug-
gestions of the ISPD Nursing Liaison Committee, 
current pediatric guidelines suggest that PD 
training should use a formalized teaching pro-
gram that has clear objectives and criteria, with 
the incorporation of adult learning principles [9, 
55]. The training should be performed by an 
experienced PD nurse with pediatric training and 
should include core topics, including those 
related to infection prevention such as hand 
hygiene, aseptic technique, exit-site care, and 
appropriate treatment for contamination [9, 55]. 
It is suggested that PD training should include no 
more than one patient/family simultaneously [9, 
55]. More recently, the ISPD published a syllabus 
for teaching PD to patients and caregivers, which 
includes a checklist for PD assessment and 
another for PD training [61]. It remains to be 
determined if widespread use of this syllabus and 
the associated tools leads to a decrease in the rate 
of infection.

The SCOPE collaborative monitors compli-
ance with a training bundle, the elements of 
which were derived from the ISPD guidelines [9, 
10]. The required elements include the following: 
(1) training must be performed by a registered 
nurse; (2) there should be only one patient/family 
per training session; (3) all of the elements rec-
ommended by the ISPD guidelines for training 
must be included in the training, and specific pro-
tocols for hand hygiene, aseptic technique, and 
exit-site care must be taught; (4) verification of 
competence at the end of training must be 
assessed, using both a written and a demonstra-
tion test; and (5) a home visit must be performed 
[9, 10, 55]. An analysis of the first 3  years of 
SCOPE data revealed that compliance with most 
of these bundle elements was high (90%) across 
the collaborative, except for the requirement to 
perform a home visit, which only occurred in 
65–80% of cases as a result of various logistical 
issues [11]. No association between compliance 
with the overall training bundle and risk for peri-
tonitis was demonstrated, either across the col-
laborative sites or when evaluated at the patient 
level [12], possibly as a result of the relatively 
high compliance with most bundle elements 
(vide infra) [11, 12].

Current guidelines suggest periodic retraining 
of patients/caregivers, particularly after a perito-
nitis episode [9, 55]. The Trial on Education and 
Clinical outcomes for Home PD patients 
(TEACH), a multicenter, open-labeled, random-
ized, controlled trial, compared PD-related infec-
tions in adult PD patients randomized to receive 
home visits for retraining every 1–3 months over 
a 24-month period compared to no retraining 
[62]. Both groups received the same initial train-
ing and two home visits in the first 2 months after 
starting PD [62]. The study failed to demonstrate 
a significant difference in peritonitis rates 
between the two groups, although a sub-analysis 
demonstrated a significantly lower risk for the 
first peritonitis episode in patients older than 
60 years of age who received frequent home vis-
its [62]. The SCOPE collaborative includes a 
“follow-up” care bundle, which consists of a 
review of key aspects of hand hygiene, exit-site 
care, and aseptic technique at each monthly fol-
low- up visit in the clinic [10]. Competency with 
these procedures is also demonstrated by the 
patient/caregiver, using both a concept and a 
demonstration test, every 6 months [10]. Finally, 
the follow-up bundle requires that the appearance 
of the PD catheter exit-site be scored, using an 
objective storing tool developed by the Mid- 
European Pediatric Peritoneal Dialysis Study 
Group, and that touch contaminations be treated 
according to the ISPD guidelines (Table 16.1) [9, 
10, 63]. Using a quality improvement methodol-
ogy, SCOPE centers were able to demonstrate a 
significant increase in compliance with this care 
bundle over the first 3 years of the collaborative, 
accompanied by a significant reduction in perito-
nitis rates, from a pre-launch mean monthly 
 peritonitis rate of 0.63 episodes per patient year 

Table 16.1 Catheter exit-site scoring system [63]

0 Points 1 Point 2 Points
Swelling No Exit only 

(<0.5 cm)
Including part of 
or entire tunnel

Crust No <0.5 cm >0.5 cm
Redness No <0.5 cm >0.5 cm
Pain on 
pressure

No Slight Severe

Secretion No Serous Purulent
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to 0.42 episodes per patient year at 36  months 
postlaunch (Fig. 16.2) [11]. A subsequent analy-
sis of SCOPE data at the patient level demon-
strated that compliance with the follow-up care 
bundle was significantly associated with a lower 
rate of peritonitis [12]. Finally, compliance with 
the specific recommendation to review exit-site 
care at each visit was associated with lower exit-
site infection rates among SCOPE participants 
[20]. These data suggest that in addition to com-
prehensive training at the initiation of dialysis, 
the ongoing review with regular testing of com-
petency of PD catheter care and the dialysis pro-
cedure may minimize the risk for peritonitis.

 Chronic Exit-Site Care

Once the catheter exit-site has healed, regular 
exit-site care is vital to minimize the risk for PD 
catheter-related infection, i.e., exit-site and tun-
nel infection. PD catheter-related infections are 

associated with an increased risk for peritonitis. 
However, even without subsequent peritonitis, 
treatment of exit-site and tunnel infections 
requires exposure to antibiotics, with the subse-
quent risk for fungal infection and drug-resistant 
organisms, and may require catheter removal [20, 
64–66]. Current guidelines recommend regular 
cleansing of the exit-site with a sterile antiseptic 
solution and sterile gauze [9, 22]. Several cleans-
ing agents are available, including povidone 
iodine, chlorhexidine, hydrogen peroxide, beta- 
octenidine, and sodium hypochlorite. Although 
many of these agents have been tested in both 
pediatric and adult PD patients, head-to-head 
comparisons have been conflicting or inconclu-
sive, and both the current adult and pediatric 
guidelines suggest that no cleansing agent has 
been shown to be superior in the prevention of 
catheter-related infection [9, 22]. In addition, 
there is no clear guidance for the optimal fre-
quency of exit-site care, e.g., daily, every other 
day, or weekly [9, 22]. Not surprisingly, the data 
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Fig. 16.2 Average monthly peritonitis rates, expressed as 
annual rates, among 24 SCOPE centers for whom “base-
line” infection rates were available for the 13 months prior 
to the collaborative launch on October 1, 2011, revealing 
a significant reduction in the average monthly peritonitis 
rates from 0.63 (95% CI 0.43, 0.92) pre-launch to 0.42 

(95% CI 0.31, 0.57) at 36 months postlaunch, p = 0.026. 
The figure also shows observed monthly compliance with 
the follow-up bundle, suggesting that as compliance with 
the follow-up bundle increased, the month-to-month vari-
ability in peritonitis rates decreased. (Adapted from Ref. 
[11])
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from the IPPR reveals significant variability in 
exit-site practices around the globe, including the 
frequency of exit-site care as well as the type of 
antiseptic agent used [8]. IPPR data also revealed 
that peritonitis due to Pseudomonas species was 
significantly more common at centers where exit-
site care was performed more than twice weekly 
and where non-sterile cleansing agents (e.g., 
saline, soap) were used [8].

In addition to regular exit-site cleaning, cur-
rent guidelines recommend application of a topi-
cal antibiotic during routine care, in an effort to 
minimize colonization of the exit-site with 
Pseudomonas aeruginosa and S. aureus, both of 
which are widely accepted as risk factors for exit- 
site infection and subsequent peritonitis [9, 22, 
67–70]. A number of observational studies, ran-
domized controlled trials, and meta-analyses 
have demonstrated that mupirocin applied to the 
skin around the exit-site reduces the risk for exit- 
site infection [9, 22, 45, 71–75]. However, there 
is concern that routine use of mupirocin may be 
associated with an increased risk for gram- 
negative infections, and data from the IPPR dem-
onstrated an association between the use of 
mupirocin at the exit-site and an increased risk 
for Pseudomonas peritonitis [8, 35]. In addition, 
there are reports of increasing rates of mupirocin 
resistance in Staphylococcus species with wide-
spread use of mupirocin [76]. Topical gentamicin 
is an alternative therapy, and a randomized trial 
in adults showed that daily application of genta-
micin cream to the exit-site was not only effec-
tive in reducing exit-site infections caused by 
Pseudomonas species, but it was also as effective 
as topical mupirocin in reducing S. aureus infec-
tions [74]. There are concerns, however, about 
the possible development of gentamicin-resistant 
organisms and an increased risk of fungal infec-
tion with this therapy.

In a randomized study among adult PD 
patients, antibacterial honey applied daily to the 
catheter exit-site care resulted in infection rates 
that were similar to those experienced with intra-
nasal mupirocin [77]. However, a subgroup anal-
ysis suggested an increased risk for exit-site and 
tunnel infections as well as peritonitis in diabetic 
patients using antibacterial honey [77]. The 

study also did not directly compare mupirocin 
applied to the exit-site with topical antibacterial 
honey [77]. The authors of the study concluded 
that antibacterial honey could not be recom-
mended for the prevention of PD-related infec-
tions [78].

Current guidelines suggest that the exit-site be 
routinely monitored for signs and symptoms of 
infection, to allow prompt diagnosis and treat-
ment [9]. The use of an objective scoring tool has 
been advocated, and previous studies using this 
tool supported that an exit-site score of 2 or 
greater in the presence of a pathogenic organism, 
and 4 or greater regardless of culture results, was 
consistent with the diagnosis of an exit-site infec-
tion (Table 16.1) [9, 63]. Routine use of this tool 
to score the exit-site at each monthly PD visit is 
included in the SCOPE care bundles, and a recent 
analysis revealed that any score greater than 0 
was associated with a significant increase in the 
risk for an exit-site infection in the following 
month [20].

 Touch Contamination

Accidental contamination of the sterile portions 
of the PD catheter transfer set or dialysis tubing, 
or touch contamination, is the leading cause of 
peritonitis [12, 26, 79]. Current guidelines rec-
ommend that a contamination prior to the infu-
sion of dialysis fluid into the peritoneal cavity be 
treated with a sterile transfer set change alone, 
without antibiotics [9]. Unfortunately, this 
approach may require that the patient present to 
the dialysis unit or an outside facility for a trans-
fer set change. An alternate approach imple-
mented by some pediatric centers is to have the 
patient/caregiver soak the end of the transfer set 
in a disinfecting agent, although the efficacy of 
this practice has not been established. A recent 
study did establish that following inoculation of a 
loosened transfer set with S. aureus, effective dis-
infection was achieved by performing a 1-min 
scrub of the external surfaces of the catheter and 
transfer set connection followed by a 5-min soak 
of the open catheter end in either 10% povidone 
iodine or 0.55% sodium hypochlorite [80].

16 Infectious Complications of Peritoneal Dialysis in Children



274

If the contaminating event occurs after dialy-
sis solution has been infused into the peritoneal 
cavity, both a sterile transfer set change and anti-
biotic prophylaxis is recommended [9, 59]. 
Intraperitoneal administration of a first- 
generation cephalosporin for 1–3  days is typi-
cally recommended, unless the patient has a 
history of methicillin-resistant S. aureus (MRSA), 
in which case a glycopeptide should be used [9, 
59]. Gram-negative coverage may be appropri-
ate, if the contamination may have included 
enteric organisms, e.g., from stool in a diapered 
infant [9]. An effluent sample should be obtained 
prior to delivery of antibiotics, if possible, and 
culture results and susceptibility testing used to 
guide any subsequent antibiotic usage [9].

 Ostomies

Ostomy sites, including gastrostomy, ureteros-
tomy, nephrostomy, and colostomy, may increase 
the risk of bacterial contamination of an adjacent 
PD catheter. In fact, a recent analysis of data 
from the IPPN demonstrated an increased risk for 
peritonitis in the presence of any ostomy [17]. It 
is, therefore, reasonable to locate the PD catheter 
exit-site as far as possible from an ostomy site. A 
single-center retrospective study suggested an 
increased risk for peritonitis in the presence of a 
gastrostomy tube and data from the IPPR found 
an association, although not statistically signifi-
cant, between the presence of a gastrostomy tube 
and gram-negative peritonitis [26, 81]. The per-
centage of patients with a gastrostomy tube was 
not significantly different among those with and 
without a history of peritonitis in the SCOPE col-
laborative as a whole, but a subsequent analysis 
did reveal an association between placement of a 
gastrostomy after PD catheter placement and risk 
for peritonitis among infants [12, 38]. Early 
reports of an association between the presence of 
a gastrostomy tube and the risk for a fungal infec-
tion were not supported by a subsequent study of 
NAPRTCS patients [31, 82]. In addition, an anal-
ysis of data from the SCOPE collaborative did 
not reveal a significant difference in the percent-

age of patients with a gastrostomy tube in those 
patients with and without fungal peritonitis [83]. 
Although data on the subject is limited, current 
guidelines suggest that an open procedure should 
be used to place a gastrostomy tube in patients 
who are already receiving PD, while either open 
or laparoscopic placement may be used if the 
gastrostomy is placed prior to initiating PD [9, 
84]. Prophylactic antibiotics, typically with a 
first- generation cephalosporin, and antifungal 
therapy should be provided during gastrostomy 
tube placement [9].

The presence of a colostomy in children on 
PD is associated with an inherent risk for infec-
tion, but a single center reported a low rate of 
peritonitis in two infants on PD in the presence of 
a colostomy, by utilizing a swan-neck catheter 
with a presternal exit-site location [40]. In an 
analysis of SCOPE data, the presence of a colos-
tomy was not associated with an increased risk 
for peritonitis, although there were only 14 
patients with colostomies among the 857 chil-
dren included in that analysis [12].

 Antibiotic and Antifungal Prophylaxis

Although fungal peritonitis is relatively uncom-
mon in children on PD, it is associated with an 
increased risk for significant morbidity and mor-
tality [30, 83, 85]. Observational data suggests 
that risk factors for fungal peritonitis include 
prior treatment with antibiotics, recurrent perito-
nitis, and immunosuppression [29, 31, 83, 86–
88]. Antifungal prophylaxis with either oral 
nystatin or fluconazole is currently recommended 
whenever antibiotics are administered to pediat-
ric PD patients, based on a number of studies that 
have suggested a reduction in fungal peritonitis 
with this practice [9, 89–95]. Despite these rec-
ommendations, data from the SCOPE collabora-
tive revealed that in 34 children diagnosed with 
fungal peritonitis, 61.8% had been prescribed 
antibiotics in the month preceding the fungal 
peritonitis episode, but only half of those patients 
had received antifungal prophylaxis [83]. Of 
note, a significant percentage of preceding antibi-
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otic courses were for infections other than bacte-
rial peritonitis, supporting the recommendation 
for antifungal prophylaxis when antibiotics are 
prescribed, regardless of the indication [83].

The ISPD guidelines recommend that pro-
phylactic antibiotic therapy be provided when 
pediatric PD patients undergo invasive proce-
dures, including gastrostomy tube placement, as 
previously discussed [9]. Additional procedures 
during which prophylaxis should be considered 
include invasive dental procedures, i.e., those 
that involve manipulation of the gingival tissue 
or periapical region of the teeth, or perforation of 
the oral mucosa, and those with significant 
bleeding risk, such as dental extractions, peri-
odontal surgery, and professional scaling or 
tooth cleaning [9]. These recommendations are 
consistent with the guidelines from the American 
Heart Association for the prevention of subacute 
bacterial endocarditis [96, 97]. Antibiotic pro-
phylaxis is also recommended for high-risk gas-
trointestinal procedures, such as endoscopic 
retrograde cholangiopancreatography (ERCP), 
and any invasive gastrointestinal or genitouri-
nary procedure [9].

 Other Factors

The risk factors listed in this section were largely 
derived from observational studies that identified 
associations between various factors and risk for 
infection among a cohort of children on PD. There 
are clearly many other factors that may impact 
the risk for infection in individual patients. The 
dialysis unit should perform a formal review, or 
apparent cause analysis (ACA), of each infection 
in search of causation [9, 58, 59]. A tool to help 
carry out an ACA has been developed by the 
SCOPE collaborative (Fig.  16.3). This review 
should include nurses and physicians at a mini-
mum. Inclusion of the patient and family, social 
worker, infection preventionist, and infectious 
diseases specialist is encouraged. Identification 
of causation will allow appropriate intervention 
for the individual patient, and potentially other 
patients in the unit.

 Diagnosis and Management 
of Peritonitis

 Diagnosis

PD patients with peritonitis typically present with 
cloudy effluent and abdominal pain but may also 
have fever, chills and rigors, emesis, anorexia, and 
abdominal distention [9]. Cloudy effluent without 
symptoms should also prompt an evaluation [9]. 
Cloudy fluid almost always indicates infectious 
peritonitis, but other causes include chemical 
peritonitis, eosinophilic peritonitis, fluid obtained 
from a “dry” abdomen, chylous effluent, and 
malignancy, although the last two are relatively 
rare [9, 98]. Peritonitis should also be considered 
in patients who present with abdominal pain 
without cloudy dialysis effluent [9, 26]. The 
abdominal pain associated with peritonitis is 
typically generalized, but the severity of the pain 
can be quite variable. Data from the IPPR sug-
gests that symptoms of S. aureus, Streptococcus, 
and gram-negative peritonitis are often more 
severe at presentation than with coagulase- 
negative Staphylococcus peritonitis, as demon-
strated by a disease severity score [26, 63]. 
Enterococcal peritonitis has also been reported to 
be associated with severe symptoms; however, 
among patients experiencing enterococcal perito-
nitis in the IPPR registry, the disease severity 
scores at presentation were no different than in 
other patients in that registry [37]. Localized pain 
and tenderness may warrant evaluation for appen-
dicitis, and if subsequent cultures from the perito-
neal dialysate effluent grow multiple organisms, 
intra-abdominal sources, such as a viscus perfora-
tion, must be considered [9].

The evaluation for peritonitis should include a 
cell count, differential, gram stain, and culture 
from the dialysis effluent, and an empiric diagno-
sis of peritonitis should be made if the white blood 
cell count (WBC) is greater than 100/mm3 and at 
least 50% of the white blood cells are polymor-
phonuclear neutrophils (PMN) [9]. The effluent 
sample should be obtained from the first cloudy 
bag or the initial drain for patients on continuous 
ambulatory peritoneal dialysis (CAPD) or 
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Fig. 16.3 An example of an Apparent Cause Analysis Tool, developed by the SCOPE collaborative, which may be used 
to identify factors contributing to the development of a PD-Related Infection
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Fig. 16.3 (continued)
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Fig. 16.3 (continued)
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Fig. 16.3 (continued)
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Fig. 16.3 (continued)
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 automated peritoneal dialysis (APD) with a day-
time exchange, respectively [9]. For children on 
APD without a daytime dwell, the fill volume 
should be allowed to dwell for at least 1–2 h prior 
to specimen collection [9]. In specimens collected 
in this manner, peritonitis should be diagnosed if 
the percentage of PMNs exceeds 50%, even if the 
total WBC does not exceed 100/mm3 [9]. Among 
the clinical peritonitis episodes reported to the 
IPPR, a WBC of less than 100/m3 was present in 
2.8% and the percentage of PMNs lower than 
50% in 8.5% of episodes [31]. Although the sen-
sitivity of gram stain of the dialysis effluent is 
low, the presence of organisms, particularly bud-
ding yeast, may guide empiric therapy [9].

Whereas bacterial or fungal growth in a cul-
ture obtained from effluent typically confirms the 
diagnosis of peritonitis, a negative culture does 
not rule out infectious peritonitis. It has been sug-
gested that the center-specific culture-negative 
rate should not exceed 20% and, ideally, should 
be lower than 10%. However, and as mentioned 
previously, data from the IPPR and SCOPE 
reveal that this goal is not routinely achieved at 
pediatric centers [8, 9, 12, 99]. Efforts to opti-
mize culture yields include prompt delivery of 
the specimen to the laboratory, ideally within 6 h 
of collection, with refrigeration (4 °C) of samples 
that are not immediately delivered to a lab [99, 
100]. Centrifugation of at least 50 mL of effluent, 
with resuspension of the sediment for inoculation 
onto solid-culture media and into blood culture 
media, is recommended [101, 102]. Alternatively, 
20–30  mL of effluent may be injected directly 
into 3–4 blood culture bottles [99]. In the major-
ity of cases, cultures will be positive within 72 h. 
If cultures remain negative after 3–5 days, repeat 
cell count, differential, culture, as well as fungal 
and mycobacterial culture should be obtained 
from dialysis effluent, with an additional 
 subculture on media with aerobic, anaerobic, and 
microaerophilic incubation conditions to identify 
fastidious bacteria and yeasts [9, 21].

 Empiric Therapy

To optimize treatment outcomes, empiric antibi-
otics should be delivered in suspected cases of 
peritonitis as soon as a dialysis effluent sample 
for cell count, differential, gram stain, and cul-
ture is obtained. Intraperitoneal instillation, if 
possible, is the preferred method of antibiotic 
delivery, and antibiotics may be given continu-
ously, as recommended for beta-lactam antibiot-
ics, or intermittently [9, 103]. Continuous dosing 
typically begins with a higher antibiotic concen-
tration (loading dose) delivered with an extended- 
dwell cycle, followed by a lower maintenance 
dose [9]. Current guidelines suggest that inter-
mittent dosing with glycopeptide antibiotics 
(vancomycin or teicoplanin) may be considered, 
but the dose in this case should be provided using 
an extended dwell (6–8 h), and antibiotic blood 
levels should be monitored, particularly in non- 
anuric patients for whom the frequency of dosing 
may need to be increased [9, 99]. The dosing rec-
ommendations for the various antibiotics and 
antifungals used to treat children with peritonitis 
are shown in Table 16.2 [9].

Antibiotics selected for empiric treatment 
should cover both gram-positive and gram- 
negative organisms [9, 21]. Given the signifi-
cant variability in both causative organisms and 
antibiotic susceptibility seen around the globe, 
center- specific antibiotic susceptibility patterns 
should influence empiric antibiotic selection [8, 
9, 21]. Current pediatric guidelines recommend 
either monotherapy with cefepime for empiric 
coverage or a first-generation cephalosporin or 
a glycopeptide in combination with ceftazidime 
or an aminoglycoside, if cefepime is not avail-
able [9]. The empiric use of a glycopeptide, 
either in addition to cefepime or as a substitute 
for a first- generation cephalosporin, is recom-
mended if the center-specific resistance rate of 
MRSA exceeds 10% or the patient has a history 
of MRSA [9].
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Table 16.2 Dosing recommendations for the treatment of peritonitis

Continuous therapya

Intermittent therapyLoading dose
Maintenance 
dose

Aminoglycosidesb

Gentamicin 8 mg/L 4 mg/L Anuric: 0.6 mg/kg
Non-anuric: 
0.75 mg/kg

Netilmicin 8 mg/L 4 mg/L Anuric: 0.6 mg/kg
Non-anuric: 
0.75 mg/kg

Tobramycin 8 mg/L 4 mg/L Anuric: 0.6 mg/kg
Non-anuric: 
0.75 mg/kg

Amikacin 25 mg/L 12 mg/L 2 mg/kg
Cephalosporins
Cefazolin 500 mg/L 125 mg/L 20 mg/kg
Cefepime 500 mg/L 125 mg/L 15 mg/kg
Cefotaxime 500 mg/L 250 mg/L 30 mg/kg
Ceftazidime 500 mg/L 125 mg/L 20 mg/kg
Glycopeptidesc

Vancomycin 1000 mg/L 25 mg/L 30 mg/kg; repeat 
dosing
15 mg/kg q 
3–5 days

Teicoplanin 400 mg/L 20 mg/L 15 mg/kg q 
5–7 days

Penicillinsb

Ampicillin – 125 mg/L –
Quinolones
Ciprofloxacin 50 mg/L 25 mg/L –
Others
Aztreonam 1000 mg/L 250 mg/L –
Clindamycin 300 mg/L 150 mg/L –
Imipenem/
cilastatin

250 mg/L 50 mg/L –

Linezolid (oral) <5 years, 30 mg/kg/day divided TID; 5–11 years, 20 mg/kg/day divided BID; ≥12 years, 
600 mg/dose BID

Metronidazole 
(oral)

30 mg/kg/day divided TID (max daily dose 1.2 g)

Rifampin (oral) 10–20 mg/kg/day divided BID (max daily dose 600 mg)
Antifungals
Fluconazole 6–12 mg/kg IP, IV, or PO q 24–48 h (max daily dose 400 mg)
Caspofungin IV only: initial dose 70 mg/m2 on day 1 (max daily dose 70 mg); subsequent dosing 50 mg/m2 

daily (max daily dose 50 mg)

Used with permission from Ref. [9]
Administration should be via intraperitoneal route unless specified otherwise
Intermittent doses should be applied once daily unless specified otherwise
aFor continuous therapy, the exchange with the loading dose of antibiotics should dwell for 3–6 h, followed by the use 
of the maintenance dose for all subsequent exchanges
bAminoglycosides and penicillins should not be mixed in dialysis fluid because of the potential for inactivation
cAccelerated glycopeptide elimination may occur in patients with residual renal function. If intermittent therapy is used 
in this setting, the second dose of antibiotic should be time-based on a blood level obtained 2–4 days after the initial 
dose. Redosing should occur when the blood level is <15 mg/L for vancomycin or 8 mg/L for teicoplanin. Intermittent 
therapy is not recommended for patients with residual renal function unless serum drug levels can be monitored in a 
timely manner
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 Subsequent Treatment of Peritonitis

 Gram-Positive Peritonitis
Empiric antibiotics should be modified once cul-
ture results are available. As stated previously, 
the most common gram-positive organisms cul-
tured among children with PD-related perito-
nitis are coagulase-negative Staphylococcus 
and S. aureus [8, 26]. Coagulase-negative 
Staphylococcus characteristically infects the 
peritoneum following touch contamination [104]. 
S. aureus infections are commonly associated 
with a PD catheter-related infection [33, 34]. 
Streptococci and Enterococci are relatively less 
frequent causes of PD-related infections [19, 26]. 
Streptococci often cause peritonitis by hematog-
enous spread, either following a dental procedure 
or possibly originating from the respiratory tract, 
the skin, or the bowel. Enterococci are fecal in 
origin, and infection may occur via transmural 
migration or by contamination of the PD catheter 
by stool in incontinent patients.

The recommended modifications of therapy 
for gram-positive organisms are shown in 
Fig. 16.4, but antibiotic selection should be guided 

by the antibiotic susceptibilities of the organism 
cultured [9]. In general, gram-negative coverage 
should be discontinued once a gram- positive 
organism is identified, although continued use of 
an aminoglycoside may be considered for syn-
ergy in infections with susceptible Enterococcus 
species [9]. However, data from the IPPR revealed 
clinical improvement in all patients with entero-
coccal peritonitis, despite the fact that no patient 
received combined treatment with an aminogly-
coside [37]. It should also be recognized that 
because of incompatibility, aminoglycosides 
should not be combined in the same exchange 
with a penicillin [9]. Treatment for gram-positive 
peritonitis should be continued for 2–3  weeks, 
depending on the organism cultured [9].

 Gram-Negative Peritonitis
The recommendations for treatment modification 
for gram-negative infections are shown in 
Fig.  16.5, but antibiotic selection should be 
guided by the antibiotic susceptibilities of the 
cultured organism [9]. As stated previously, 
among peritonitis episodes reported to the IPPR, 
E. coli and Pseudomonas were the most common 

Fig. 16.4 Recommended modification of empiric ther-
apy for gram-positive organism on culture. MRSA 
methicillin- resistant S. aureus, MSSA methicillin- 

sensitive S. aureus, VRE vancomycin-resistant 
Enterococci. (Adapted from Ref. [9])
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gram-negative species cultured [9, 36]. However, 
there was significant global variability in caus-
ative organisms, and in the United States, 
Pseudomonas species were dominant, a fact 
recently confirmed by the SCOPE collaborative 
[8]. Infections due to Pseudomonas species may 
be particularly difficult to treat, given the organ-
ism’s capacity to generate a biofilm, and 
 successful eradication often requires catheter 
removal [9]. In light of this, combination therapy 
with cefepime or ceftazidime and a second agent, 
which has a different mechanism of action, such 
as a fluoroquinolone or aminoglycoside, is rec-
ommended [9, 105]. The typical duration of treat-
ment for gram-negative peritonitis is 2–3 weeks, 
depending on the cultured organism [9].

 Culture-Negative Peritonitis
In the setting of culture-negative peritonitis, 
empiric therapy should be continued for 14 days, 
provided that the patient has demonstrated clini-
cal improvement [9]. These recommendations 
are supported by data from the IPPR, where 97% 
of the patients with culture-negative peritonitis 
showed good primary response to empiric 
 antibiotic therapy at 72  h and full functional 
recovery was seen in 97% of patients in whom 
empiric treatment was continued for 14 days [9, 
26]. If an aminoglycoside was included in the 
empiric treatment and the patient has shown 
clinical improvement within 72  h, the amino-

glycoside may be discontinued [9]. This recom-
mendation seeks to minimize unnecessary 
prolonged exposure to an aminoglycoside, which 
is associated with ototoxicity and nephrotoxicity, 
and is supported by the facts that gram-negative 
organisms typically grow well in culture, and 
gram-negative peritonitis is typically associated 
with more severe and prolonged symptoms than 
seen with gram-positive infections [9, 36]. Thus, 
clinical improvement in the setting of a negative 
culture argues against a gram-negative pathogen. 
Patients who fail to demonstrate clinical improve-
ment after 72 h should have a repeat cell count, 
differential, and culture (vide infra), while failure 
to improve after 5 days should prompt catheter 
removal (vide infra) [9].

 Fungal Peritonitis
As stated previously, fungal peritonitis is a poten-
tially serious infection and is associated with a 
significant risk for hospitalization, change in 
modality, and mortality [30, 83, 85]. Prompt ther-
apy, consisting of treatment with an antifungal 
agent, and early catheter removal are recom-
mended [9, 21]. Amphotericin B causes signifi-
cant irritation when delivered via the 
intraperitoneal route and has poor penetration of 
the peritoneal cavity when given intravenously 
[106]. Therefore, current pediatric guidelines 
suggest the use of fluconazole as the treatment of 
choice for peritonitis due to most Candida spe-

Fig. 16.5 Recommended modification of empiric therapy for gram-negative organism on culture. (Adapted from 
Ref. [9])
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cies, as this agent has an excellent bioavailability 
and peritoneal penetration (Table 16.2) [9, 106]. 
Unfortunately, the prevalence of azole resistance 
is increasing [107]. Alternate treatments include 
the echinocandins (e.g., caspofungin, micafun-
gin, and anidulafungin), which have activity 
against Aspergillus species and non-albicans 
Candida species [9, 108–110]. It is currently rec-
ommended that antifungal therapy be provided 
for 2 weeks or longer after catheter removal and 
complete resolution of symptoms [9, 21].

 Relapsing Peritonitis
Relapsing peritonitis is diagnosed when peritonitis 
recurs with the same organism, including similar/
identical antibiotic susceptibilities, within 4 weeks 
of completion of antibiotics. Retrospective data in 
adult and pediatric PD patients suggests that 
relapsing peritonitis is associated with a worse 
prognosis than non-relapsing infections [21, 43, 
111]. Current pediatric guidelines suggest that the 
empiric treatment of relapsing peritonitis be based 
on the antibiotic susceptibilities of the organism 
cultured with the first episode, but that post-
empiric antibiotic therapy be guided by in  vitro 
susceptibility testing results from the organism 
cultured from the relapsing episode [9]. Data from 
the IPPR suggested an increased risk for relapse 
with first-generation cephalosporin monotherapy, 
and so current guidelines recommend avoiding 
this treatment in relapsing peritonitis [9, 43]. 
Instillation of a fibrinolytic agent may be consid-
ered as an adjuvant to antibiotic therapy [9]. 
Catheter removal is recommended if the relapse is 
associated with a persistent or recurrent PD cathe-
ter-related infection or in the setting of a second 
relapse [9].

 Refractory Peritonitis
As mentioned previously, the majority of chil-
dren with PD-related peritonitis demonstrate  
prompt clinical improvement, with a significant 
reduction in symptoms and a decrease in dialysis 
effluent cloudiness by 72 h after initiation of anti-
biotic therapy [8, 63]. Failure to demonstrate 
improvement should prompt reevaluation, includ-
ing repeat effluent cell count, differential, gram 
stain, and culture; additional subculture on media 
with aerobic, anaerobic, and microaerophilic 

incubation conditions to identify fastidious bac-
teria and yeasts should be considered [9, 21]. 
Refractory peritonitis, defined as a failure to 
show improvement in PD effluent cell count and/
or symptoms after 5 days of appropriate antibiot-
ics, should prompt catheter removal to help eradi-
cate the infection and preserve peritoneal 
membrane function [9, 21].

 Diagnosis and Management of PD 
Catheter-Related Infections

Diagnosis

PD catheter-related infections include exit-site 
and tunnel infections. An exit-site infection 
should be considered in the presence of pericath-
eter swelling, redness, and tenderness and/or 
purulent drainage [9]. Guidelines for adult PD 
patients recommend diagnosis of an exit-site 
infection based on the presence of purulent drain-
age, with or without other symptoms [22]. The 
use of an objective scoring tool developed in 
pediatric PD patients has been recommended as a 
complement to clinical judgment in the diagnosis 
of exit-site infections [9, 60]. Previous studies 
using this tool supported that exit-site scores of 2 
or greater in the presence of pathogenic organism 
and 4 or greater regardless of culture results were 
consistent with the diagnosis of an exit-site infec-
tion (Table 16.1).

A tunnel infection is defined by the presence 
of erythema, edema, and tenderness along the 
subcutaneous portion of the catheter, with or 
without purulent drainage from the exit-site [9]. 
Ultrasound may be helpful in identifying an 
occult tunnel infection [9, 22].

As stated previously, a variety of skin flora 
are implicated in PD catheter-related infections, 
but S. aureus is the most common causative 
organism for PD catheter-related infections, fol-
lowed by Pseudomonas species [8, 20, 33–35]. 
While a positive culture is not required for the 
diagnosis of a PD catheter-related infection, it 
can guide therapy. A positive culture from the 
exit-site without evidence of inflammation 
should be considered colonization, rather than 
infection [9, 22].
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 Treatment of PD Catheter-Related 
Infections

Oral antibiotics can be used to treat uncompli-
cated catheter exit-site infections, with the spe-
cific agent chosen according to culture results 
and susceptibilities [9]. Empiric oral, intraperito-
neal, or intravenous antibiotic therapy is indi-
cated for tunnel infections, particularly if there 
are signs of severe infection and/or a history of S. 
aureus or Pseudomonas aeruginosa [9]. 
Treatment with a first-generation cephalosporin 
or a penicillinase-resistant penicillin is indicated 
for infections due to gram-positive organisms, 
with intraperitoneal or intravenous glycopeptide 
therapy prescribed only if MRSA is cultured [9]. 
The use of oral ciprofloxacin for infections due to 
Pseudomonas aeruginosa had previously been 
recommended, with the addition of a second anti-
biotic, such as cefepime, piperacillin, or a car-
bapenem if resolution of the infection is slow or 
there is recurrence [9]. However, recent reports 
from observational studies have suggested an 
increased risk for aortic aneurysm or dissection 
associated with fluoroquinolone use, particularly 
in the setting of other risk factors such as hyper-
tension, which led the United States’ Food and 

Drug Administration to issue a safety announce-
ment (https://www.fda.gov/Drugs/DrugSafety/
ucm628753.htm) [112–115].

Treatment duration for PD catheter-related 
infections is typically for at least 2  weeks and 
should continue for at least 7 days after complete 
resolution of the infection [9]. Treatment for 
3 weeks is recommended for infections caused by 
S. aureus or Pseudomonas aeruginosa [9]. Failure 
to achieve a complete resolution in this time frame 
and the development of peritonitis due to the same 
organism are indications for catheter removal [9].

 Outcome

Data from the IPPR revealed that peritonitis out-
comes vary by causative organism and by global 
region, although more recent data from the IPPN 
found no differences in outcome by region in 
more than 2000 episodes of peritonitis reported 
to that registry [8, 17, 26]. Among the peritonitis 
episodes captured by the IPPR, 89% achieved 
full functional recovery and 8.1% experienced 
technique failure [26]. The response by causative 
organism among the cases of bacterial peritonitis 
is shown in Fig. 16.6 and demonstrates that gram- 

Fig. 16.6 Peritonitis outcome by organisms as reported by the International Pediatric Peritonitis Registry (IPPR). 
(Adapted from Ref. [26])
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negative peritonitis is associated with lower rates 
of full recovery [26]. Initial response rates were 
not different among the various regions included 
in the IPPR, but technique failure was highest in 
Eastern Europe, occurring in 20% of patients [8].

Data from the SCOPE collaborative revealed 
that nearly 60% of the peritonitis episodes 
required hospitalization for treatment of the 
infection [12]. Hospitalization rates varied by 
organism and were higher for treatment of gram- 
negative and fungal infections, than for gram- 
positive and culture-negative infections [12]. 
More than two thirds of the peritonitis episodes 
resolved with antimicrobial therapy alone, while 
6% required catheter removal [12]. Twelve per-
cent of episodes were associated with technique 
failure, similar to the rate of 10% reported among 
US centers in the IPPR [8, 12].

With regard to peritonitis-related mortality, 6 
deaths were reported by the IPPR, representing 
1.2% of the peritonitis episodes [36]. Three of 
these deaths were in patients with gram-negative 
peritonitis [36].

In summary, peritonitis remains a significant 
complication of PD in children. New technolo-
gies, a better understanding of the epidemiology 
of the infections, individualized antibiotic ther-
apy, and ongoing efforts to increase implementa-
tion of standardized care practices should result 
in ongoing improvements in infection rates and 
overall outcomes for these vulnerable children.
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Noninfectious Complications 
of Peritoneal Dialysis in Children

Sevcan A. Bakkaloğlu and Christine B. Sethna

Noninfectious (NI) complications, mainly related 
to the dialysis catheter, are the major causes of 
peritoneal dialysis (PD) technique failure and 
patient morbidity. These complications can be 
categorized into mechanical (catheter-related and 
related to intra-abdominal pressure) and 
technique- related (ultrafiltration problems and 
metabolic effects of the absorption of glucose 
and its degradation products) (Table 17.1) [1–4]. 
Membrane failure, characterized by ultrafiltra-
tion failure and inadequate solute removal, was 
responsible for 8–27% of cases of chronic PD  
(CPD) termination in pediatric series [5–7]. 
Additionally, adverse metabolic effects of PD 
may further exacerbate the increased cardiovas-
cular risk in end-stage kidney disease (ESKD).

 Mechanical Complications of PD

Long-term catheter survival rates seem to be 
improved over time [8–10]; however, in reality it 
is highly variable in different registries; at 

4  years, it was reported to be 73% in a recent 
report of the International Pediatric Peritoneal 
Dialysis Network (IPPN; based on the date from 
2007 to 2014) [9] and 75% in an earlier Turkish 
registry (1989–2002) [11], but 35% in a national 
registry from Italy [8]. In line with this, while two 
large retrospective studies from Germany [12] 
and from the USA [13] showed catheter exchange 
rates of 34%, other studies and registry reports 
revealed lower catheter replacement rates 
(7–17%), due to noninfectious complications 
[7–9, 14].

Data from 2453 patients enrolled in the IPPN 
between 2007 and 2015 showed that mechanical 
catheter-related problems (malfunction and leak-
age) doubled the risk of technique failure com-
pared with infectious causes (peritonitis and 
exit-site infection – 28%) [9].

The most common mechanical complications 
associated with PD catheters in children are 
inflow/outflow problems, catheter malposition, 
pericatheter leak, and hernia. Children under 
2 years of age or weighing less than 10 kg are at 
a higher risk of these complications [12–16].

Pain is another important complication of PD 
for children. It may occur during infusion – pos-
sibly related to the jet of fluid – or at the end of 
draining [3]. This discomfort is frequently tran-
sient, resolving shortly after PD is initiated. 
Coiled catheter design [17], usage of warm, bio-
compatible fluids, slowing the rate of infusion, 
and tidal dialysis may minimize infusion and 
pressure pain.
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 Obstruction of PD Fluid Flow

Inflow obstruction suggests intraluminal block-
age with fibrin or blood and may be due to kink-
ing of the catheter (Fig.  17.1a). It usually 
becomes obvious soon after catheter placement. 
Outflow failure, which is defined as incomplete 
drain of instilled dialysate, most commonly 

occurs because of constipation, catheter malpo-
sition, intraluminal catheter occlusion (often by 
thrombus and fibrin), extraluminal catheter 
occlusion (by omentum, adhesions, epiploid fat 
appendices, fallopian tubes), and catheter kink-
ing [1, 2].

Migration of the catheter out of the pelvic 
cavity (Fig. 17.1b) usually causes poor drainage 
and sometimes poor inflow of the dialysate, 
which is usually evident within days of place-
ment. Omental occlusion is commonly observed 
within several weeks of catheter implantation 
and may also cause migration. Large side holes 
on the intraperitoneal portion of PD catheter 
may cause omental entrapment [15]. Large 
pediatric series showed the rate of malfunction/
obstruction between 5% and 36% (Table 17.1) 
[7–10, 12–16, 18–20]. Age less than 1–2 years 
is a significant risk factor for dislocation [13] 
and malfunction [16]. A recent retrospective 
report analyzing infants only (n = 25, median: 
18 months) demonstrated that malfunction and 
malposition of the catheters were seen in 44% 
of the cases [18].

 Prevention Strategies
A simple strategy against malfunctioning 
migrated catheters is avoiding constipation. In 
addition to spontaneous repositioning, saline 
flushing into the peritoneal cavity, enema admin-
istration, and modification of the patient’s posi-
tion are conservative methods used by clinicians 
to reposition a migrated catheter. Liberal use of 
laxatives or enemas is an underappreciated strat-
egy to promote good catheter function via induc-
ing bowel peristalsis, since fecal impaction can 
cause catheter migration and external compres-
sion of the lumen by the bowel [1].

Other strategies to prevent early catheter mal-
function include appropriate catheter selection, 
optimal surgical technique by center’s best expe-
rience, good postimplantation care, and educa-
tion of patients and caregivers. Insertion of 
catheters by experienced and dedicated physi-
cians is advised [1, 15]. A number of modifica-
tions of PD catheter design have been proposed; 
however, overall, the intraperitoneal configura-
tion, straight vs coiled, or tunnel configuration, 

Table 17.1 Noninfectious complications of peritoneal 
dialysis [1–4]

Mechanical complications
Catheter-related
  Perioperative (perforation of viscus or hemorrhage)
  Obstruction to flow
   Inflow problems
    Catheter kinking
   Outflow failure
    Constipation
    Catheter malposition, kinking
    Catheter occlusion (internal by fibrin or 

external by omentum)
  Leakage (exit-site or concealed)
  Pain (on infusion or drainage)
  Catheter cuff extrusion, tunnel erosion
Related to increased intra-abdominal pressure
  Hernia
  Pleural leak (hydrothorax)
  Back pain
  Gastroesophageal reflux and delayed gastric 

emptying
Technique-related complications
Adequacy and ultrafiltration problems
  Inadequate solute clearance
   Poor compliance
   Decreased peritoneal permeability
  Inadequate ultrafiltration
   Fast transport status
   Encapsulated peritoneal sclerosis
Metabolic complications
  Hyperglycemia
  Hyperinsulinemia
  Hypertriglyceridemia
  Hypokalemia
  Magnesium alterations
Other complications
Hemoperitoneum
Pneumoperitoneum
Pancreatitis
Ischemic colitis and necrotizing enterocolitis
Subcapsular steatosis
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swan-neck vs straight, does not seem to modify 
this risk [1, 2, 9, 14, 17]. In the experience of the 
International Pediatric Peritonitis Registry 
(IPPR), the use of Tenckhoff catheters with a 
straight ending was associated with an increased 
rate of post-peritonitis technique failure [8]; how-
ever, in the IPPN registry, swan-neck tunnel with 
a curled intraperitoneal portion had a signifi-
cantly higher percentage of catheter revisions 
secondary to mechanical dysfunction and perito-
nitis compared with other catheter types [9]. On 
the other hand, a recent cohort from the USA 

reported that lateral exit-site was associated with 
catheter migration in small infants with single- 
cuff catheters [14]. A single cuff may act as a ful-
crum about which the catheter may rotate and 
cause malfunction. Tunneling these catheters 
straight superiorly is suggested [14]. In line with 
this, a recent RCT demonstrated that a new open 
surgical technique, involving catheter fixation to 
the lower abdominal wall combined with a 
straight upward tunnel configuration and low 
implant position (i.e., a shorter intra-abdominal 
catheter section), was successful in reducing 

a b

c d

Fig. 17.1 (a) Catheter kinking, (b) catheter migration out 
of the pelvic cavity, (c) genital swelling due to leakage in 
an infant on chronic peritoneal dialysis, (d) inguinal her-

nia in a child on nightly intermittent peritoneal dialysis. 
(With permission of Sevcan A. Bakkaloglu, MD)
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catheter malfunction, due to migration and 
 omental entrapment [21]. Straight upward tunnel 
configuration for preventing catheter malfunction 
should be evaluated in pediatric RCTs.

There is a controversial data about the effect 
of omentectomy on catheter patency [13–16, 19]. 
Some studies showed 2–3 times reduced catheter 
replacement rate in patients undergoing an omen-
tectomy (7–15% vs 23–27%) [14, 16, 19]. On the 
other hand, recent retrospective studies suggested 
that omentectomy did not change early or late 
mechanical complications and the reoperation 
rate [13, 15]. Therefore, omentectomy is left to 
physician’s discretion in the current practice.

The catheter tip should sit deep in the pelvis. 
Selection of a catheter that is too short will result 
in poor drainage because the catheter will sit 
higher in the abdomen, where it is vulnerable to 
interference with omentum. Compared with other 
methods of PD catheter placement, positioning of 
the catheter can be done more accurately with 
laparoscopy [22]. However, studies and meta- 
analyses have yielded conflicting results; some 
are in favor of laparoscopic placement [13, 23] in 
terms of long-term catheter complications, while 
others are not [24–26]. Advanced laparoscopic 
techniques might further improve clinical out-
come. Crabtree et  al. have described advanced 
laparoscopic management with rectus sheath tun-
neling, prophylactic adhesiolysis, and prophylac-
tic omentopexy (fixing the redundant omentum 
to the upper abdomen by means of a suture) and 
reported a reduction in the rate of catheter flow 
complications to <1% compared with 12% with 
standard laparoscopic technique [27]. In adults, 
nephroscope-assisted laparoscopic technique 
may also provide additional advantages over 
standard laparoscopy, including a single port 
entry and less leakage, less surgical time, and 
lower cost [28]. Particularly for patients at higher 
risk for catheter malfunction as a result of previ-
ous complicated abdominal surgery, advanced 
laparoscopic techniques provide good results in 
experienced hands. In children, the reported fre-
quencies of flow problems are similar with both 
implantation techniques, varying between 5% 
and 36% [8, 10, 19, 22, 29–31]. Furthermore, 

recent studies in infants/neonates who had their 
catheters implanted mainly laparoscopically 
observed 2–3 times more noninfectious compli-
cations compared to those implanted open surgi-
cally in different centers [7, 18]. While awaiting 
convincing data from pediatric RCTs, it should 
be realized that the frequency of complications 
decreases as the experience gained by the opera-
tor increases [15], regardless of the surgical 
technique.

 Treatment Options
Guidewire manipulation should be considered 
when poor drainage persists, despite an adequate 
trial of conservative methods. This treatment is 
usually reserved for catheters with radiographic 
evidence of migration to the hypochondriac 
region, although malfunctioning catheters that 
are properly positioned in the true pelvis may be 
entrapped in an adhesion and benefit from guide-
wire manipulation. Using a stiff rod and a stiff 
wire under fluoroscopy guidance, catheters can 
be drawn back into the rectovesical pouch with a 
promising long-term patency [32]. In an analysis 
of CPD outcomes in infants reported to the Italian 
registry, a successful catheter reposition rate of 
25% was noted [7]. If fluoroscopically guided 
manipulations fail, open or laparoscopic surgery 
is necessary to reposition the catheter. In omental 
trapping, laparoscopic mobilization of the cathe-
ter can also be possible [33].

Intraluminal instillation of thrombolytics is 
helpful if intraluminal obstruction persists after 
vigorous flushing and results in a high rate of res-
toration of flow. Administration of tissue plasmin-
ogen activator (tPA, 8 mg in 10 mL of sterile water 
injected into the catheter and allowed to dwell for 
1 h) in 29 cases of catheter obstruction resulted in 
restored patency in 24 instances with no adverse 
effects [34]. In children, empirically and partly 
based on patient and catheter size, 2.5–5 mg of tPA 
(1 mg/mL) in 10–20 mL saline may be used [35]. 
Pure tPA at a volume of 4 mL (4 mg) was shown to 
be effective in a newborn [36]. The reusability of 
tPA due to its nonallergenic properties makes it an 
attractive option, preventing unnecessary replace-
ment of PD catheters.
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 Outcome
Although catheter patency can be sustained by 
conservative or interventional manipulations, 
obstruction to flow is still an important cause of 
catheter removal up to the rate of 22% in differ-
ent single-center retrospective series (Table 17.2). 
There were no significant differences between 
early and delayed catheter use groups in terms of 
mechanical catheter problems [9, 10, 20]. 
However, newborns and small infants should be 
accepted as exception. In a study from the USA, 
usage of catheter within 3 days postimplantation 
resulted in catheter removal in 72% of these 
babies (median age 18 days, 60% neonates), and 
obstruction was the second most common cause 
following leakage [18].

 Dialysate Leakage

An exit-site leak refers to the appearance of any 
moisture around the PD catheter identified as dial-
ysate; however, the spectrum of dialysate leaks 
also includes any dialysate loss from the perito-
neal cavity other than via the lumen of the cathe-
ter. Early leaks occur within 30  days of PD 
catheter insertion, and late leaks occur after this 
period. Early leakage most often manifests as a 
pericatheter leak and most commonly in new-
borns and infants [12, 14–16, 18]. Abdominal 
weakness appears to predispose mostly to late 
leaks, which may present more subtly with subcu-
taneous swelling and edema, weight gain, periph-
eral or genital edema, and apparent ultrafiltration 
failure. This reduced dialysate drainage may eas-
ily be mistaken for ultrafiltration failure at the 
peritoneal membrane level. Additionally, it is 
important to be aware that mechanical damage to 
the catheter will produce identical symptoms. A 
catheter puncture during suturing will be followed 
by leakage of dialysis fluid at the exit-site [33].

 Risk Factors and Prevention
Leakage of dialysate at the pericatheter site tends 
to occur early after catheter placement, in asso-
ciation with high dialysate volumes, and in those 
with a weak abdominal wall (such as those with a 
history of multiple surgeries or newborns/small 

infants) or loose purse-string suture on the perito-
neum and improperly sutured fascia [14, 33]. 
Intra-abdominal pressure increases linearly with 
the volume of dialysate infused and exponen-
tially when abdominal compliance is exhausted. 
So, initiating PD with low dialysate volume 
(300 mL/m2 body surface area) has been recom-
mended as a good practice measure [37]. In addi-
tion, leaks frequently occur only after a patient 
becomes physically active and are less common 
in those who undergo dialysate exchanges when 
supine. Adult reports indicate that the incidence 
of dialysate leakage is seen in slightly more than 
5% of CAPD patients [37]. The reported inci-
dence of pericatheter leak is widely variable 
(3–41.5%) in different pediatric series [8, 10, 
12–16, 18–20, 22, 29–31, 38] (Table  17.2). 
Infants with a body weight of <10 kg have 3–5 
times higher risk of leakage compared to the 
older children [14, 15, 18]. Frequency of leakage 
can be as high as 71% in newborns [18]. So, the 
increased likelihood of leakage may be explained 
by patient size and delayed healing due to 
decreased subcutaneous tissue [18]. Although 
higher incidence of leakage may in part be attrib-
uted to surgical catheter placement in adult stud-
ies, the implantation method, either open surgical 
or percutaneous or laparoscopic, did not appear 
to make significant difference in pediatric series 
[8, 10, 18, 22].

Other factors suggested as potentially related 
to dialysate leak include the immediate initiation 
of PD [18] and median PD catheter insertion 
[37]. In a retrospective pediatric study, the 
delayed use of peritoneal catheter after its 
implantation (>14  days) was associated with a 
lower incidence of dialysate leak [29]. In line 
with this, the use of PD catheters within 3 days of 
placement was associated with catheter failure in 
newborns and infants [18]. Recent, large retro-
spective studies confirmed the impact of small 
age on leakage [12, 13, 15, 18]. On the other 
hand, the incidence of dialysate leakage in the 
IPPN cohort including 2453 patients with a 
median age of 10.5 (IQR, 3.4–14.2) years was 
similar for early (<7 days) and late (>7 days) PD 
start [9].

17 Noninfectious Complications of Peritoneal Dialysis in Children
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A decreasing overall incidence of leakage was 
reported by the Italian registry, possibly related 
to improved surgical experience [8]. In a pro-
spective, open-label randomized study performed 
in a single pediatric center, the application of 
fibrin glue to the peritoneal cuff suture prevented 
early dialysate leakage [39]. Overall, the surgical 
approach, the number of cuffs, and the primary 
renal diagnosis were not predictors of initial 
catheter complications [18]; however, omentec-
tomy may be a risk factor for leakage by recog-
nizing the rate of leakage as 25% vs 5% in 
patients with or without omentectomy [19].

 Diagnosis
The presence of fluid around a peritoneal catheter 
may be due to leakage of dialysate or to serosan-
guineous fluid extruding from the subcutaneous 
tissue. If the etiology of the fluid is unclear, a 
dialysate leak can be confirmed by checking the 
glucose concentration of the leaking fluid.

Fluid infiltration of the abdominal wall is eas-
ily overlooked, particularly in obese patients. 
Reduced drain volumes may occur because a 
substantial portion of the dialysate leaks into the 
abdominal wall and once a steady state is 
achieved is absorbed at a rate equal to the leakage 
rate. Normal solute equilibration in the PET, with 
apparently lacking ultrafiltration, suggests the 
diagnosis of “internal” leakage. The most widely 
used approach to confirm the diagnosis and to 
determine the exact site of fluid leaking into the 
abdominal subcutaneous tissue and/or intermus-
cular layers is T2-weighted MRI with an empty 
and filled abdominal cavity or CT with contrast 
agent-added PD fluid [33, 37].
Groin or genital swelling caused by leaks 
(Fig. 17.1c) is usually related to underlying her-
nias (which are often palpable), with a patent 
processus vaginalis, or a peritoneal membrane 
defect along the catheter tract. Scrotal swelling is 
much more common than labial swelling; it is 
generally bilateral. Leakage into the pleural space 
will be discussed separately below.

 Management
Successful management of pericatheter leaks can 
usually be accomplished by decreasing the dialy-
sate volume. Occasionally, converting the patient 
to continuous peritoneal modalities in which 
exchanges occur when supine or application of 
temporary hemodialysis may resolve dialysate 
leakage. Leaks that do not respond to conserva-
tive management may require minor surgical 
repair of the deep cuff or rarely catheter 
 replacement. Surgical repair has been strongly 
suggested for leakage causing genital swelling 
[33, 37].

 Hernia

Hernia is a common complication in children on 
PD, with a reported incidence up to 30% across 
pediatric series (Table  17.2). Several different 
types of hernias have been described in PD 
patients. The sites of anatomic weakness that 
predispose to hernia formation include the 
inguinal canals with or without patent processus 
vaginalis, the umbilicus, the linea alba, the exit 
site, and any sites of prior surgical incision 
(Fig. 17.1d).

 Risk Factors
The risk of PD-associated hernia in children is 
affected by the intraperitoneal pressure (IPP), the 
patient age [14, 16, 18, 40–42], and the presence 
of anatomically weak sites in the abdominal wall 
[40]. Infants compared to older children had a 
three times higher risk of hernia development 
(15% vs 5% and 33% vs 11%, in different series) 
[14, 16]. In a study from the USA, 20% of 25 
infants starting CPD during the first 2 years of life 
had hernia at catheter insertion; 60% of those 
cases were newborns, and presence of a hernia was 
one of the main predictors of initial PD catheter 
failure in small infants [18]. Therefore, the risk of 
hernia seems to be confined to neonates and infants 
[14, 16, 18], due to their high incidence of patent 
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processus vaginalis and, possibly, higher intra-
abdominal pressure. These findings support the 
concept of prophylactic closure of the processus 
vaginalis at the time of catheter insertion in neo-
nates and young infants. Recently in adults, com-
bined hernia repair and PD catheter placement has 
been shown as a safe procedure [43]. However, the 
presence of a hernia at PD catheter placement with 
or without repair was associated with dialysate 
leak in neonates and infants [18].
Abdominal wall hernias are not uncommon in 
patients on CAPD, and some risk factors have 
been identified in adult patients. These include 
female gender, increasing age, longer time on 
peritoneal dialysis, increasing number of lapa-
rotomies, and multiparity [44]. However, there is 
no clear data in children.

 Clinical Features
The most common presentation of the hernia is a 
painless swelling. Other symptoms associated 
with abdominal hernia in PD patients include dis-
comfort or disfigurement and problems related to 
a complication from the hernia. Complicated her-
nias present as a tender lump, recurrent gram- 
negative peritonitis, bowel obstruction, and 
perforation, if there is strangulation or incarcera-
tion of the bowel. An umbilical hernia has a spe-
cial predilection for strangulation. Catheter and 
other incisional site hernias and least commonly 
inguinal hernias may lead to incarceration and 
strangulation of the bowel. These complications 
are also more likely when the hernia is small, pre-
venting the free movement of bowel into and out 
of the hernia sac. The presence of genital swell-
ing may suggest occult indirect inguinal hernias 
[2]. Additionally, hernias may be associated with 
poor PD outcomes because of ineffective dialysis 
from increases in hernia size with increasing 
dwell volumes.

 Diagnosis
Patients can easily be diagnosed clinically. MRI 
or CT peritoneography is a useful confirmatory 
diagnostic procedure. Peritoneal scintigraphy is 
usually used in patients who are allergic to con-
trast dye and in centers where MR peritoneogra-
phy is not available [2].

 Prevention
There are several implantation  best practice rec-
ommendations for preventing leakage and her-
nias. Two-cuff designs and placement of the deep 
cuff at an intramuscular location are preferred. 
Intramuscular cuff placement results in fewer 
pericatheter leaks and hernias. In infants and chil-
dren, a paramedian fascial incision is usually pre-
ferred in order to avoid herniation or dialysate 
leakage [8]. However, surprisingly, the number of 
catheter cuffs was not significantly associated 
with catheter outcomes in a recent cohort of infant 
PD [18]. Laparoscopic catheter placement is an 
attractive alternative to open surgical insertion, 
since it allows complete visualization of the peri-
toneal cavity, including inspection of the inner 
inguinal ring and prophylactic closure of patent 
processus vaginalis in infants [22]. A recent paper 
from the USA reported that three umbilical her-
nias, three bilateral inguinal hernias, and two ven-
tral hernias were successfully repaired in 8 of 21 
pediatric patients during laparoscopic PD catheter 
placement [22].
Intraperitoneal pressure (IPP) can be easily mea-
sured using a central venous pressure scale 
attached to the PD tubing system as the mean of 
inspiratory and expiratory pressure in the midaxil-
lary line in the supine position. IPP in the empty 
abdominal cavity is 0.5–2.2  cmH2O, increasing 
with rising amounts of fluid volume and change in 
posture. The supine position generates the lowest 
IPP for a given volume of IP fluid [2]. 
Biocompatible PD solutions reduce IPP by 
15–20%. On the other hand, IPP increases with 
obesity and organomegaly, for example, autoso-
mal recessive polycystic kidney disease. Likewise, 
abdominal pain and constipation increase IPP 
[45]. IPP monitoring may be used as an objective 
measure to guide fill volume prescription by 
determining how much intraperitoneal volume is 
tolerated and potentially lower the risk of mechan-
ical complications such as hernia and leakage [40, 
41, 45], although the concept has not been veri-
fied in RCTs. In children, IPP is usually accept-
able up to 13–14 cmH2O, which corresponds to a 
mean fill volume of 1400 mL/m2. Abdominal pain 
is not reported below 12 cmH2O. Below 2 years of 
age, IPP should not be above 8–10 cmH2O, that is, 
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in most cases fill volume not above 800 mL/m2. 
Otherwise, the risk of hernia and leakage increases 
considerably in infants [45].

 Treatment
Most hernias need surgical repair [33]. Repair of 
preexisting hernias and delaying PD catheter use 
to allow for a longer period of healing reduces the 
risk of complications and improves the overall 
catheter survival [18]. If immediate use of PD 
catheter is necessary, patients should be main-
tained on low-volume nocturnal cyclic PD, with 
an empty or small-volume dwell during 
daytime.

 Hydrothorax
Hydrothorax is an uncommon but well- 
recognized complication of peritoneal dialysis. 
The reported incidence of hydrothorax varies 
from 1.6% to 10%. It can present as an asymp-
tomatic effusion found on a chest radiograph 
([46], Fig. 17.2a), or it can be massive, causing 
major respiratory symptoms. Hydrothorax can 
follow the first few dialysate exchanges or occur 
after years of uneventful PD [37]. Increased 
intra-abdominal pressure after instillation of fluid 
into the peritoneal cavity can result in leakage of 

the PD solution from the peritoneal cavity into 
the pleural space across the diaphragm. The pleu-
ral to peritoneal connection is almost always on 
the right side. The presence of the heart and peri-
cardium may prevent the leak of fluid across the 
left hemidiaphragm. The condition should be dif-
ferentiated from other causes of transudative 
pleural effusion, such as congestive cardiac fail-
ure, hypoalbuminemia, or fluid overload for any 
reason [2, 37]. Spontaneous leakage of dialysate 
fluid from the peritoneal cavity into the pericar-
dium via a pericardioperitoneal fistula, “hydro-
pericardium,” is an extremely rare, potentially 
life-threatening complication of PD [47].

 Pathogenesis
The physiopathology of hydrothorax is not 
entirely clear. It is most commonly secondary to 
a pleuroperitoneal communication. Possible 
mechanisms include a disorder of lymphatic 
drainage, pleuroperitoneal pressure gradient, and 
congenital diaphragmatic defects. A disorder of 
lymphatic drainage was suggested by the finding 
of diaphragmatic lymphatic swelling after perito-
neal fluid instillation during surgical exploration. 
In autopsy studies, discontinuities in the tendi-
nous portions of the hemidiaphragms have been 

a b

Fig. 17.2 (a) Right-sided massive pleural effusion. (b) Complete resolution of pleural effusion after pleurodesis with 
tetracycline. (With permission of Sevcan A. Bakkaloglu, MD)
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observed, thereby supporting the presence of dia-
phragmatic defects. In addition, the negative 
intrathoracic pressure combined with an 
increased intra-abdominal pressure caused by 
dialysate instillation may open small defects in 
the diaphragm and promote the flow of dialysate 
into the pleural space [2, 37].

 Clinical Features
The most common clinical symptom is shortness 
of breath, which can be mistaken for congestive 
heart failure. Patients may use more hypertonic 
dialysis solution to increase ultrafiltration; how-
ever, that will lead to a further increase in the 
intra-abdominal pressure and subsequently wors-
ening of symptoms. Physical examination will 
reveal decreased or absent breath sounds and 
stony dullness on percussion.

 Diagnosis
Chest X-ray may show right-sided pleural effu-
sion (Fig. 17.2a). The presence of left-sided pleu-
ral effusion should prompt the clinician to 
evaluate for other secondary causes of hydrotho-
rax. Thoracocentesis with biochemical analysis 
of pleural fluid is the first-line investigation. A 
transudative effusion with high glucose content 
(>300–400 mg/dL or pleural fluid to serum glu-
cose concentration gradient >50 mg/dL) proves 
the peritoneal origin of the pleural fluid. In 
patients with icodextrin solution, iodine mixed 
with the effluent results in a bluish-black discol-
oration, which is diagnostic for PD-induced 
hydrothorax [48]. In uncertain cases, or when 
there is a clinical need to demonstrate the anat-
omy of the communication, an imaging approach 
such as MRI or CT peritoneography can also be 
used [2, 49].

 Treatment
Once hydrothorax secondary to pleuroperitoneal 
communication is confirmed, temporary cessa-
tion of PD remains the first-line treatment. 

Frequent small-volume exchanges can be a fea-
sible alternative in children. In case of acute 
shortness of breath, discontinuation of PD and 
immediate thoracocentesis are indicated. PD can 
often be resumed after temporary cessation, pre-
sumably because of spontaneous resolution of 
the leakage.
Current evidence in adults shows that video- 
assisted thoracoscopic pleurodesis or diaphrag-
matic repair should be the treatment of choice in 
patients who failed conservative management 
[49]. Chemical pleurodesis has been performed 
with talc, autologous blood, and tetracycline 
([46], Fig. 17.2b), with uneventful recovery both 
in children and adults [2, 46, 49]. There is no evi-
dence to suggest that one agent is superior to 
another. The main side effect of these sclerosing 
agents is pain. Open surgical treatment is the last 
option for recurrent hydrothorax [2, 49].

 Technique-Related Complications

 Peritoneal Membrane Failure

Peritoneal membrane failure is an important 
complication of PD characterized by ultrafiltra-
tion failure (UFF) and/or inadequate solute 
removal. It ensues due mainly to structural and 
functional changes in the peritoneal membrane 
attributable to severe, persistent, and/or relapsing 
intraperitoneal infection and the use of conven-
tional bio-incompatible PD solutions, which are 
hyperosmolar, acidic, has lactate buffer and con-
tains high concentrations of glucose and glucose 
degradation products (GDPs) (see Chap. 12).

 Pathogenesis
Continuous exposure to bio-incompatible PD 
solutions and bacterial infection triggers inflam-
mation of the peritoneal membrane, which leads 
to the release of endogenous cellular compo-
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nents and matrix degradation products that cause 
progressive fibrosis, neoangiogenesis, vasculop-
athy, epithelial-to-mesenchymal transition 
(EMT) of mesothelial cells, collagen deposition 
in the sub- mesothelial compact zone and, ulti-
mately, UFF. A peritoneal biopsy study clearly 
showed that PD treatment per se had a strong 
impact on peritoneal fibrosis and vasculopathy. 
The thickness of the sub-mesothelial zone and 
the extent of vasculopathy were positively cor-
related with the duration of PD, and inversely 
with UF capacity [50].

There is emerging evidence that toll-like recep-
tor (TLR) activation of peritoneal mesothelial 
cells is linked to fibrosis of the membrane; thus, 
TLRs may be a potential therapeutic target for 
preventing fibrosis and membrane failure [51]. 
EMT of peritoneal mesothelial cells is also an 
important mechanism involved in the process of 
peritoneal membrane failure. EMT is induced by 
multiple stimuli, which include GDPs and 
advanced glycation end products and inflamma-
tory cytokines, such as TGF-beta. Mesothelial 
cells that undergo EMT promote neoangiogenesis 
through VEGF expression. Dysfunctional aqua-
porin 1 (AQP1) in peritoneal endothelial cells is 
another putative mechanism of UFF.  Peritoneal 
neoangiogenesis is probably the main effector of 
increased solute transport and UFF in long-term 
PD.  In addition, mast cells and various genetic 
factors controlling angiogenesis and fibrosis and 
effects of medications may modulate the rate at 
which UFF develops. However, the relative roles 
of fluid components, bacterial inflammation, 
genetic disposition, drugs and other factors, and 
the precise sequence of the pathophysiologic 
events, initiating and propagating peritoneal fibro-
sis and angiogenesis, remain elusive [50].

 Differential Diagnosis
The ability to evaluate for UFF is of major clini-
cal importance. In the case of low drain volumes, 
a distinction must be made between catheter dys-
function, leakage of fluid either externally 
through the catheter tunnel or internally from the 
peritoneal cavity to the pleural space, and impair-
ment of the peritoneal membrane. In fact, multi-

ple membrane-related causes should be 
considered, which include the following:

 1. Large functional peritoneal surface area rel-
ative to the size of the fill volume, the result 
of either too low a prescribed fill volume or 
too large a vascular surface area secondary 
to hyperperfusion (e.g., GDP-induced 
neoangiogenesis)

 2. Impaired free-water transport as a result of 
aquaporin dysfunction

 3. High lymphatic absorption associated with a 
marked elevation of IPP

 4. Limited peritoneal surface area available for 
exchange, as might occur with postinfectious 
or postsurgical adhesions, peritoneal fibrosis, 
or peritoneal sclerosis [41]

The causes of membrane failure can be dis-
tinguished in part by the peritoneal equilibra-
tion test (PET, see Chap. 11). The peritoneal 
membranes can be classified according to PET 
results into high, high-average, low-average, 
and low transporter categories. The high trans-
porter status is associated with a poor technique 
and even patient survival in adults, probably 
due to increased glucose resorption, leading to 
UFF, fluid overload, hypertension and left ven-
tricular hypertrophy, increased atherogenesis, 
and malnutrition related to increased peritoneal 
protein losses [52, 53]. Children with high 
transporter status are at risk for poor longitudi-
nal growth [54].

 Management
The traditional method to treat membrane failure 
is to use short exchanges with hypertonic dialy-
sate. However, exposure to the high glucose con-
centration in hypertonic dialysate can accelerate 
the process of peritoneal inflammation and neo-
angiogenesis, thereby further aggravating 
UFF. Therefore, the protection of the peritoneal 
membrane from the long-term toxic and meta-
bolic effects of conventional high GDP- 
containing, glucose-based solutions would be 
ideal [53, 55]. More biocompatible PD solutions 
may preserve peritoneal membrane function and 

S. A. Bakkaloğlu and C. B. Sethna



305

promote ultrafiltration (see Chap. 12 for details). 
In children with established UFF, PD fluids con-
taining icodextrin as osmotic agent may be of 
some value, both by their greater efficacy in 
inducing ultrafiltration [55, 56] and by minimiz-
ing peritoneal glucose exposure (see Chap. 12 for 
details). However, the level of evidence to sup-
port the use of biocompatible fluid to prevent or 
treat peritoneal membrane failure is not adequate. 
In a recent Cochrane review of 42 studies includ-
ing adults and children, due to the inconsistency 
of reporting and low methodologic quality of 
studies, the impact of biocompatible solutions on 
long-term peritoneal membrane function was 
determined to be uncertain [57].

 Prognosis
Membrane failure is responsible for up to 27% of 
CPD termination in different pediatric series [5, 
6, 58]. Altered peritoneal membrane function 
over time has a significant impact on both tech-
nique and patient survival. As the prevalence of 
UF failure increases, it becomes the predominant 
reason for dropout in long-term PD, particularly 
in anephric and oliguric patients. According to 
the Japanese long-term experience, the frequency 
of PD termination due to UFF steadily increases 
with time on PD, from 14% in the first 5 years of 
treatment to 33% thereafter [58]. In contrast, 
insufficient solute removal was a constant cause 
of technique failure in 13% of cases before and 
after 5 years on PD.

The prognosis of membrane failure is not 
unvariably poor and likely depends on the under-
lying mechanism of the high transporter pheno-
type. Recent classification attempts to differentiate 
the various types: “type 1,” an early inherent type 
of membrane failure associated with increased 
mortality related to marked underlying comorbid-
ity and inflammation; “type 2,” an early inherent 
type with a large peritoneal surface area; and 
“type 3,” a late-acquired type with peritoneal 
membrane changes which develop with time on 
PD. The latter two types have a good prognosis 
provided that fluid balance is controlled using 
APD and icodextrin-based PD solution [52].

Ultrafiltration failure due to an elevated peri-
toneal solute transport may be transient or sus-
tained. Transient increases are seen during 
episodes of peritonitis. In some cases, repeated 
episodes of peritonitis lead to a sustained 
increase in solute transport and a persistent loss 
of ultrafiltration. Other factors like prolonged 
PD vintage, dialysate buffer, glucose and buffer 
byproducts used in the dialysate, and the use of 
beta-blockers may contribute to impaired ultra-
filtration [53].

 Encapsulating Peritoneal Sclerosis

Encapsulating peritoneal sclerosis (EPS) is a 
rare, but serious, complication of long-term PD, 
characterized by encasement of the bowel loops 
accompanied by extensive sclerotic thickening of 
the peritoneal membrane. Clinical features of 
EPS result from underlying pathogenic pro-
cesses, particularly ileus, inflammation, and/or 
peritoneal adhesions. Signs and symptoms fre-
quently include abdominal pain, nausea, vomit-
ing, fatigue, loss of appetite, constipation, 
diarrhea, abdominal mass, ascites, weight loss, 
low-grade fever, and hemorrhagic effluent [59]. It 
is also typically associated with a progressive 
loss of ultrafiltration, resulting in fluid retention 
and edema. Unlike other causes associated with 
these clinical findings, EPS is an insidious, grad-
ual, non-acute clinical syndrome [58]. It is impor-
tant to recognize that EPS may also present long 
after the cessation of PD [60].

Pediatric registries from Japan, Italy, and the 
European Pediatric Dialysis Working Group 
(EPDWG) report an incidence of 1.5–2% for 
EPS in children on PD [61–63]. In the Japanese 
registry, all patients who developed EPS had 
received PD for longer than 5 years, with a mean 
PD duration of 10.3 years. The incidence of EPS 
was 6.6% among all patients on PD for longer 
than 5  years and 22% among those who had 
received PD for longer than 10 years [62]. Similar 
results were found in the Italian and EPDWG 
registries [61–63].
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 Pathogenesis
The etiology of EPS is believed to be multifacto-
rial. Potential risk factors for the development of 
EPS include extended duration of PD; previous 
frequent severe peritonitis episodes; a reaction to 
other foreign agents, such as plasticizers from 
catheters; exit-site cleansing agents, such as 
povidone-iodine or chlorhexidine; and extended 
exposure to bio-incompatible dialysis solutions 
[58]. Of note, there was no difference reported in 
the incidence of EPS between biocompatible and 
standard PD solutions in the Italian and EPDWG 
registries [61–63].

 Diagnosis
The diagnosis of EPS is suspected in the patient 
with a long history of PD, signs and symptoms 
consistent with SEP, and/or progression to a high 
peritoneal permeability state and is confirmed 
with radiographic or histological findings of 
bowel encapsulation. Imaging with computed 
tomographic (CT) scanning is recommended to 
evaluate for characteristic signs, such as perito-
neal calcification, bowel thickening, bowel teth-
ering, bowel dilatation, and localized ascites. 
(Fig. 17.3) [64, 65]. Peritoneal membrane thick-
ening is common among long-term PD patients 
and without symptoms is not, in and of itself, 
diagnostic of EPS.

 Treatment
Although frequently unsuccessful, the treatment 
of sclerosing peritonitis most commonly entails 
cessation of PD with transfer to hemodialysis and 
bowel rest with total parenteral nutrition (TPN). 
In addition, drug therapy with corticosteroids, 
tamoxifen (a selective estrogen receptor modula-
tor that inhibits the production of TGF-β by fibro-
blasts), and other immunosuppressive agents 
including, azathioprine, sirolimus, and mycophe-
nolate mofetil have been tried with variable 
results [58, 65]. There are no consensus guide-
lines for the use of drug therapy in EPS [61–63]. 
Surgery is indicated for bowel obstruction, bowel 
perforation, hemoperitoneum, or lack of improve-
ment with drug therapy.

 Prognosis
EPS is the most serious complication of long- 
term PD with a mortality ranging from 14% to 
38% [61–63]. The major causes of death are 
almost invariably related to problems concerning 
bowel obstruction or complications of surgery, 
such as malnutrition or septicemia. Therefore, a 
high index of suspicion and elective discontinua-
tion of PD in high-risk patients is of particular 
importance for the early diagnosis and prevention 
of potentially fatal outcome. The development of 
UFF, a high dialysate/plasma creatinine ratio, 
peritoneal calcification, a persistently elevated 
C-reactive protein level, and severe peritonitis in 
patients on PD for longer than 5 years are signals 
that should prompt the clinician to consider ter-
minating PD as a possible means of preventing 
the development of EPS [58]. However, there is 
no evidence to support the benefit of routine tran-
sitioning to hemodialysis for all long-term PD 
patients as EPS is very rare.

 Metabolic Complications

 Dyslipidemia and Insulin Resistance

Disturbances of lipid and glucose metabolism are 
the common complications of chronic renal fail-
ure and persist or deteriorate during renal replace-
ment therapy. The few reports available in 

Fig. 17.3 Massive ascites secondary to EPS pushing 
stomach and intestinal loops posteriorly. (With permis-
sion of Sevcan A. Bakkaloglu, MD)
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pediatric PD patients are consistent with findings 
of adult studies, indicating insulin resistance, 
hyperleptinemia, dyslipidemia, and an athero-
genic lipid profile [4, 66–69]. The pathophysiol-
ogy of these metabolic complications in PD 
patients is multifactorial, including the continu-
ous administration of glucose in the dialysate, 
albumin and HDL losses into the peritoneal cav-
ity, and reduced lipolytic enzyme activity.

Serum total cholesterol, triglyceride, low- 
density lipoprotein cholesterol, apolipoprotein A, 
and lipoprotein (a) levels are elevated, and HDL 
lipoprotein levels are decreased in children on 
PD.  The prevalence of dyslipidemia differs by 
dialysis modality, with PD conferring an 
increased risk for dyslipidemia compared to 
hemodialysis. Dyslipidemia was reported in 
85.1% of PD patients and 76.1% of hemodialysis 
patients in the European ESPN/ERA-EDTA reg-
istry of 976 children with ESRD.  Interestingly, 
younger age on PD was associated with a more 
adverse lipid profile. Monitoring for dyslipid-
emia with annual fasting lipid level measure-
ments is recommended in children on chronic PD 
[70]. Therapeutic lifestyle modifications includ-
ing moderate-to- vigorous exercise and reduction 
in sedentary activities and dietary fat are vital for 
primary prevention of dyslipidemia. There is cur-
rently a lack of evidence regarding the efficacy of 
pharmacological treatment of dyslipidemia in 
children, although statin therapy can be consid-
ered for children ≥10  years old that fail non-
pharmacologic treatment [71]. The direct benefit 
of statin therapy in reducing the mortality from 
cardiovascular disease in children on dialysis is 
not yet proven.

As has been shown in adults, glucose intoler-
ance and insulin resistance are of concern because 
they may be risk factors for cardiovascular dis-
ease in children on PD. In a study that included 
31 pediatric PD patients, 54.8% demonstrated 
glucose intolerance, 25.8% had impaired fasting 
glucose, 22.6% had impaired glucose tolerance, 
6.5% were diagnosed with diabetes mellitus, and 
9.7% had insulin resistance. There were no dif-
ferences in these parameters when compared to 
hemodialysis patients [69]. There are currently 
no pediatric specific guidelines for the monitor-

ing of glucose metabolism. Minimization of glu-
cose in the PD prescription and the use of 
icodextrin for the long-dwell dialysis solution are 
strategies that can be implemented in children 
with glucose abnormalities.

 Hypokalemia

As compared with pediatric patients on hemodi-
alysis, patients on PD are at increased risk of 
hypokalemia because of the greater cumulative 
clearance of potassium by PD [72]. Also, 
enhanced cellular uptake of potassium, prompted 
by the intraperitoneal glucose load with subse-
quent insulin release, and bowel losses may also 
play a role in the hypokalemia observed in PD 
patients. Furthermore, cultural dietary prefer-
ences are likely to affect the disposition to hypo-
kalemia on PD. Kt/V urea, the etiology of renal 
failure, age, the peritoneal membrane transport 
type, and oral protein and caloric intake appear 
not to be related to hypokalemia [73].

Hypokalemic patients complain of weakness 
more often than those with normal potassium lev-
els. For stable chronic outpatients, liberalization 
of dietary potassium restriction and, when 
needed, oral potassium replacement (based upon 
individual patient serum potassium determina-
tions) are usually successful treatments for 
hypokalemia.

 Hypermagnesemia

Hypermagnesemia, a common finding in PD 
patients, is due to positive magnesium balance, 
resulting from renal failure and the relatively 
high dialysate magnesium concentration. The 
typical serum magnesium level in patients with 
ESKD is 2.4–3.6  mg/dL (1.0–1.5  mmol/L), a 
value usually not associated with clinical symp-
toms. Serum magnesium levels are usually ele-
vated in those dialyzed against solutions 
containing magnesium concentrations of 
0.75 mmol/L (1.8 mg/dL) [74]. Since there is an 
inverse relationship between concentrations of 
magnesium and intact parathyroid hormone 
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(PTH), raising the possibility that hypermagnese-
mia may contribute to adynamic bone disease 
[75], the 0.50 mmol/L (1.2 mg/dL) concentration 
dialysate may generally be preferable. 
Hypomagnesemia may develop in patients utiliz-
ing 0.25  mmol/L (0.6  mg/dL) magnesium con-
centration [74].

 Other Complications

 Hemoperitoneum

The presence of blood in PD effluent is called 
hemoperitoneum. This is a benign complication 
of chronic PD.  Only a very small amount of 
bleeding is required to make dialysate appear 
bloody. As little as 1 mL of whole blood injected 
into 2  L of an effluent bag can make the fluid 
readily blood tinged, and injection of 7  mL of 
blood can make the entire volume as red as fruit 
juice.

 Pathogenesis
Hemoperitoneum has a wide differential diagno-
sis. Blood tinging of dialysate is commonly seen 
after PD catheter placement, as a result of direct 
vascular and visceral damage. It rapidly clears 
with a few in-and-out exchanges. The most com-
mon and benign cause of hemoperitoneum in 
adolescent girls is menstruation. Two theories are 
proposed to explain its mechanism. First, endo-
metrial tissue, if present in the peritoneum, will 
shed simultaneously with uterine endometrium. 
Secondly, shed endometrial tissue and blood 
moves out of the cervix through the fallopian 
tubes in a retrograde fashion. Peritoneal bleeding 
starts a few days before vaginal menstrual flow. 
Other causes of hemoperitoneum in adolescent 
girls are ovulation (with a typical mid-cycle tim-
ing of occurrence) and ruptured ovarian cysts.

Trauma (including strenuous exercising), pro-
cedures to the abdominal area, bleeding disor-
ders, or anticoagulation therapy can also 
predispose to hemoperitoneum. Bleeding into a 
hepatic or renal cyst with rupture into the perito-
neal cavity, acute and chronic pancreatitis, scle-
rosing peritonitis, and peritoneal calcification in 

patients with severe CKD-associated mineral- 
bone disorder are further, less frequent causes of 
hemoperitoneum [2].

 Diagnosis
The extent of bleeding and associated symptoms 
are of primary importance in determining further 
evaluation. If bleeding is very mild, self-limited, 
and not associated with other symptoms, the 
patient may not require further evaluation. This is 
especially likely if the patient is menstruating. If 
the bleeding is severe, recurrent, and/or associ-
ated with pain and fever, urgent evaluation is 
required to exclude underlying intra-abdominal 
pathology, such as cyst rupture or a vascular 
catastrophe. Findings on physical examination 
such as a rebound or guarding do not occur with 
benign intraperitoneal bleeding and should be 
treated as a surgical emergency. In this setting, 
peritoneal fluid cell count, culture and sensitivity, 
and peritoneal amylase level (>50 μU/L suggests 
an intra-abdominal process) should be obtained. 
Peritoneal dialysate hematocrit >2% suggests an 
intraperitoneal pathology. All of the possible dis-
orders in this setting are cause for great concern, 
and merit surgical consultation and consideration 
of early laparoscopy or laparotomy [2].

Abdominal imaging by CT, ultrasound, or 
MRI may also be indicated. A CT scan of the 
abdomen and pelvis should be performed if ultra-
sound is negative or inconclusive. In patients 
with persistent bleeding, isotope-labeled RBC 
scan can be done to localize the site of bleeding, 
which can then be selectively embolized. Contrast 
agents should be avoided in patients with pre-
served residual function. Angiography is the last 
option that may be required for more definitive 
diagnosis [2].

 Management
Treatment of the underlying cause is essential, 
and curative management may require emergent 
evaluation and care. Menstruating adolescent 
girls should be reassured that asymptomatic 
hemoperitoneum is benign and that it will likely 
resolve spontaneously. Rapid flushes and instilla-
tion of heparin in the dialysate to prevent catheter 
clotting are usually done. Infusing cool dialysate 

S. A. Bakkaloğlu and C. B. Sethna



309

(i.e., room temperature) may also be helpful. 
Most commonly, the hemoperitoneum will clear 
after one to three rapid flushes. In severe condi-
tions, extensive diagnostic studies and required 
surgical interventions should be done as indi-
cated [2, 76].

 Acute Pancreatitis

Acute pancreatitis (AP) is characterized by 
inflammation of the pancreas, which presents 
with acute onset of epigastric abdominal pain 
accompanied by epigastric tenderness on physi-
cal exam. The incidence rate of AP in children on 
PD was reported to be 6.2 per 1000 person-years 
in the Italian Registry of Pediatric Chronic 
Dialysis [77]. The risk of AP is higher in hemodi-
alysis patients compared to PD, and patients on 
dialysis appear to be at a higher risk for AP than 
the general population.

 Pathogenesis
Patients with ESKD may be at increased risk for 
AP due to the decreased catabolism of gastric 
hormones that may lead to hypersecretion of the 
pancreatic enzyme trypsin. Trypsin hypersecre-
tion is thought to induce morphologic changes in 
the pancreas that could make the pancreas more 
susceptible to inflammation. In addition, it has 
been hypothesized  – but not proven  – that PD 
may directly contribute to the risk for 
AP.  Dialysate fluid containing glucose and cal-
cium may theoretically irritate the pancreas. 
Hyperglycemia, hypercalcemia, as well as hyper-
triglyceridemia are known causes of AP in the 
general population. Furthermore, it has been sug-
gested that repeated episodes of peritonitis may 
release enzymes that irritate and cause inflamma-
tion of the pancreas.

 Diagnosis
The diagnosis of AP may be difficult to distin-
guish from peritonitis in children on PD. Patients 
with AP present with an acute onset of severe epi-
gastric abdominal pain. Pain will often radiate to 
the back, which may be relieved by sitting for-
ward. AP is usually accompanied by nausea and 

vomiting. On physical examination, there is ten-
derness to palpation in the epigastric region or 
there may be diffuse abdominal tenderness. 
Abdominal distension and hypoactive bowel 
signs may be present due to underlying ileus. 
Patients with severe AP often present with fever, 
dyspnea, tachypnea, and hypotension.

Diagnostic criteria for AP include two of the 
following: (1) characteristic epigastric pain or 
pain radiating to the back, (2) elevated serum 
lipase or amylase to three times the upper limit of 
normal, or (3) radiographic evidence of AP by 
CT, MRI, or ultrasound. Reliance on serum pan-
creatic marker criteria may not be possible in 
children on PD, since amylase and lipase are 
often elevated above three times the upper limit 
in asymptomatic patients. The elevation in pan-
creatic enzymes is due to decreased urinary 
excretion and the minimal clearance of the 
enzymes by PD [78]. In children treated with ico-
dextrin, amylase may be reduced due to the com-
petitive inhibition by icodextrin on the amylase 
assay [79]. Therefore, radiologic studies may be 
required to aid in the diagnosis of AP. Focal or 
diffuse enlargement of the pancreas is suggestive 
of AP. Imaging may also be required later in the 
clinical course to evaluate for necrotizing pancre-
atitis and other complications.

 Management
Treatment of AP is mainly supportive with rec-
ommendations for bowel rest, intravenous fluids 
or parenteral nutrition, and pain control. 
Prophylactic antibiotics can be considered for 
prevention/treatment of necrotizing pancreatitis. 
Continuation of PD during AP is often possible. 
Surgical treatment may be necessary in cases of 
necrotizing pancreatitis or pseudocyst.

 Prognosis
Most episodes of AP are mild and most patients 
recover without complications or recurrence; 
however, AP can be severe with complications. 
Complications include pancreatic pseudocyst, 
necrosis, systemic inflammatory response syn-
drome, and organ failure. Mortality reported 
among adult dialysis patients varies from 8% to 
58%. A culmination of 32 children on dialysis 
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from pediatric series reported in the literature 
demonstrated the prevalence of mortality to be 
22% [77].
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Remote Patient Monitoring 
in Peritoneal Dialysis

Claus Peter Schmitt and Daljit K. Hothi

 Introduction

Maintenance peritoneal dialysis (PD) is a cost- 
effective therapy which confers major psychoso-
cial advantages as compared to in-center HD 
with a greater degree of freedom and infrequent 
hospital visits. It can be realized in any age group 
with permanent PD catheters being used even in 
newborns and young infants. On the other hand, 
home PD requires significant medical and techni-
cal knowledge and encumbers families with 
major responsibility, preventing PD treatment in 
some families and resulting in early PD tech-
nique failures in others [1]. About half of pediat-
ric patients on maintenance PD have inadequately 
controlled salt and water homeostasis and 
increased left ventricular mass index [2]; CKD 
MBD disease is insufficiently controlled [3]. 
Nonadherence with the prescribed regime is 
common. In a cohort in Kansas City, 45% of 51 
children exhibited some nonadherence to pre-
scribed PD regimen [4]. One important strategy 

to improve the quality of care in PD is increasing 
surveillance and support of the families at home.

For many decades patients and their carers 
have been keeping paper-based records of their 
PD treatments at home to be reviewed at the next 
outpatient appointment and were in contact with 
their clinical teams mainly via phone. At the 
beginning of the twenty-first century, PD cyclers 
with integrated digital card systems were intro-
duced. These give retrospective insight into PD 
performance, complications, and adherence. The 
rapidly evolving digital technology now opens 
the doors to numerous opportunities, altering the 
face of medicine as we currently practice it. 
Remote patient monitoring (RPM) through tele-
medicine offers heightened treatment surveil-
lance and has the potential to reduce the burden 
felt by families delivering care at home, to 
improve treatment adherence, and through real- 
time feedback loops to improve knowledge 
through individualized education. The latest gen-
erations of PD cycler have been or are being 
equipped with online monitoring technology that 
allows for automated, online transfer of the PD 
regime, ultrafiltration volumes, and triggered 
alarms, together with manually entered data sets 
such as body weight and blood pressure to the 
dialysis center and respective data-based com-
munication with the families. This should 
improve PD patient care and the families’ confi-
dence by sharing medical responsibility and in 
turn promote the use of PD. The large data sets 
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created by RPM have to be processed, respective 
communication with the families has to be 
 established, and the impact on present and future 
therapeutic standards requires careful 
consideration.

 Remote Monitoring Techniques

At present remote patient monitoring of pediatric 
PD patients is mostly limited to phone calls, 
e-mails, fax, and regular mails. This type of com-
munication limits data transfer and, except for 
phone calls, may be associated with a significant 
time lag. More recent cycler generations are 
equipped with card systems and reduce the bur-
den of data collection and allow for retrospective 
but comprehensive analysis of the PD perfor-
mance at follow-up visits, namely, UF rates per 
dwell, flow rate alarms, and adherence to the pre-
scribed regimen. The card system requires regu-
lar use at home and must be brought along to the 
follow-up visits in the dialysis center.

Latest cyclers now provide integrated auto-
mated online data transfer technology. This sys-
tem includes a home cycler which transfers the 
data to a secure storage place, i.e., cloud storage. 
The storage space has to be highly protected but 

accessible to various partners. The patient and 
the care takers should have access to the indi-
vidual personal data, including the ability to 
scrutinize longitudinal data for optimal use. 
Authorized persons of the medical team in the 
dialysis center should have full access to all their 
patients. Healthcare authorities and administra-
tion may have access as appropriate according to 
national legislation, to help design and improve 
PD services for their local community and popu-
lation wide [6]. Ideally, data collected online 
should automatically be integrated in existing 
electronic health records, to prevent data loss 
and needless duplication of data entry. Additional 
online functions that may be established are 
individual online communication portals 
between families and their clinical teams, remote 
reprograming of the cycler at home, and the abil-
ity to monitor and re-order dialysis consumables 
online. In parallel to analyzing longitudinal data 
from individuals, the wealth of knowledge and 
information contained within the collective data-
set could form the basis of additional functions 
such as informing research and benchmarking. 
In the future we anticipate several digital devices 
being connected together to provide several par-
allel functions in unison for one patient clinical 
pathway. For example, we could see PD 
machines being used together with blood pres-
sure monitors, scales, video systems, and oxi-
metric devices to gain a comprehensive view on 
a patient’s dialysis treatment (Fig.  18.1). This 
together with technologies such as voice recog-
nition and Bluetooth connectivity should mini-
mize or even eliminate the need of manual data 
entry and improve data quality, density, and reli-
ability. Patients could be prompted to report on 
outcomes at regular intervals, e.g., by providing 
semi-quantitative assessments of well-being and 
individual patient symptoms over time. Finally, 
there is an opportunity to expedite and redesign 
education and training programs, combining 
face-to-face training with virtual and simulated 
learning modules. A virtual training program has 
recently been implemented in pediatric PD with 
success [7].

Definitions

Telemedicine comprises the use of infor-
mation and (electronic) communication 
technologies between patient caregivers 
and healthcare providers to exchange infor-
mation for diagnosis, treatment, and pre-
vention of diseases and injuries (i.e., 
remote monitoring of patients) regardless 
of the physical location of the participants 
in order to advance the health of individu-
als. The broader term, telehealth, encom-
passes nonclinical services, i.e., education, 
and is often used interchangeably with tele-
medicine [5].
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 Benefits of RPM

The potential benefits of RPM depend on the 
technology implemented and the readiness of the 
operator. RPM allows real-time transfer of rele-
vant treatment data between patient’s homes and 
their clinical teams. Issues or emerging trends 
prompt conversations through different commu-
nication portals such as text messaging and audio 
and video conferencing and allow redefining or 
refining treatment parameters, including repro-
gramming of the cycler. This should provide an 

array of advantages, including the timely recog-
nition of PD-associated problems, such as cathe-
ter dysfunction and peritonitis; inadequate 
treatment performance, e.g., with regard to PD 
fluid turnover and ultrafiltration; and monitoring 
of treatment adherence. Nonadherence has been 
shown to associate with peritonitis and PD tech-
nique failure rate. A single home visit can 
improve adherence and outcome [8]; thus similar 
effects may be achieved by means of RPM. With 
increased awareness, insight into trends and devi-
ations, and earlier interventions, RPM should 

Improved patient outcome
(PD adequacy, blood pressure,
timely problem identification)

PD fluid type, PD regimen,
ultrafiltration, alarms

Video conference

Patient commants
Feed back system

Patient education

Adherence check

Center specific
data monitoring

Data integrity
check

Longitudinal
data analysis

Cost
reduction

Patient flow
control

Transition
planning

Individual
red flag system

Large scale
data analysis

Blood pressure, body weight

Exit site score, fluid status

� Patient burden
(anxiety, responsibility,

in center f/u...)

Fig. 18.1 Schematic presentation of advanced remote 
patient management with data transfer between the patient 
and his family at home and the dialysis center (blue 

squares), respective actions required at the dialysis center 
(purple squares), and expected patient benefits (green 
squares)
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significantly improve patient outcomes. The 
patient and families’ treatment-related medical 
responsibility and perceived burden should 
decline with the online connection with the clini-
cal teams. This should increase the recruitment of 
patients and their families into home PD and 
improve the experiences of managing PD at 
home and thus quality of life. Continuous train-
ing, counseling, and educational features should 
further improve treatment efficacy and safety and 
reduce the need for planned and unscheduled in- 
center assessments. The latter may counterbal-
ance and potentially even exceed the costs of the 
technology. On a larger scale, the accumulating 
treatment data should provide significant infor-
mation on technical shortcomings, PD efficacy, 
and complications and allow for targeting of 
future developments (Fig. 18.1).

To date, automated online data transfer of PD 
treatment data has only been realized in a few 
dialysis centers [6]. The burden of collecting and 
communicating treatment related data is reduced, 
but data such as blood pressure and body weight 
measurements still require manual data entry. 
Video conferencing in PD thus far has been 
reported from a single dialysis center only [9]. In 
this center 25 adult PD patients were remotely 
monitored for blood pressure, blood glucose, exit 
site and dialysate state, and medication for a total 
of 200 RPM months with 172 teleconsultations. 
These were compared to 32 non-remote- managed 
patients, of whom several had refused RPM. The 
number of emergency room visits and of hospi-
talizations and their duration declined with RPM; 
the associated costs were lower. The observed 
decline in patient contacts for technical and med-
ical issues during the mean follow-up of 1 year 
may reflect RPM-related training effects and 
improved reassurance of both sides due to the 
higher degree of surveillance.

Published RPM experience in pediatric PD is 
thus far limited to few children. In these patients 
RPM appeared useful in detecting and solving 
clinical and technical problems of automated PD, 
reduced the number of shortened PD treatments 
[10], and improved fluid status [11]. In a pilot 
trial in Heidelberg, automated online transfer of 
body weight and blood pressure readings was 

established in 2005 [12]. Fourteen APD, five in- 
center HD, and one home-HD patients were fol-
lowed for 2–5  weeks. This allowed for early 
detection of hypotensive and hypertensive blood 
pressure episodes and successful counteractions. 
Confidence increased in both the families and the 
medical team. At Great Ormond Street Hospital 
London, UK, 17 children switched from standard 
care to RPM using the web-based platform 
Sharesource™. Uptake was excellent, and pre- 
arranged patient appointments and number of 
dialysis-related hospital-based consultations 
decreased. The number of PD prescription 
changes increased substantially, mainly related to 
PD delivery alarms, indicating a more personal-
ized dialysis prescription to patients with more 
timely adjustments. There was a shift toward 
greater virtual and remote care.

No randomized trial comparing standard care 
to RPM in PD has thus far been accomplished. 
An RCT in high-risk, nurse-supported HD 
patients yielded significant advantages with 
remote monitoring of blood pressure, blood glu-
cose, heart rate, and O2 saturation and including 
video conferencing [13]. The number and dura-
tion of hospital admissions decreased in the 19 
patients on RPM, and emergency room visits 
and costs were reduced as compared to standard 
of care.

Strong evidence in favor of RPM has been 
obtained in other disease conditions. RPM of 
patients with type 2 diabetes mellitus improved 
adherence [14]. A recent overview on systematic 
reviews on RPM in patients with heart failure 
provided grade 1A evidence for a reduction in 
hospitalizations and mortality. The impact of 
mobile phone-based monitoring and videocon-
ferencing remains uncertain [15].

 RPM Implementation and Data 
Handling

When implementing RPM in PD, benefits have 
to be carefully balanced against the limitations 
and potential drawbacks associated with data 
transfer. In contrast to conventional patient care 
with monthly in-center follow-up and commu-
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nication by phone calls or fax, large-scale, con-
tinuous online data flow requires standardized 
procedures within the center and careful com-
munication with the families, taking into 
account linguistic and intellectual barriers. The 
benefits of monitoring numerous parameters 
must be balanced against the risks of data over-
flow. Country- specific legal aspects regarding 
informed consent, storage, and access to the 
data need to be  followed. Data governance and 
assurance processes need to be designed and 
implemented. Families need to be informed on 
what data is being collected and how the clinical 
teams monitor the data, how often by whom on 
which days of the week. The data surveillance 
procedures established should maximize the 
benefits such as reduced phone calls and timely 
(online) interventions and still be feasible within 
clinical routine, e.g., should be in line with cli-
nicians’ working hours. Families need assur-
ance on how the personal information will be 
protected and confidentiality maintained and on 
how it may be used for present and future analy-
ses. All this requires thorough information of 
patient and caregivers and also training of the 
clinical teams (Table  18.1). During the begin-
ning phase of rolling out RPM, two parallel sys-
tems will be working together, the established 
clinical pathways and the digitally enhanced 
pathways. This may at least transiently increase 
the complexity and costs and thus resource pres-
sure for the organization.

Families and clinicians need to be trained 
using the RPM systems correctly and develop a 
solid understanding of the limitations of the sys-
tem. Over-reliance in automated systems may 
result in adverse events and reduce situational 
awareness. In the PD treatment setting, there are 
acute and chronic communication needs. 
Availability of online communication does not 
necessarily provide adequate communication. 
Families have to be clear that they are still 
responsible for contacting the clinical team in 
case of acute problems. Real-time data assess-
ment is not feasible 24/7 and unlikely to improve 
outcome [16]. Despite the online data transfer, a 
time lag still has to be considered, and urgent 
support will still need to be accessed through a 
phone call, even though communication plat-
forms may allow the two-way exchange of infor-
mation and immediate decision-making during 
office hours. RPM cannot delay or even replace 
emergency visits in case of urgent medical 
problems.

The monitoring functions require individual, 
patient-specific margin settings and respective 
alarm signals. UF range and blood pressure tar-
gets have to be defined, and potential technical 
pitfalls such as false readings must be consid-
ered. Regular readjustment, e.g., of target body 
weight, will be required. Thus, critical review of 
the pursued versus actual therapeutic success is 
essential at regular intervals during conventional 
face-to-face interactions between family and the 
clinical team. Setting rigorous alarm systems in 
RPM may result in unnecessary, frequent pertur-
bations of domestic ambiance and possibly in 
mental and cognitive disconnection with the 
alarms. Conversely, liberalizing alarm limits may 
not sufficiently alert families and clinicians to a 
critical scenario and thus result in avoidable 
patient harm, e.g., regarding ultrafiltration and 
blood pressure control. The ambition to standard-
ize and automate treatment practice with RPM 
needs to be balanced with the requirements for 
personalized care. RPM should be considered an 
adjunct in providing safe and effective clinical 
care but cannot replace human interactions and 
direct, face-to-face communication and training. 
Over-reliance on technology may result in failure 

Table 18.1 Remote patient monitoring (RPM), step-by- 
step implementation and adaptation process

Choose technique and parameters to monitor; define 
data monitoring and action process
Verify alignment with law and regulations
Train staff (doctors and nurses)
Approach and train patients and carers
Set individual flags and alerts
Start RPM
Repeatedly review data sets and alerts, the analysis, 
and decisions taken based on RPM
Assess patient adherence to RPM
Refine individual and center RPM settings
Evaluate learning process
Reconsider standards of clinical practice established 
before RPM has been amended
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to seek help. In the limited publications to date, 
this, however, has not been reported to be a criti-
cal issue.

In the early phases of RPM, RPM provides 
support to established standards of care. As expe-
rience builds up, RPM may result in modifica-
tions of what is considered “good practice.” For 
example, RPM may reduce the number of sched-
uled visits, e.g., reduce the face-to-face contacts. 
Optimized data presentation to easily visualize 
and track daily changes, e.g., of body weight, 
ultrafiltration, and blood pressure, against targets 
should facilitate data handling and optimize 
timely intervention. Interventional algorithms 
may evolve and improve the efficacy of deci-
sions. Noteworthy, continuous comprehensive 
online data assessment may be perceived by 
some families as inappropriate surveillance and 
violation of privacy. Thus, the patient and fami-
lies should have the right to opt out and discon-
tinue online data transfer at all times. Centers 
performing RPM in PD thus far reported good 
overall acceptance with only occasional requests 
to discontinue RPM. The benefits of being sup-
ported at home obviously predominate over per-
ceived disadvantages in the majority of families.

 Regulatory Issues 
and Reimbursement

Local practices are legally obliged to establish 
and provide assurance on adequate risk manage-
ment around the technical aspects of RPM and 
data protection, aligned with local/national laws 
and regulations. Protection of personal data is a 
critical issue and requires careful consideration 
by respective professionals. Adequate reimburse-
ment is essential for sustainability of 
RPM.  Telemedicine and RPM are increasingly 
acknowledged as part of medical care together 
with a comprehensive and online accessible elec-
tronic patient file. Reimbursement, however, var-
ies between countries. Applying RPM in pediatric 
dialysis may shift patient care from a primarily 
center-based treatment with close follow-ups to a 
more virtual care. Virtual care without direct 
patient contact is associated with medical risk 

and requires time and careful consideration; ade-
quate reimbursement of these activities needs to 
be achieved with insurance providers. 
Implementation of RPM should optimize patient 
care and not be considered a tool to reduce costs 
without significant improvements in patient 
outcome.

 Conclusion

Telemedicine is a megatrend, with 29,000 publi-
cations in PubMed, of which 20,000 have been 
published the last 10 years. This interest is likely 
to continue and to multiply. In view of the wide-
spread Internet access and greater adoption of 
digital devices in every aspect of our lives, the 
demand for telemedicine is rising. The expanding 
technical specification profiles, the growing func-
tionality, and the user-friendly interfaces with 
ease of application of RPM place it at the heart of 
our promise to improve patient care. Within this 
context it is surprising that RPM has not yet been 
broadly established in (pediatric) PD and evalu-
ated. At present, personal communications and 
small observational reports are positive; solid sci-
entific evidence on the best mode of RPM, cost- 
effectiveness, the impact on family burden, 
quality of life, PD performance, and patient out-
come, however, is scant. Vigorous research is 
required to understand the true impact of tele-
health. An ongoing randomized PD trial in 
Canada (CONNECT trial) will provide signifi-
cant information in adult patients. Large-scale 
prospective observational data from the 
International Pediatric Peritoneal Dialysis 
Network, IPPN, will provide pediatric evidence 
on the impact of RPM on PD and patient care 
modalities, biochemical and cardiovascular out-
come, infectious and non-infectious complica-
tions, technique failure, modality switch, and 
death.

Next to scientific evidence, usage and success 
of RPM will depend on the feasibility of imple-
mentation in clinical routine and daily family life 
and on the interoperability with other data sys-
tems. A continued local and international surveil-
lance of the RPM process regarding technical 
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aspects and the impact on clinical decision- 
making and targeted outcomes is required to pro-
vide the best outcome. In numerous countries 
with major limitations of healthcare budgets and 
inadequate or even missing dialysis options, in 
countries with shortage of medical staff, and in 
those where patients face very long distances to 
the dialysis centers, RPM should be an important 
mean to increase PD implementation.

Particular attention has to be paid on how vir-
tual communication and RPM will transform 
patient care. Effective communication relies on 
the two-way exchange of information, verbal and 
non-verbal clues, and the ability to connect with 
people and gain their trust. Non-verbal clues 
apparent when communicating face to face may 
be missed; subtle signs of families not coping 
may be only detectable during personal commu-
nication. The human element, the “care” element 
of medicine, may be altered or even lost in digi-
tally enhanced care pathways. This unintended 
consequence needs to be investigated and 
addressed. Until then RPM practices need to be 
adopted within clear boundaries interspersed 
with frequent opportunities of face-to-face inter-
action for scrutiny and reassurance. Up to now, 
RPM has mainly been used as an adjunct to 
established care. At present, the positive and 
sometimes even enthusiastic communications of 
the pediatric centers applying RPM in children 
on chronic PD are encouraging.
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 Background

Considerations about the cause and prognosis of 
kidney failure and the modality of kidney replace-
ment therapy (KRT) should be made before a 
vascular access decision is taken.

In general, kidney dysfunction necessitating 
KRT can be either acute or chronic. With acute 
kidney injury (AKI), establishment of immedi-
ate adequate vascular access to accommodate a 
high- flow circuit is essential. Long-term conse-
quences must also be considered in case kidney 
function does not recover. Typically, a central 
venous catheter (CVC) placed in the internal 
jugular vein is used on an emergency basis and 
for a relatively short duration. In CKD, the 
patient has a few treatment options once end-
stage kidney disease (ESKD) is reached: (pre-
emptive) kidney transplantation, peritoneal 

dialysis, or hemodialysis. Given the fact that 
many children triangulate between these modali-
ties over the course of a lifetime, vein preserva-
tion is crucial and should be given consideration 
at the time of diagnosis [1, 2].

Whether they have AKI requiring KRT or 
CKD, children should not be considered “small 
adults”. Thus, taking into account medical, psy-
chosocial, socioeconomic, and individual factors, 
the KRT modality and probability of transplant 
needs to be clarified before a decision on vascular 
access can be made. Moreover, a critical issue for 
these patients is to provide adequate vascular 
access for current KRT requirements without 
compromising future potential access sites. 
However, despite data showing this is not ideal, 
recent studies show that CVC remains the first 
vascular access in a large proportion of children 
with ESKD, even though they do not undergo a 
consecutive transplantation within a few months 
[3–6]. This underlines the essential importance of 
well-considered planning, as virtually all chil-
dren with ESKD find themselves in the eternal 
cycle of kidney replacement therapy. Unlike 
adults, children may have decades of hemodialy-
sis. This means that an access which is techni-
cally easy may not be the best choice since it may 
sacrifice other, more distal sites for future access. 
This difference in surgical philosophy is why it is 
so important to develop a team with expertise in 
all aspects of care of children with kidney 
failure.
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 Vein Preservation in Children 
with CKD

In a child with known CKD, vein preservation 
should start as soon as the diagnosis is made, 
even at CKD stage 1. In many instances, referral 
to a pediatric nephrologist is not made until CKD 
has progressed to stages 3 or 4. For that reason, 
education regarding vein preservation is impor-
tant for patients, their families, and the multidis-
ciplinary healthcare team (including phlebotomy 
staff, nurses, pediatric nephrologists, primary 
care physicians, emergency room personnel, sur-
geons, anesthesiologists, or other providers). 
Early referral and physician education can 
improve access options and therefore avoid mor-
bidity associated with CVC use and venous 
access in the patient’s arms, both of which can 
limit options for a later dialysis access (Fig. 19.1) 
[7–9]. A single venipuncture or placement of an 
intravenous catheter into the cephalic vein at the 
age of 2 years can render the vein useless at age 
10, making permanent access creation at this site 

impossible. Ideally, venous catheters, if neces-
sary, should be placed in the dorsum of the hand 
in order to protect the cephalic vein, particularly 
at the wrist and in the forearm. If a central venous 
catheter is indicated for total parenteral nutrition 
or medication administration, the subclavian vein 
should be avoided. The incidence of subclavian 
stenosis following insertion of a single-lumen, 
small-caliber percutaneous line is well known 
and can permanently affect outflow for future 
access. Subclavian stenosis in adults has been 
shown to occur in 5/15 patients at 1 week, in 6/13 
patients after 2–6 weeks, and in almost 50% of 
patients studied following catheter removal 
(Fig. 19.2) [10–13].

 Hemodialysis Vascular Access 
Choices and Outcomes

In patients with advanced and progressing CKD in 
whom the decision for hemodialysis has been 
made, vascular access planning should be  initiated 

Fig. 19.1 Example of 
posted vein preservation 
education in healthcare 
facility
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6–12 months prior to the anticipated start of dialy-
sis [8, 9]. A chronic hemodialysis access can be 
obtained in children by creation of a primary arte-
riovenous fistula (AVF), placement of an arterio-
venous synthetic graft (AVG), or use of a cuffed 
central venous catheter (CVC) [14–16]. Ample 
evidence supports the concept of “fistula first”; 
whenever feasible, a primary fistula should be the 
access of choice [17, 18]. However, the decision 
which access is best for an individual patient 
should be based on patient age and size, diagnosis, 
the likelihood of transplantation, the procedural 
risks, and the probability of long-term patency. 
The advantages of AVF and CVC, respectively, are 
summarized in Table 19.1 [6, 8, 17, 18].

The National Kidney Foundation Dialysis 
Outcomes Quality Initiative (NKF-K/DOQI) 
guidelines recommend the creation of a permanent 
access in all children weighing more than 20 kg in 
whom transplantation is not imminent [19].

The functional survival of a vascular access 
technique is usually assessed by the primary and 
secondary patency rates. Primary patency is 
defined as the time from placement to thrombosis 
or the first required intervention. The secondary 
or cumulative patency is the time interval until 
the access is abandoned [20, 21]. AVFs provide 
the best vascular access option in long-term 
hemodialysis because of excellent primary 

patency and low complication rates. Several stud-
ies have demonstrated that quality of life for chil-
dren is equivalent, if not better, in children with 
AVF as compared to children with CVC-based 
hemodialysis [17, 18]. The European Society for 
Paediatric Nephrology (ESPN) Dialysis Working 
Group recently suggested that for children with 
ESKD in whom “a kidney transplant is deemed 
unlikely within the following 6  months a func-
tioning AVF is appropriate” [9].

Despite the data supporting the use of AVF as 
the first access, in a population-based study of 
European children commencing chronic hemodi-
alysis between 2000 and 2013, 55.1% of children 
started dialysis with a CVC. Approximately 25% 
of these children subsequently underwent cre-
ation of an AVF. Pertinent to this discussion, most 
of these AVFs were created in the first 3 months 
after placement of the CVC (Fig. 19.3) [5]. In the 
North American NAPRTCS consortium, 78.7% 
of pediatric HD patients used CVC as primary 
access compared to AVF (11.8%) and AVG 
(6.7%) [4]. The 2019 report of the population- 
based USRDS database disclosed primary CVC 
use in even 87.6% of pediatric patients [3]. These 
data were further confirmed on a global scale by 
a report of the International Pediatric 
Hemodialysis Network (IPHN) registry, with 

Fig. 19.2 Subclavian vein stenosis following central 
venous catheter placement in the subclavian vein pre-
cludes forever the use of that extremity for HD access

Table 19.1 Advantages of hemodialysis vascular access 
in children: AVF versus CVC

AVF CVC
Better access survival Access for very young 

children
Higher patency Acute vascular access for 

urgent dialysis
Less interventions 
necessary

Less risk of high-output 
cardiac failure

Lower rates of related 
infections

No vascular steal 
phenomena

Lower morbidity and 
mortality rates

Painless (no needles)

Higher quality of life 
(e.g., activities like 
bathing and swimming)

For children with an 
expected kidney 
transplantation in a short 
term

Improved dialysis 
adequacy

Easily to remove

Lower costs and 
hospitalization rate
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only 26% of children starting hemodialysis with 
an AVF (Fig. 19.4). The latter study documented 
better treatment outcomes with AVF compared to 

CVC including superior dialysis efficacy, less 
access infections, and lower need for access 
replacement [6]. Hence, there is a remarkable 

Hemodialysis (incident patients)
n=713

CVC
n=393 still on CVC: n=92

TX (LD): n=52
TX (DD): n=82
Tx (unknown donor type):n=2
PD: n=44
Death: n=12

TX (LD): n=1
TX (DD): n=8
PD: n=2
Death: n=0

TX (LD): n=4
TX (DD): n=53
PD: n=1
Death: n=1

Graft: n=2
TX (LD): n=16
TX (DD): n=195
PD: n=1
Death: n=1

n=2 n=97 n=12 n=12

still on CVC: n=4still on AVF: n=36

CVC
n=7

n=4n=3n=5n=1

3rd access

2nd access

1st access

CVC
n=24

AVF
n=6

AVF
n=99

AVF
n=320still on AVF: n=91

Fig. 19.3 Hemodialysis vascular access in 713 incident 
pediatric hemodialysis patients reported to the ESPN/
ERA-EDTA registry. The majority of patients started 

hemodialysis with a CVC, with 97 of these 393 children 
switching to AVF during follow-up. (Modified from Ref. 
[5])
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Fig. 19.4 Hemodialysis 
vascular access 
placements in 552 
patients reported to the 
International Pediatric 
Hemodialysis Network 
(IPHN) registry, 
stratified by age. In total 
870 placements were 
reported (cuffed CVC, 
n = 628; AVF, n = 225; 
AVG, n = 17). (Modified 
from Ref. [6])
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discrepancy between clinical evidence indicating 
superior outcomes with AVF and the persistent 
preference for the use of CVC as the first access 
choice.

The most common explanation for this phe-
nomenon is the notion that families are often 
hesitant about AVF. However, a survey by Chand 
et  al. showed that the three most important 
impediments to seeking an AVF in a child with 
ESKD were “nurse resistance to sticking,” “no 
nephrologist referral,” and “surgeon resistance” 
[22]. Some of these survey results are supported 
by epidemiological information. For instance, in 
the USRDS database, the use of an AVF was sig-
nificantly higher in patients referred to a (pediat-
ric) nephrologist >12  months before starting 
dialysis [3]. Furthermore, the ESPN/ERA-EDTA 
registry reported more than 10% of children 
younger than 6 years of age starting HD with an 
AVF. The implementation of a dedicated vascu-
lar access clinic significantly increased the 
usage of AVF, even in small children with ESKD 
[5, 23].

 Arteriovenous Fistula

 General Remarks, Patient Evaluation, 
and Preparation

Keeping in mind that AVFs often take longer to 
mature in children than adults – sometimes up to 
several months after creation – timely placement 
should be considered. Based on the center, the 
vascular access may be placed by a vascular sur-
geon, a pediatric surgeon, or a transplant surgeon, 
as long as the surgeon is trained in and willing to 
accept the challenges of pediatric vascular access. 
To quote Davidson et al., “… the issue is not who 
places the access, but who does it right, every 
time, to everyone, and everywhere…” [8]. Shroff 
et al. reported good outcomes after implementa-
tion of a vascular access clinic, which includes as 
“one-stop approach” all necessary diagnostic and 
interventional steps. Such patient-focused man-
agement leads to a decreased use of CVC as 
hemodialysis access and to a higher access 
patency of AVF [23].

The preoperative evaluation is crucial to maxi-
mize primary access patency. It includes a 
detailed medical history, an exact physical exam-
ination of veins and arteries, and appropriate 
diagnostic imaging. Specific attention is neces-
sary to evaluate the entire central line history and 
prior hospitalizations, including intensive care 
unit stays. Physical examination should include 
observation for extremity deformation and/or 
venous distention indicative of obstruction and 
evidence of prior central line placement or previ-
ous arterial punctures. Using Allen’s test, the 
blood supply via the ulnar artery and thus the 
suitability of the radial artery for an AVF can be 
evaluated [24].

In general, major risk factors for failure of an 
AVF are insufficient vein diameter and distal 
obstruction to flow, usually due to stenosis. 
Doppler vein mapping should be performed to 
establish vein diameter and patency (Fig. 19.5). 
Vein mapping is considered standard of care in 
planning the vascular access, although, in rare 
situations, contrast venography may be necessary 
(Fig.  19.6). Regarding optimal vessel sizes, 
venous diameters of 1.5–2.5 mm and a minimum 
arterial diameter of 2 mm are suggested. However, 
these recommendations are largely based on 
reviews or studies in adults. There are no good 
data in children, but is clear that smaller and/or 
younger children may have adequate diameters 
which are smaller than these numbers. Magnetic 
resonance venography examination or, less com-
monly, contrast venography is recommended for 
any child with collaterals present on physical 
examination or if there is suspicion of thrombosis 
due to prior CVCs, since Doppler ultrasound can-
not identify subclavian stenosis [9].

 Placement and Perioperative 
Handling

The general surgical principle in placing fistulae 
is to use the most distal vessels possible in the 
nondominant extremity, preserving the more 
proximal vessels for future access. For that 
 reason, primary fistulae are most commonly cre-
ated between the radial artery and cephalic vein 
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at the wrist (Brescia-Cimino), but can also be 
formed between the brachial artery and cephalic 
vein in the antecubital fossa, between the bra-
chial artery and brachial vein (with transposition 
of the vein to the subcutaneous tissue), and, 
rarely, between arteries and veins in the lower 
extremity. Table  19.2 depicts AVF options. The 

Brescia- Cimino (radiocephalic) AVF has been 
the preferred vascular access for decades in 
adults due to its low complication rates and lon-
gevity [25–32].

The pediatric population poses a challenge in 
creating distal fistulae due to small vessel caliber. 
Without special expertise and magnification, a 
higher primary failure rate is to be expected. The 
use of microscopic vascular techniques has 
allowed for successful creation of AVF in chil-
dren below <10 kg and, in some cases, even down 
to 5 kg body weight [32].

 Monitoring and Complications

Prospective studies in children showed primary 
patency rates between 78% and 94%, respec-
tively [26–28]. Primary patency may be jeopar-
dized by puncturing an AVF too early [33, 35]. 
Because of their small vessel size and lower sys-
temic blood pressure, primary AVFs in children 
take significantly longer to mature than in adults, 
up to 4  months (and longer) in some patients 
compared to the usual 6 weeks recommended for 
maturation of AVF in adolescents and adults. 
Although published guidelines regarding optimi-
zation of maturation do not exist, a few general 

Fig. 19.6 Preoperative venography. (Courtesy of Maria 
Alonso, MD, Cincinnati Children’s Hospital Medical 
Center)

Table 19.2 Arteriovenous sites

Artery Vein Fistula
Radial Cephalic Wrist
Brachial Cephalic Antecubital
Brachial Basilic Forearm
Brachial Basilic Upper arm/transposed
Femoral Saphenous Thigh

Fig. 19.5 Preoperative Doppler vein mapping. (Courtesy of Maria Alonso, MD, Cincinnati Children’s Hospital 
Medical Center)
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principles hold true. Venipunctures and blood 
pressure measurements should be avoided at the 
ipsilateral arm of a patient with a fistula to avoid 
compression. Although there are no data, exercis-
ing the AVF arm is generally believed to improve 
maturation, and it may increase the diameter of 
the AVF by up to 10% [35].

The first puncture should always be performed 
under optimal conditions by an experienced 
nurse or physician well known to the child. 
Furthermore, education regarding AVF cannula-
tion, the support of a psychologist or a child life 
specialist and peer-to-peer observation/interac-
tion, can be valuable in cannulation preparedness 
once the access is in place. Topical analgesia and 
psychological support are essential. Adequate 
cleaning of the skin is mandatory. There are three 
principal techniques for cannulation: “rope lad-
der,” “buttonhole,” and “area puncture.” Rope 
ladder technique uses the entire length of an AVF, 
avoiding previous puncture sites. This can be 
limited by a short venous interval available for 
puncture. In such cases, the buttonhole technique 
(same site, same insertion angle, same depth, 
same nurse and physician) may be preferable, but 
a higher risk of infections has been reported with 
this technique in adults. Due to a significantly 
higher risk of aneurysmal stenosis of AVF, the 
area puncture technique is not suggested any-
more [36, 37].

Regular Doppler ultrasound examinations 
assessing the anatomy and blood flow rates of the 
AVF have been recommended. Sonographic 
monitoring should be performed at 3- to 
6-monthly intervals, and any signs of AVF dys-
function or stenosis should prompt referral to the 
surgeon [9]. Guidelines for adults recommend a 
flow more than >600  mL/min and a minimum 
vein diameter of 6  mm [19]. Although interval 
angiography can identify an area of stenosis prior 
to graft thrombosis, this technique is more inva-
sive and should be preferentially used once a 
problem has been identified by ultrasound rather 
than for surveillance [9].

No evidence-based recommendations regard-
ing prevention of thrombosis exist. Peri- and 
intraoperative heparinization may help maximiz-
ing patency rates in the early postoperative period 

but also increases the risk of bleeding. 
Maintenance of good hydration by low ultrafiltra-
tion rates during HD sessions and avoidance of 
hypotensive episodes may lower the risk of early 
AVF thrombosis, as well as the use of anti- platelet 
agents (e.g., aspirin) for a few months [9, 38].

If venous stenosis or thrombosis are present, 
angiography allows the vascular surgeon or inter-
ventional radiologist to perform balloon angio-
plasty, which can successfully extend the lifetime 
of the AVF and avoid surgical revisions. In the 
setting of acute thrombosis due to stenosis, a 
thrombectomy must be performed. If blood flow 
can be restored, the patient can subsequently 
undergo angiography with balloon dilatation. If 
there are persistent problems or if blood flow 
cannot be restored, surgical revision should be 
undertaken.

Most of the very rare infectious complications 
of AVF manifest as local infection (edema and 
erythema) and need only antibiotic therapy. 
Surveillance of 6000 outpatient hemodialysis 
facilities by the US National Healthcare Safety 
Network yielded 0.26 bloodstream infections per 
100 patient-months in AVF patients, a much 
lower incidence than observed with AVG (0.39) 
and CVC (2.19), respectively [39]. In children, 
no AVF infections were observed in the IPHN 
registry during a cumulative observation period 
of 1024 patient years [6].

 Arteriovenous Graft

 General Remarks, Evaluation, 
and Preparation

An arteriovenous graft (AVG) utilizes a synthetic 
graft to create an arteriovenous anastomosis. The 
AVG is an alternative when primary AVFs have 
failed or are not technically possible. Latest US 
prevalence data from the USRDS registry indi-
cate usage of AVGs in 6.3% of pediatric hemodi-
alysis patients as compared to 41.3% with an 
AVF, with a decreasing trend over the past 
decade. Hence, whereas the use of AVGs is more 
common in adults, in children they are used 
rarely and should be considered only as a last 
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resort when there are no alternatives [3, 8, 9]. The 
preoperative workup (i.e., medical history, radio-
logic diagnostics) is the same as described for 
AVF above.

 Placement and Perioperative 
Handling

The surgical technique for creating AVG in chil-
dren has been well described [16, 40]. The most 
common site for placement of an AVG is the fore-
arm, and straight grafts (radial artery to brachial 
vein) are more commonly placed in younger chil-
dren, whereas loop grafts (brachial artery to bra-
chial vein) are preferred in adolescents. 
Polytetrafluoroethylene (PTFE) is the material of 
choice for AVGs in children and adults due to its 
superior biocompatibility.

 Monitoring and Complications

When compared to AVF, AVG can be used sooner, 
typically within 2–4 weeks following placement, 
or even immediately after creation and may have 
higher primary patency rates.

While AVG may achieve higher primary 
patency rates compared with AVF, secondary 
patency rates of AVF are significantly better and 
complication rates lower than those observed 
with PTFE grafts. Five-year access survival rates 
range around 40% for AVG. Graft stenosis, usu-
ally near the venous anastomosis, is common and 
eventually inevitable. Children with high-flow 
AV accesses, particularly PTFE femoral grafts, 
are at risk for “steal” phenomena and unequal 
limb growth [41–45]. Overall, their higher rates 
of secondary failure and other complications 
make AVG a less desirable access. After failure 
of an AVG, the child’s vascular anatomy should 
be re-assessed to determine if an AVF might be 
feasible. In many circumstances, a more proxi-
mal AVF can be created due to the vascular 
enlargement secondary to the high-flow dynam-
ics induced by the previous AVG.

 Central Venous Catheters

 General Remarks, Evaluation, 
and Preparation

As stated before, although it is not ideal, an exter-
nal hemodialysis catheter is often the first access 
placed in children with ESKD and, for some 
patients, may be the only access ever used. The 
most important factor when using a CVC for HD 
is the insertion site. Therefore, the individual 
medical history, particularly former central 
venous catheters, and the necessity of an appro-
priate diagnostic imaging should be evaluated 
prior to catheter placement. Specifically, the sub-
clavian vein should be avoided; subclavian vein 
stenosis is common after placement of central 
venous catheters. Since this will create an 
obstruction for outflow from a forearm or arm 
AVF, this can profoundly affect subsequent per-
manent access placement [8–13].

 Placement and Perioperative 
Handling

Acute hemodialysis access is obtained by placing 
a non-cuffed, dual-lumen catheter into the supe-
rior or inferior vena cava, using the Seldinger 
technique. The smallest effective catheter should 
be used to avoid vein injury and thrombosis. A 
general guideline for CVC sizes matching patient 
size is given in Table 19.3 [19, 46–48]. Due to 
anatomic differences, smaller or larger catheter 
may be required in individual cases.

The right jugular vein is the optimal vein to 
insert a CVC into the superior vena cava. The 
femoral route may be preferred in acute, inten-
sive care settings when dialysis will be needed 
only for a short period, in order to preserve all 
future routes of access to the superior vena cava. 
On the other hand, the risk of inferior vena cava 
thrombosis after CVC via the femoral route 
should be considered particularly in patients with 
CKD as a thrombosed vena cava will preclude 
conventional transplantation [49, 50].
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Table 19.3 Hemodialysis vascular access: (A) Recommendations for patient and catheter size and examples for prod-
ucts, stratified by size (≤14.5 Fr), and (B) short-term catheter and (C) long-term catheters, respectively

A. Hemodialysis vascular access: Summary of recommendations for patient and catheter size, based on 
KDOQI Guidelines [19] and other published literature [46, 47, 48]
Patient size Catheter size and configuration
Neonate ≤7 Fr, double lumen
3–10 kg 7 Fr, double lumen
10–20 kg 8–9 Fr, double lumen
20–30 kg 9–10 Fr, double lumen
30–40 kg 10–11 Fr, double lumen
>40 kg 11.5–12.5 Fr, double lumen
B. Short-term catheters: Size (French), product names, configuration, and length (cm)
5 Fr Continuous C.A.V.H. (Medcomp®); straight (7.6 cm)
6 Fr Pediatric short-term hemodialysis catheter, double lumen (AMECATH®); PUR; subclavian/jugular 

(8 cm); GamCath® double-lumen catheters (Baxter®); PUR; double lumen; straight (7.5 cm)
6.5 Fr Pediatric dialysis catheter (Joline®); PUR; straight/curved (7.5, 10, 12.5 cm)
7 Fr Femoral (Medcomp®); single or double lumen; rigid; straight (13.5 cm)

Pediatric short-term hemodialysis catheter (AMECATH®); PUR; single lumen: subclavian/jugular/
pre-curved (10, 12 cm); double lumen: subclavian/jugular (10 cm)
Soft-Line (Medcomp®); PUR; coaxial internal lumen; straight (7, 10 cm)

8 Fr Pediatric dialysis catheter (Joline®); PUR; straight/curved (10, 12.5, 15 cm)
Continuous C.A.V.H. (Medcomp®); straight (11, 15 cm)
Hemo-Cath (Medcomp®); SI; double lumen; tapered tip; straight (12 cm)
MAHURKAR™* catheter (MEDTRONIC®); dual lumen; straight (9 cm); straight/curved (12, 15 cm)
Pediatric short-term hemodialysis catheter (AMECATH®); PUR; single lumen: subclavian/jugular/
pre-curved (10, 12, 15, 20 cm); double lumen: subclavian/jugular (10, 13 cm)
Subclavian (Medcomp®); smooth material; straight (15, 20 cm) with removable “Y” hub

8.5 Fr Femoral (Medcomp®); single or double lumen; rigid; straight (14, 25 cm); straight with “Y” hub 
(15 cm)

9 Fr Duo-Flow (Medcomp®); PUR; coaxial internal lumen; tapered tip; straight/pre-curved (12, 15, 20 cm)
Soft-Line (Medcomp®); PUR; coaxial internal lumen; straight (12, 15, 20 cm)

10 Fr MAHURKAR™* catheter (MEDTRONIC®); dual lumen; straight/curved (12, 15 cm); curved 
(19.5 cm)

11 Fr Brevia™ short-term dialysis catheter (Bard Access Systems®); round dual lumen; 8 Fr tapered venous 
tip; curved extension leg (12.5, 15, 20, 24 cm); straight (15, 20, 24 cm)
High-flow double lumen (Joline®); polyurethane; step tip; straight/curved (15, 17.5, 20, 25 cm)

11.5 Fr Duo-Flow (Medcomp®); PUR; coaxial internal lumen; tapered tip; straight/pre-curved/Raulerson IJ 
(12, 15, 20 cm); straight (24 cm)
Hemo-Cath (Medcomp®); SI; double lumen; tapered tip; straight (15, 20, 24, 27 cm)
MAHURKAR™* catheter (MEDTRONIC®); PUR; dual lumen; straight/curved (13.5, 16, 19.5 cm); 
straight (24 cm)
Soft-Line (Medcomp®); PUR; coaxial lumen; straight/pre-curved (12, 15, 20 cm); straight (24 cm)
Tri-Flow (Medcomp®); PUR; triple lumen; tapered tip; straight/pre-curved (12, 15, 20 cm); straight 
(24 cm)

12 Fr Altius RT Acute (Kimal®); PUR; dual lumen; straight (15, 20, 25 cm)
DUALYSE EXPERT (Vygon®); PUR; double lumen; containing silver ions; straight (Z-MAN 15, 
20 cm; Safe +24 cm)
MAHURKAR™* catheter (MEDTRONIC®); PUR; dual lumen; straight (13, 16, 20, 24, 30 cm); 
curved (13, 16, 20, 24 cm); pre-curved (13, 16, 20 cm)
Niagara™ short-term dialysis catheter (Bard Access Systems®); PUR; oval design, straight/curved 
(15, 20, 24 cm); curved (12.5 cm)
Power-Trialysis™ Slim-Cath™ short-term triple-lumen dialysis catheter (Bard Access Systems®); PUR; 
kidney-shaped lumen; three lumens; curved (12.5, 15, 20, 24 cm); straight (15, 20, 24, 30 cm)
TRILYSE (Vygon®); PUR; triple lumen; containing silver ions; straight (Z-MAN/Safe: 15, 20, 24 cm)

12.5 Fr MAHURKAR™* catheter (MEDTRONIC®); PUR; triple lumen; straight/curved (13, 16, 20, 24 cm); 
straight (30 cm)

(continued)
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Table 19.3 (continued)

13 Fr Duoglide™ short-term dialysis catheter (Bard Access Systems®); PUR; double lumen; curved 
(12.5, 15, 20, 24 cm); straight (15, 20, 24, 30 cm)
Duo-Split (Medcomp®); PUR; split tip; straight/pre-curved/Raulerson IJ (12, 15, 20, 24 cm); straight 
(30 cm)
High-flow double lumen (Joline®); PUR; step tip; straight/curved (15, 17.5, 20, 25 cm); straight 
(30 cm)
Power-Trialysis™ short-term dialysis catheter (Bard Access Systems®); PUR; curved/alphacurve® 
(12.5, 15, 20, 24 cm); straight (15, 20, 24, 30 cm)

13.5 Fr Hemo-Cath (Medcomp®); SI; double lumen; straight (15, 20, 24, 28, 35 cm)
High-flow triple lumen (Joline®); PUR; step tip; straight/curved (15, 17.5, 20, 25 cm)
MAHURKAR™* catheter (MEDTRONIC®); PUR; high-flow dual lumen; straight (13, 16, 20, 24, 
30 cm); curved (13, 16, 20, 24 cm); pre-curved (13, 16, 20 cm)
Niagara™ short-term dialysis catheter (Bard Access Systems®); PUR; oval design; curved (12.5 cm)/
straight (15, 20, 24 cm)
Trio-CT (Medcomp®); PUR; three oval lumens; tapered tip; straight (12, 15, 20, 24, 30 cm)

14 Fr Altius RT Acute (Kimal®); PUR; dual lumen; straight (15, 20, 28 cm)
400XL (Medcomp®); PUR; coaxial lumen; tapered tip; straight/pre-curved (12, 15, 20, 24 cm); 
curved (15, 20, 24 cm)
SLX (Medcomp®); SI; double D lumen; tapered tip; straight (15, 20, 24, 30 cm)

C. Long-term catheters: Size (French), product names, configuration, and length (cm)
6.5 Fr Bio-Flex Tesio (medcomp®); PUR; single lumen; straight (29 cm)
8 Fr GamCath® GDK-607,5P/Paediatric (Baxter®); PUR; single lumen; straight (15, 17.5, 20, 25 cm); 

curved (12.5, 15, 20, 24 cm)
HEMO-CATH LT (medcomp®); SI; step tip; straight (18, 24 cm)
Pediatric long-term hemodialysis catheter (AMECATH); PUR; tip-cuff (total length): 9 (12), 12 (15), 
15 (18) cm

10 Fr Bio-Flex Tesio (medcomp®); PUR; two single lumen; straight (40, 52, 70 cm)
LIFECATH TWIN (Vygon®); PUR; two single lines; straight- art./ven. (18/21, 22/25, 27/30 cm)
Pediatric long-term hemodialysis catheter (AMECATH); PUR; tip-cuff (total length): 9 (13), 13 (17), 
15 (19), 19 (23) cm
PEDIATRIC SPLIT CATH III (medcomp®); PUR; split tip; straight (15, 18, 24 cm)

11 Fr GamCath® double-lumen catheters (Baxter®); PUR; double lumen; straight (12.5, 15, 20 cm); curved 
(15, 17.5, 20, 25 cm)

12 Fr GamCath® triple-lumen catheters (Baxter®); PUR; triple lumen; straight (20 cm); curved (15, 17.5, 
20 cm)
Kflow Epic long-term hemodialysis catheters (KIMAL®); PUR; tip-cuff (total length): 16 (21), 19 
(24) cm
Pediatric long-term hemodialysis catheter (AMECATH); PUR; tip-cuff (total length): 24 (28), 28 (32) 
cm

12.5 Fr HEMO-CATH LT (medcomp®); SI; step tip; straight/pre-curved (15, 28, 32 cm)
SOFT-CELL® long-term hemodialysis catheter (BD®); PUR; straight, step tip; tip-cuff (total length): 
12 (17), 19 (26) cm

13.5 Fr HICKMAN® long-term hemodialysis catheter (Bard Access Systems®); SI; tip-hub: 19, 27, 31, 
35 cm; total length: 28, 36, 40, 45 cm

14 Fr Kflow Epic long-term hemodialysis catheters (KIMAL®); Carbothane, double D lumen; straight/
pre-curved; tip-cuff (total length): 19 (24), 23 (28), 27 (32), 31 (36), 35 (40), 50 (55) cm
SPLIT CATH III (medcomp®); PUR; split tip; double D lumen; straight/pre-curved (24, 28, 32, 
36 cm); straight (40, 55 cm)
SPLIT CATH RG (medcomp®); PUR; split tip; double D lumen; straight (24, 28, 32, 36, 40 cm)
SPLIT STREAM (medcomp®); PUR; split tip; double D lumen; straight (24, 28, 32, 36, 40 cm)

14.5 Fr Hemo-Flow (medcomp®); PUR; straight/pre-curved (24, 28, 32, 36 cm); straight (40, 55 cm)
MAHURKAR Chronic Carbothane™* (MEDTRONIC®); length: 36, 40, 45, 50 cm
Palindrome™ Precision chronic dialysis catheter (base, SI, HSI or RT-) (MEDTRONIC®); 
Carbothane; length: 36, 40, 45, 50, (61, 72) cm; base; heparin- coated; +/− silver ion antimicrobial; 
reverse-tunneled catheter
Permcath™ dual-lumen catheter (MEDTRONIC®); SI; oval shaped; straight (28 cm)

Abbreviations: PUR polyurethane, SI silicone, Fr French
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Chronic hemodialysis catheters in children are 
most commonly cuffed dual-lumen catheters 
although two single-lumen catheters are occa-
sionally used in infants or very small children 
(Table  19.3). Materials like polyurethane, sili-
cone, or Carbothane are used in manufacturing 
process. They differ greatly in rigidity and toler-
ance to disinfectants (e.g., iodine or alcohols) 
[51–53].

Ultrasound and fluoroscopic guidance should 
be used for all catheter placements. The ultra-
sound is used to guide the initial puncture, and 
fluoroscopy is used to ensure that the distal cath-
eter is placed in the proximal right atrium. In 
small children, this may not be possible; how-
ever, CVCs often function well with the tip in the 
superior vena cava. More distal placement should 
be avoided to avoid arrhythmias and proximity to 
the valve. The cuff should be positioned 1.5–2 cm 
proximal to the exit site to allow for optimal epi-
thelial ingrowth. Consequently, the choice of the 
exit site is critical to the final CVC position. In 
other words, the exit site should be well chosen to 
optimize the position of the cuff. This may mean 
placing the exit site in positions which are more 
inferior or superior on the chest wall than is usual 
for most catheters.

 Monitoring and Complications

Vessel dysfunction (thrombosis and/or stenosis) 
is observed in about 25% of children receiving a 
new CVC, particularly in patients with a previous 
CVC history [9]. In 1991 Schillinger et al. first 
described high venous stenosis rates following 
CVC placement for an average period of 1 month, 
with a striking difference between the subclavian 
(42%) and the internal jugular vein (10%) [54]. 
In children on chronic hemodialysis, the IPHN 
registry recently demonstrated lower dysfunction 
rates of CVCs placed in the internal jugular as 
compared to the subclavian or femoral vein [6, 
9]. Despite this clinical evidence, 51% of dialysis 
catheters reported in the NAPRTCS registry were 
placed in the subclavian vein, documenting a 
strong need for further education [4]. Under no 
circumstances should the subclavian vein be the 

initial vein used for dialysis access. The smaller 
the child, the greater the likelihood that a punc-
ture of the subclavian vein will lead to stenosis, 
due to the smaller diameter of the subclavian 
vein. Even smaller catheters used for parenteral 
nutrition or medications can lead to stenosis and 
should therefore also be avoided. This needs to 
be emphasized, because future forearm fistulae in 
the ipsilateral extremity can fail from outflow 
obstruction associated with a “minor” stenosis in 
the subclavian vein.

Complications of CVC can occur at the time 
of placement as well as during usage. Risks asso-
ciated with catheter insertion include vessel per-
foration and hemorrhage, pneumothorax, 
hemothorax, infection, formation of emboli, and 
arrhythmias caused by the catheter tip. Long- 
term complications of hemodialysis catheters are 
common and include kinking or displacement, 
infection, fibrin sheath formation, and thrombo-
sis [17, 55].

The most common complication observed 
with indwelling CVCs is catheter flow obstruc-
tion due to thrombus formation in the catheter 
lumen and/or around the catheter tip.

The ESPN Dialysis Working Group recently 
published clinical practice recommendations for 
the prevention and treatment of CVC-associated 
thrombosis in children, based on a thorough evi-
dence review [9]. Pharmacological fibrinolysis 
with recombinant tissue plasminogen activator 
(rt-PA) was recommended as an effective therapy 
for CVC thrombosis, leading to restoration of 
catheter patency in 50–100% of cases [56]. 
Figure 19.7 shows a suggested algorithm of inves-
tigations and treatment for a CVC-related throm-
bosis. A deep vein thrombosis requires 
anticoagulation for up to 3 months, whereby the 
accumulation of heparin must be taken into 
account [57]. For prevention of catheter thrombo-
sis in patients on chronic hemodialysis, the intra-
luminal instillation of rt-PA once weekly 
combined with heparin locks at the other sessions 
was suggested since this protocol was demon-
strated in adults to effectively reduce catheter 
malfunction rates and the risk of bacteremia. 
Other preventive approaches appear to be less 
effective and safe. While locks with high-dose 
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unfractionated heparin (≥5000 IU/mL) lower clot 
formation at the cost of but an increased risk of 
bleeding complications, low-dose heparin solu-
tions (1000 U/mL) decrease the incidence of CVC 
infections and bleeding but are ineffective in 
reducing the incidence of thrombotic complica-
tions. Likewise, citrate lock solutions and added 
antimicrobial agents do not appear to be effective 
in lowering the risk of clot formation [58].

Despite these therapeutic options, CVC line 
removal/exchange is often required [51, 55]. 
CVC replacement may also be necessary for 
mechanical catheter problems (breakage, dis-
placement, and inadequacy due to growth of the 
child). Replacement of a non-functional CVC 
can often be performed using the catheter already 
in place. A small incision can be made over the 
catheter in the neck. The catheter is divided and 
used to place the wire, taking care not to displace 
the distal catheter into the vein during 
manipulation.

Infectious complications of CVCs are a lead-
ing cause of morbidity in pediatric HD patients 
[6, 9]. CVC-related infections were recently 
reported at an incidence of 1.3 per 1000 CVC 
days. Catheter replacement was required in 47% 
of these cases [6]. Infections can occur inside the 

CVC itself, at the exit site, or both. If a dialysis 
patient presents with fever and/or exit-site ery-
thema or secretion, a blood culture must be 
obtained. Initially, broad-spectrum antibiotics 
(guided by antibiotic stewardship) should be 
given for empiric coverage. Exit-site infections 
should be confirmed by culture of the exudate, 
and antibiotics should be given empirically pend-
ing culture results [39, 59, 60]. Indications for 
immediate removal of the CVC include serious 
systemic symptoms such as septic shock or 
thrombocytopenia, persistently positive blood 
cultures, or the presence of specific microorgan-
isms that do not respond to a conservative 
approach (such as Candida or other fungi). If 
possible, the central venous system should be 
kept free of any catheter for at least 2–3  days 
before a new CVC is placed.

 Summary

Access for hemodialysis in children is a surgical 
challenge because of the size of the vessels and 
the unique physiology of the patients. In all cases, 
access must be planned as early as possible in the 
course of the renal disease, with the long-term 
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need for dialysis in mind. Primary AVF, with a 
lower rate of secondary failure and complica-
tions, is preferred for long-term hemodialysis 
access in children. The decision which patients 
are “too small” for this surgical approach varies 
from institution to institution, based on the expe-
rience of the surgeon and the availability of 
microsurgical techniques. The implementation of 
a multidisciplinary vascular access clinic provid-
ing patient-focused management (“one-stop 
approach”) may decrease the use of CVCs, which 
should be reserved as a “bridge” to a more per-
manent access or used only in children so small 
that the risk of primary failure of an AVF is unac-
ceptably high. Whether the surgeon creating the 
access is a vascular surgeon, pediatric surgeon, or 
transplant surgeon, it is imperative that the sur-
geon who is providing the access is an active par-
ticipant in the decision-making process. 
Ultimately, the decision is a balance between the 
risk of primary failure (and subsequent loss of 
that site for a future fistula) and the complications 
of central venous access, which may also prevent 
creation of an effective future access.
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Technical Aspects of Hemodialysis 
in Children

Franz Schaefer and Jordan M. Symons

 Introduction

Hemodialysis systems have advanced consider-
ably from the original prototypes developed by 
Kolff [1]. With these advances, the delivery of 
hemodialysis has become safer, more predict-
able, and more efficient for patients and provid-
ers alike. Systems originally developed for adults 
have been adapted for hemodialysis in children. 
A hemodialysis system consists of an extracorpo-
real blood circuit, including a dialyzer, a system 
to prepare and deliver dialysate to the dialyzer, a 
system to generate an ultrafiltrate to remove vol-
ume from the patient, and a series of safety, con-
trol, and monitoring devices. Careful integration 
of these various systems permits safe and effi-
cient dialysis for the patient. This chapter will 
provide an overview of the technical aspects of 
hemodialysis systems with special considerations 
related to pediatric hemodialysis.

 The Extracorporeal Blood Circuit 
(Fig. 20.1)

Blood leaves the patient through the vascular 
access and enters the extracorporeal blood cir-
cuit. The blood circuit consists of tubing to the 
dialyzer (arterial segment), the dialyzer, and tub-
ing from the dialyzer back to the vascular access 
(venous segment). The blood circuit incorporates 
numerous monitoring systems to assure patient 
safety.

 Hemodialyzer

The dialyzer is the key component of the hemodi-
alysis system where blood purification occurs. 
Blood and dialysate pass through the dialyzer in 
a countercurrent direction, separated by a semi-
permeable membrane. The material of manufac-
ture and physical properties characterize dialyzer 
membranes; surface area and fill volume further 
define differences between dialyzers. For optimal 
efficacy, manufacturers design dialyzers to mini-
mize diffusion distances by maximizing the ratio 
of membrane surface to blood volume. The most 
commonly used dialyzers at this time, and used 
almost exclusively for pediatric care, are of hol-
low fiber design. Hollow fiber dialyzers consist 
of a bundle of capillaries potted at both ends into 
a plastic tubular housing with sealing material. 
The high blood compartment resistance of hol-
low fiber dialyzers enhances the efficiency of 
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therapy, as they permit high blood flow rates at 
acceptable axial (arterial-to-venous) pressure 
drops. Various membrane materials may be used 
to construct hollow fiber dialyzers.

 Hemodialyzer Membranes

The materials used for dialyzer membranes have 
evolved over time [2]. Cellulose-based mem-
branes are made of reconstituted cellulose and 
are relatively inexpensive. Cellulose membranes 
have many hydroxyl residues, which can activate 
complement and lead to patient reactions. In 
modified or substituted cellulose membranes, 
some or all of the hydroxyl residues are esterified 
to reduce interaction with complement. The most 
common type of modified cellulose membrane is 
cellulose acetate, in which the majority of 
hydroxyl groups on the cellulose membrane are 
replaced with acetate. Modified cellulose mem-
branes have a range of reactivity; cellulose triac-
etate is less reactive than cellulose acetate. 
Synthetic membranes are manufactured poly-
mers classified as thermoplasts and made from 
polysulfone, polyamide, polyacrylonitrile (PAN), 
polyethersulfone, polyarylethersulfone/polyam-

ide, or poly(methyl methacrylate) (PMMA). 
These materials show significantly lower com-
plement activation. Variation in reactivity and 
likelihood of causing a deleterious reaction in the 
patient has led to the concept of membrane bio-
compatibility; membranes less likely to cause 
reactions are considered more biocompatible (see 
below). However, it remains unclear as to whether 
a more biocompatible membrane will yield better 
long-term patient outcomes [2].

Synthetic membranes lead to some technical 
advantages as well. The large pore size and thick 
wall structure of synthetic membranes allow the 
high ultrafiltration rates necessary in hemofiltra-
tion and high-flux hemodialysis at relatively low 
transmembrane pressures. Synthetic membranes 
have a wall thickness of at least 20 μm (cellulose 
membranes 6–15  μm) and may be structurally 
symmetric (e.g., PMMA) or asymmetrical (e.g., 
polysulfone, polyamide, polyethersulfone, 
polyarylethersulfone/polyamide). In the asym-
metrical type, a very thin “skin” (about 1  μm) 
contacting the blood compartment lumen acts as 
the membrane’s separating element with regard 
to solute removal. Many of the polymers used in 
manufacturing synthetic membranes are hydro-
phobic and require the addition of a hydrophilic 

heparin pump dialyser

dialysis fluid

blood

pressure
-arterial

monitor
venous-

clamp

arterial access

venous access

air detector

clamp

bubble trap

Fig. 20.1 Schematic of 
hemodialysis 
extracorporeal blood 
circuit

F. Schaefer and J. M. Symons



343

agent (e.g., polyvinylpyrrolidone (PVP)) to avoid 
excessive protein adsorption upon blood 
exposure.

The hollow fibers of a hollow fiber dialyzer 
serve as capillaries for blood transit and as the 
semipermeable membranes across which dialysis 
occurs. Most hollow fibers have a relatively stan-
dard inner diameter (180–240  μm) and length 
(20–24 cm). A small inner diameter is desirable 
as it provides a short diffusive distance for solute 
mass transfer, although it will also lead to 
increased resistance and high axial pressure drop, 
requiring a higher blood flow rate. The total nom-
inal membrane surface area depends on the inner 
diameter, fiber length, and overall number of 
fibers (7000–14,000). Manufacturers create dia-
lyzers for children of smaller surface area by 
using fewer hollow fibers per dialyzer or reduc-
ing the length of the hollow fibers used.

Several properties of hemodialysis mem-
branes influence dialyzer performance, including 
the number of pores per unit surface area and the 
size of the pores. Dialyzer membranes can be cat-
egorized as high-flux (larger pores of approxi-
mately 60  kDa with high pore density) versus 
low-flux (smaller pores of approximately 
10 kDa).

One may further characterize the performance 
of dialyzers by clearance, sieving coefficient, and 
ultrafiltration coefficient. Clearance capabilities 
for specific molecules of varying sizes can be 
defined based on the diffusive capacity of the dia-
lyzer (related to porosity, pore size, and surface 
area). The ability of any molecule to pass through 
the dialyzer membrane defines the sieving coef-
ficient, which is the ratio of the concentration of 
the molecule in the effluent versus that in the 
plasma water. For small molecules, the sieving 
coefficient will be close to 1; larger molecules, 
whose movement across the membrane may be 
restricted due to size, will have lower sieving 
coefficients. Water permeability is described by 
the ultrafiltration coefficient (KUF) of the dialyzer, 
defined as the volume of ultrafiltrate produced 
per hour per mmHg of transmembrane pressure, 
determined at a blood flow rate of 200 mL/min. 
The KUF depends not only on membrane charac-
teristics but also on membrane surface area. 

High-flux dialyzers, mostly made of synthetic 
membranes, achieve ultrafiltration coefficients 
up to 60 mL/hr./mmHg. While manufacturers tra-
ditionally report KUF as a single value intrinsic to 
the dialyzer based on in  vitro testing, careful 
analysis suggests that KUF may actually vary 
in vivo depending on session and patient charac-
teristics [3].

 Sterilization and Reuse

Dialyzers, and all other materials exposed to the 
patient’s blood, must be sterilized prior to use. 
Multiple methods for dialyzer sterilization exist. 
Steam and gamma irradiation have largely 
replaced the older methods using ethylene oxide 
for dialyzer sterilization. Ethylene oxide has 
proven to be a cause for anaphylactoid reactions 
(see below), and many dialysis programs avoid 
the use of ethylene oxide-sterilized dialyzers 
wherever possible.

Dialyzers are used for one patient and one 
treatment, or the dialyzer can be rinsed and disin-
fected after use and then reused in the same 
patient [4]. The reuse procedure is complex and 
requires significant investment in materials by 
the dialysis unit but may, ultimately, have eco-
nomic advantages by extending the useable life 
of a single dialyzer. There is considerable debate 
as to whether dialyzer reuse is justified [5]; 
worldwide, dialyzer reuse is now much less com-
mon than in the past although it is still used more 
widely in lower-resourced areas [6]. Few pediat-
ric dialysis units engage in reuse for their pediat-
ric patients.

 Blood Tubing

The blood tubing of the hemodialysis system 
delivers blood to the dialyzer and then returns it to 
the patient. Blood tubing for dialysis is mainly 
made of polyvinylchloride and polycarbonate. As 
is necessary for the dialyzer, blood tubing sets 
must be appropriately sterilized. Several manu-
facturers make tubing systems with reduced 
diameters and fill volumes (approx. 50–80  mL 
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versus 150  mL in adult size systems) to permit 
hemodialysis in small children and infants. As a 
rule of thumb, the total extracorporeal blood vol-
ume (needles, tubes, and dialyzer) should not 
exceed 10% of total patient blood volume (i.e., 
7–8 ml/kg body weight); extracorporeal volumes 
in excess of this value will increase risk for hypo-
tension and vascular collapse at hemodialysis ini-
tiation. If it is not possible to limit extracorporeal 
volume, the dialysis physician must consider mit-
igating strategies such as priming the extracorpo-
real circuit with whole-blood equivalent (e.g., 
packed red blood cells mixed with albumin).

 Blood Pump

A compressible portion of the arterial tubing seg-
ment interacts with the blood pump. This peri-
staltic roller pump generates blood flow through 
the extracorporeal blood circuit. During opera-
tion, at least one of the rollers completely 
occludes the tube all times, preventing uncon-
trolled flow from the patient into the extracorpo-
real circuit as well as backflow of blood when the 
pump stops. Thus, when blood flow ceases, the 
rotor in the arterial line segment acts as an arterial 
clamp. Blood pump rollers and the roller track 
must interact precisely; inadequate occlusion of 
the blood tubing could result in backflow, foam-
ing, and hemolysis, while over-occlusion may 
lead to damage of the tubing resulting in spall-
ation of silicone particles, tube rupture, or hemo-
lysis. High outflow pressures, “downstream” of 
the pump in the venous segment, can lift the roll-
ers and permit backflow of blood because the 
rollers no longer completely occlude the pump 
segment. Highly negative inflow pressures, 
“upstream” of the pump in the arterial segment, 
may incompletely fill the blood pump tubing, 
leading to a reduced stroke volume with each 
pump rotation. Low inflow and high outflow 
pressures together cause a characteristic thump-
ing noise or “clunk” when the pump turns. This 
may be due to backflow from the high-pressure 
venous limb into the underfilled blood pump 
segment.

The blood flow rate (QB) and the duration of 
dialysis are important factors in determining 
treatment efficiency. The hemodialysis machine 
calculates blood flow rate from the rotation veloc-
ity and the assumed stroke volume of the roller 
pump. The stroke volume depends on the internal 
diameter of the pump segment, inlet suction pres-
sure, and the elastic recoil of the flexible tube 
segment following occlusion of the moving roll-
ers. Since these variables may cause errors in the 
displayed flow rate, regular calibrations of the 
blood pump are advisable. A corrected blood 
flow rate can be calculated from the actual arte-
rial line pressure and the number of revolutions 
of the pump rotor. Some dialysis machines dis-
play a so-called effective blood flow rate, which 
takes the effect of a reduced arterial line pressure 
into account.

 Heparin Pump

The majority of modern hemodialysis machines 
have an integrated pump for delivery of heparin, 
the most commonly used anticoagulant for hemo-
dialysis. This is usually a syringe pump, although 
some manufacturers employ a roller pump. Entry 
to the blood circuit is most often post-pump, pre- 
dialyzer, to limit the risk of air entry to the 
negative- pressure pre-pump limb of the circuit.

 The Dialysate Circuit (Fig. 20.2)

The components of the dialysis system designed 
for delivery of dialysate to the dialyzer are usu-
ally more complex than the extracorporeal blood 
circuit. This is especially true for the majority of 
modern dialysis machines that generate dialysate 
online for dialysis therapy. Water for dialysate 
must be appropriately prepared and then blended 
with concentrates to make dialysate. The dialy-
sate must be tested for biochemical balance; if 
acceptable, it must be delivered to the dialyzer, 
or, if deemed unacceptable, it must be shunted 
away from the dialyzer to avoid harm to the 
patient. In a system that generates dialysate 
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online during the session, this process occurs 
continuously throughout the treatment.

 Water Purification

Water purification is an essential component to 
the generation of online dialysate [7]. Patients on 
hemodialysis are exposed to 300–500 L of dialy-
sis fluid per week. Contamination of dialysate 
and infusate with chemical or biological impuri-
ties may seriously harm the patient. Consequently, 
regulatory agencies strictly define the quality of 
dialysis water, and requirements for purity are 
significantly more stringent than those for drink-
ing water. Municipal water for drinking and gen-
eral use, treated to limit bacterial growth and 

enhance palatability, contains many additives 
that would cause harm if exposed to a dialysis 
patient’s blood across the dialyzer membrane. 
Therefore, careful purification of water for dialy-
sis is essential.

Most water treatment systems for dialysis 
consist of a water softener, an activated carbon 
filter, a sediment filter, and a reverse osmosis sys-
tem. Water softeners contain a resin that 
exchanges sodium cations for calcium, magne-
sium, and other polyvalent cations. Such miner-
als may improve the taste of drinking water but 
can cause harm when delivered to a hemodialysis 
patient. Therefore, water softening is particularly 
important in municipalities where the water is 
“hard,” i.e., has higher content of calcium and 
magnesium. Water softening also protects the 
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reverse osmosis membrane, used in the final 
step of water treatment, from the buildup of 
scale and subsequent failure. The exchange 
resin in the water softener requires regeneration 
periodically with concentrated sodium chloride 
solution, which also reduces bacterial growth in 
the resin bed.

Dialysis units use activated carbon filters to 
remove chlorine and chloramines from source 
water. Communities add chlorine and chloramine 
as part of municipal water disinfection proce-
dures. The presence of chlorine and chloramine 
in dialysate could lead to erythropoiesis stimulat-
ing agent resistance or frank hemolysis [8, 9]. 
Further, chlorine and chloramine can cause oxi-
dation and degradation of the downstream reverse 
osmosis membrane. Therefore, water must be 
free of these substances before using it to prepare 
dialysate. Carbon filters also remove organic 
contaminants from the source water; the long- 
term impact of these contaminants on the health 
of hemodialysis patients remains uncertain. 
Carbon filters have a finite lifespan and cannot be 
regenerated; when no longer functioning, they 
require replacement. To assure patient safety, 
dialysis units usually install two carbon filters in 
series with sequential replacement based on 
schedule and the results of regular testing of 
product water for chloramines, multiple times a 
day.

Carbon beds tend to release carbon particles 
and therefore may require a sediment filter placed 
downstream. The filter limits progress of parti-
cles to the reverse osmosis membrane, which 
could lead to membrane damage. Other forms of 
filters may aid in the water purification process; 
these include depth filters, which can remove 
larger particulate matter at first entry of source 
water, and microbiological filters, designed to 
eliminate bacterial contaminants or endotoxins 
from entering the product water delivery system.

The main purification step in preparing dialy-
sis water is reverse osmosis, where the water 
passes through a semipermeable polyamide or 
polysulfone membrane at 14–28  bar. This step 
removes 90–99% of inorganic and organic sub-
stances, pyrogens, bacteria, and particular matter. 
Of note, the reverse osmosis filter does not 

remove chlorine or chloramine, hence the impor-
tance of carbon filtration as part of the overall 
purification system. Under ideal conditions, 
approximately 75% of water feeding to the 
reverse osmosis system exits the filter as product 
water or permeant. Colder feed water or fouling 
of the reverse osmosis membrane with particu-
lates reduces the percent of recovered product 
water from 75% to values of 35–50%; some dial-
ysis units will return a portion of the reject water 
to the feed water stream to increase recovery of 
permeant.

As an extra step in purification, some dialysis 
units pass reverse osmosis permeant through a 
deionizer. Exchange resins in the deionizer 
remove ionic contaminants through exchange for 
hydrogen ions (cationic resins) and hydroxyl ion 
(anionic resins); the hydrogen and hydroxyl ions 
combine to form water. Deionizer beds can pro-
mote bacterial growth and do not filter out con-
taminants, bacteria, or other substances trapped 
by the reverse osmosis membrane. Deionizers 
require vigilant monitoring and prompt replace-
ment before reaching binding capacity; once 
exhausted, the exchange resins may release pre-
viously sequestered ions into the product water, 
putting patients at significant risk [10].

After the purification process is complete, the 
final product water passes out to the hemodialysis 
stations in a continuously flowing loop. 
Appropriate booster pumps may be necessary to 
maintain pressure and forward flow. Continuous 
flow and avoidance of turbulent areas or “dead 
ends” will limit the likelihood of bacterial over-
growth within the water loop. Dialysis machines 
at individual stations use the product water to 
generate dialysate.

 Dialysate

The dialysis machine makes dialysate online for 
patient treatment from purified water, which it 
warms and degasses, and then combines with 
concentrates. The dialysate is an isoosmolar solu-
tion containing electrolytes, buffers, and often 
glucose (Table  20.1). Alternative systems using 
pre-mixed dialysate also exist.
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Water degassing is necessary to prevent the 
formation of gas bubbles at the surface of the 
dialysis membrane. Degassing is achieved by 
either applying negative pressure or heating in 
the degassing module of the dialysis machine. 
The proportioning system then uses the warmed, 
degassed water to generate dialysate.

The most widely used buffer in dialysis fluids 
is sodium bicarbonate; it has replaced acetate as 
the primary buffer due to the negative cardiovas-
cular effects (hypotension, cardiac depression) 
and poor patient outcomes associated with 
acetate- based dialysate [11]. Bicarbonate and 
calcium are prone to precipitate when combined. 
Therefore, bicarbonate-based dialysate com-
bines two separate concentrates or solid-phase 
salt mixtures with purified water to create the 
final dialysate product. The A component of 
dialysate (color-coded red) is also termed the 
acid component; conventionally, this is a mix-
ture of sodium, calcium magnesium, potassium, 
glucose, and chloride combined with an organic 
acid. The purpose of the small amount of acid is 
to prevent precipitation of calcium and magne-
sium as carbonate salts when the system mixes 
in the bicarbonate base. The organic acid in the 
A component can be glacial acetic acid, lactic 
acid, citric acid, or variants of these compounds. 
The B component (color-coded blue), also 
termed the base component, contains the bicar-
bonate (pH around 7.8).

The dialysis machine combines the acid and 
base concentrates with purified water in the care-
fully monitored proportioning system to gener-
ate dialysate [12]. For the B component, 
manufacturers offer dry salt mixtures in the form 
of cartridges or bags, which generate a saturated 

bicarbonate solution during the dialysis session 
by passing water through the solid salt container; 
this is then delivered to the proportioning system 
as with liquid bicarbonate concentrates. Dry salt 
mixtures for the B component reduce the chances 
of bacterial contamination, as liquid bicarbonate 
concentrate is an excellent bacterial growth 
medium [13]. Developing dry salt mixtures for 
the A component of dialysate was more chal-
lenging because acetic acid is a liquid at room 
temperature; manufacturers have now developed 
fully dry salt mixtures for the A component of 
dialysate using either sodium diacetate or citrate 
as the organic acid. Dry salt components require 
much less storage space and have lower shipping 
costs than equivalent liquid concentrates. 
Citrate- based dialysate also may have the advan-
tage of providing local anticoagulation within 
the dialyzer and improving dialysis efficiency 
[14, 15]. The dialysis unit mixes these dry salt 
preparations with purified water to make A com-
ponent concentrate which the proportioning sys-
tem then combines with B component and 
additional purified water to generate dialysate. 
Due to variations in chemical structure and reac-
tivity, the diverse salts used as the organic acid in 
A component may generate different levels of 
total base in the final dialysate. It is important to 
recognize this variation in potential base deliv-
ery as this may have an acute impact on the 
patient’s acid-base status during the hemodialy-
sis session, potentially leading to clinical 
changes from rapid potassium transport across 
cell membranes [16]. Careful consideration of 
overall acid-base status, taking into consider-
ation the impact of dialysate, is an important 
component of overall dialysis care.

A three-stream proportioning system permits 
some flexibility in the final dialysate’s biochemi-
cal content. Operators may adjust the potassium 
level of the dialysate by using different starting 
concentrates for the A component, depending on 
the goals of the session (see below). The dialysis 
machine permits adjustment of the bicarbonate 
concentration by programming the proportioning 
system to change the blend of A component, B 
component, and purified water; one must recog-
nize that adjusting the proportion of concentrates 

Table 20.1 Composition of standard dialysate compared 
to plasma (mmol/L)

Component Dialysate Plasma
Na+ 137–144 142
K+ 0–4 4.3
Ca++ 1.25–2.0 1.3
Mg++ 0.25–1 0.7

Cl− 98–112 104

HCO 3− 27–38 24

Glucose 0–11 4.5

20 Technical Aspects of Hemodialysis in Children



348

and water may also have an impact on the final 
biochemical balance of all the other electrolytes 
in the dialysate. Clinician choice of dialysate 
composition has largely been determined by 
observational data, rather than by study through 
clinical trials [17].

In the batch dialysate system, a given dialy-
sate volume of up to 100 L is prepared before the 
session and held in a sealed tank. The dialysate 
circulates through the dialyzer and then returns to 
the reservoir. Batch systems have advantages 
with respect to the control of volume balance and 
ultrafiltration. Because of the reduced efficiency 
of the treatment with the progress of treatment 
time secondary to mixing of spent dialysate with 
fresh dialysate in the reservoir tank, and risk of 
bacterial contamination, single-pass systems 
have replaced batch systems in most dialysis pro-
grams. One updated version of the batch system 
(Genius, Fresenius Medical Care, Bad Homburg, 
Germany) addresses issues of efficiency and may 
have advantages of operating with simplified 
technology [18].

Historically, early hemodialysis sessions 
employed hypotonic dialysate sodium in the 
range of 120 mmol/L. Over several decades, with 
the advancement of dialysis equipment, dialysate 
sodium rose to higher levels, most commonly 
140 mmol/L [19]. Higher sodium concentrations 
in dialysate lead to increased thirst and fluid 
intake between dialysis sessions, complicating 
volume management, while lower sodium con-
centrations may increase the incidence of hypo-
tensive episodes and muscle cramps during the 
dialysis session [20].

Modern dialysis machines permit the operator 
to program variations in the sodium concentra-
tion of dialysate throughout the hemodialysis 
sessions. This technique, known as “sodium 
modeling,” supposedly reduces intradialytic 
symptoms of hypotension and cramping; this has 
been reported in pediatric patients [21]. 
Manufacturers offer numerous pre-programed 
“sodium profiles” on their hemodialysis machines 
from which the operator may choose. There is 
considerable argument among dialysis providers 
as to whether sodium modeling is useful or 
whether it runs the risk of limiting appropriate 

sodium balance, putting the patient at risk for 
sodium excess and related issues of volume 
overload.

The dialysate potassium concentration is most 
commonly 2 mmol/L, chosen to induce a nega-
tive potassium balance in a patient with renal fail-
ure. The dialysate can be adjusted to lower values 
in an effort to remove more potassium in patients 
with severe hyperkalemia. Studies in adult 
patients suggest a greater risk when using lower 
dialysate potassium, likely due to the impact of 
sudden serum potassium changes on cardiac 
rhythm [22–24]. For patients with lower serum 
potassium or those undergoing daily hemodialy-
sis in the acute setting, dialysate potassium is 
often raised to 3 mmol/L to limit further losses.

The standard dialysate calcium concentration 
should be 1.25–1.5 mmol/L unless there is sub-
stantial hypo- or hypercalcemia. Treatment of 
mineral bone disorder in patients on long-term 
hemodialysis with calcitriol and/or calcium con-
taining phosphate binders can induce hypercalce-
mia [25]. In these patients, dialysate calcium can 
be reduced to 0.75–1.25  mmol/L [26–28]. In 
hypocalcemic patients, the dialysate calcium 
concentration may be increased to 1.75 mmol/L.

Dialysate magnesium concentrations range 
between 0.5 and 1  mmol/L to maintain normal 
serum magnesium concentrations [29, 30].

Glucose should be near the physiological con-
centration. Higher concentrations tend to cause 
insulin release and drive potassium into the cells, 
making it inaccessible for extraction.

The dialysis machine is able to provide vari-
able dialysate bicarbonate concentrations because 
of individual variations of buffer requirements 
[31]. Recognizing the deleterious impact of met-
abolic acidosis in patients with chronic kidney 
disease, guidelines from the National Kidney 
Foundation-Kidney Disease Outcomes Quality 
Initiative (NKF-KDOQI) suggested adjusting 
dialysis therapy to maintain serum bicarbonate 
levels at 22 mmol/L or greater [32]. One may tar-
get slightly higher concentrations in patients with 
persistent metabolic acidosis, but caution is indi-
cated at concentrations exceeding 35 mmol/L, as 
this can lead to decreased serum ionized calcium 
levels, which may lead to impaired vascular tone 
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and cardiac contractility [33]. A rapid pH increase 
may be associated with the development of hypo-
kalemia, probably with associated cardiac 
arrhythmia [34].

Prior to delivery to the dialyzer, the dialysate is 
heated. The temperature of dialysate entering the 
dialyzer is usually kept between 36 °C and 38 °C 
and can be adjusted individually. The cardiovas-
cular effects of dialysate temperature have been 
extensively studied in adults. Lower dialysate 
temperatures decrease the incidence of dialysis- 
induced hypoxia and hypotension [35]. Lower 
dialysate temperatures are also associated with a 
lower incidence of hypotensive episodes [36, 37].

The production of an ultrapure dialysate, 
which is sterile and endotoxin-free, may limit 
inflammation associated with routine dialysate. 
Ultrapure dialysate also allows one to perform 
“online” hemodiafiltration (see below), in which 
the generated sterile dialysate is also used as a 
substitution fluid. Dialysis machines of the latest 
generation can filter the dialysate through a high- 
flux membrane, thereby further increasing micro-
biological purity and generating fluid for infusion 
in the setting of hemodiafiltration (see below).

 Dialysate Flow Rates

To avoid saturation of dialysate during standard 
hemodialysis sessions, a common recommenda-
tion is to assure that dialysate flow rate is 1.5–2 
times the blood flow rate. Many dialysis machines 
have a minimum dialysate flow rate of 500 ml/
min with the ability to increase flow step-wise to 
800 ml/min. These parameters would align with 
the recommendations in the setting of adult 
patients who may have vascular access that can 
generate blood flow rates between 300 and 
400  ml/min. Lower dialysate flow rates would 
limit waste but may also reduce efficiency if satu-
ration of dialysate were to occur. Some dialysis 
machines permit lower dialysate flow rates for 
extended hemodialysis as an alternative to con-
tinuous renal replacement therapy. In this setting, 
the longer session length compensates for the 
lower efficiency that may occur with dialysate 
saturation.

 Ultrafiltration Control

Changes in transmembrane pressure (TMP) yield 
variation in the ultrafiltration volume as blood 
passes through the dialyzer. The rate of ultrafil-
tration depends on the TMP and the ultrafiltration 
coefficient (KUF) of the dialyzer. Modern dialysis 
machines employ volumetric ultrafiltration con-
trol, in which automated systems adjust TMP to 
generate the desired ultrafiltration volume. 
Ultrafiltration control systems for hemodialysis 
vary in their methods, using systems based on 
flow sensors, closed loops, or volumetric balanc-
ing. The flow sensor system measures and com-
pares dialysis inflow and outflow rates; the 
difference between these rates is the ultrafiltra-
tion rate. The dialysis machine automatically 
adjusts the TMP to achieve the desired rate, based 
on the programmed ultrafiltration target. In the 
closed-loop system, the dialysis fluid circulates 
in a closed circuit from which an ultrafiltration 
pump removes the desired fluid volume. The sys-
tem replaces circulating dialysate with fresh dial-
ysate as needed. The volumetric balancing system 
is based on matched pumps and balancing cham-
bers separated by diaphragms that keep the dialy-
sate inflow exactly equal to the dialysate outflow, 
creating a semiclosed loop. The system generates 
the ultrafiltrate by an additional pump removing 
fluid from this loop. An alternative to the volu-
metric methods of ultrafiltration control is gravi-
metric control, in which the device measures 
ultrafiltration rate by comparing the weights of 
bags filled with fresh dialysate and spent 
effluent.

 Safety and Monitoring Systems

 Pressure Monitors

Pressure monitors, built into the extracorporeal 
blood circuit, monitor the pressure of flowing 
blood both for safety and to assure smooth 
 operation of the dialysis session. Sudden changes 
exceeding the allowable pressure limits will trig-
ger an alarm, stop the blood pump, and close the 
venous clamp. Pressure monitoring in the blood 
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circuit allows detection of disconnections (sudden 
low pressure) and obstructions caused by tube 
kinking or blood clotting (sudden high pressure). 
Pressures in the extracorporeal circuit are mea-
sured in the arterial line preceding the blood 
pump, in the venous line before blood is returned 
to the patient, and, in some systems, in the line 
connecting the pump to the dialyzer. The pressure 
between the vascular access and the blood pump 
is negative due to the resistances of the access 
device and tubing, causing the risk of air entry at 
the connection site. The pressure downstream 
from the blood pump is always positive. The arte-
rial, venous, and dialysis fluid pressures are used 
to calculate the transmembrane pressure (TMP), 
which is the main determinant of fluid removal by 
ultrafiltration. The maximum tolerance of pres-
sure alarm limits should be set by the machine, 
and operator adjustments should be possible only 
within these limits. The lower limit of the venous 
pressure should be above atmospheric pressure 
and close to the displayed value to enable early 
detection of disconnections of the venous blood 
line. The minimal arterial pressure accepted by 
current dialysis machines is about −300 mmHg, 
but should be kept between −150 and −200 mmHg 
to limit endothelial trauma. The venous return 
pressure should not exceed +200  mmHg. 
However, the entire pressure gradient driving 
blood from the access into the arterial line depends 
on the negative arterial line pressure as well as on 
the pressure within the access. Since the intra-
access pressure may vary from a few mmHg in 
central venous accesses to about 25  mmHg in 
arteriovenous fistulas and about 50 mmHg in arte-
riovenous grafts [38, 39], the same arterial line 
pressure produces different pressure gradients 
depending on the access. On the other hand, using 
a 16-gauge needle at the same arterial pressure, 
blood flow would increase from 250 to 320 mL/
min when switching from a central venous access 
to an arteriovenous graft [40].

 Air Trap

An air trap is located in the arterial and the venous 
segments. The air detector, located at the venous 

blood line, is necessary to prevent air embolism. 
There are several methods used for air detection 
systems in hemodialysis; probably the most reli-
able is the ultrasonic method measuring changes 
of ultrasound transmittance caused by air bubbles 
or foam. If foam or air is detected, the blood 
pump stops, and the blood tubing clamp immedi-
ately downstream of the air trap closes, prevent-
ing delivery of air to the patient.

 Blood Leak Monitors

Blood leakage into the dialysate after rupture of 
the filter membrane is detected by a blood leak 
detector located downstream of the dialyzer 
which measures the change in optical transmis-
sion by hemoglobin.

 Conductivity Monitor

In dialysis machines that employ single-pass 
dialysate delivery, as noted above, the propor-
tioning system exactly measures the required 
amounts of A and B component concentrates, 
mixes with purified water, and generates the dial-
ysate continuously during the hemodialysis ses-
sion. After thorough mixing, measurement of the 
electrical conductivity of the final dialysate plays 
an important role in detecting any aberrations 
from the desired concentrate composition. If the 
conductivity is outside the desired range due to 
technical problems or running out of concentrate, 
an alarm sounds, and the system activates a 
bypass valve to prevent delivery of this inappro-
priate dialysate to the dialyzer.

To measure conductivity, metal electrodes in 
the flow of the dialysate apply a constant voltage, 
which generates an electrical current. The pres-
ence of ions in the dialysate reduces resistance to 
current flow in a predictable manner; thus, dialy-
sate conductivity serves as a method to monitor 
the dialysate for proper mixing. Conductivity 
varies with temperature; for this reason, the 
device corrects readings to a standard tempera-
ture. Given the risks to the patient of inappropri-
ately mixed dialysate, the conductivity monitoring 
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system requires frequent checking and preventive 
maintenance.

Electrical conductivity has become a surro-
gate for the concentration of Na+, especially for 
the measurement of online clearance or sodium 
modeling. However, the use of solute conductiv-
ity as a surrogate of Na+ concentration is valid 
only within well-defined systems and prone to 
confounding effects; for example, the decrease of 
K+ concentration during dialysis will cause a par-
allel drop in effluent dialysate conductivity.

 Non-invasive Blood Volume 
Monitoring

In hemodialysis, fluid is removed by ultrafiltra-
tion from the intravascular space. However, most 
of the fluid accumulated in the interdialytic 
period distributes in the extravascular space. The 
fluid shift during the hemodialysis session 
between extra- and intravascular compartments 
(i.e., vascular refilling) is limited by physiologic 
factors such as the hydraulic conductivity of the 
microvascular wall [41]. If the vascular refilling 
rate does not match the ultrafiltration rate, blood 
volume will drop, and a cascade of compensatory 
mechanisms will arise. When a critically low 
blood volume is reached, symptomatic hypoten-
sion will occur [42]. While it is somewhat chal-

lenging technically to measure accurately a 
patient’s absolute blood volume, technology 
exists to measure changes in the relative volume 
of blood that passes through the hemodialysis 
blood circuit. Techniques include instantaneous 
hematocrit by optical density or density by sound 
velocity. Proprietary algorithms in devices 
attached to the dialysis system can translate 
changes in blood density during ultrafiltration to 
a measurement of variation in blood volume from 
the start of the hemodialysis session. The opera-
tor can monitor the change in relative blood vol-
ume as a marker of intravascular volume; 
observational studies have correlated higher rates 
of change in relative blood volume measured by 
these techniques with incidence of intradialytic 
symptoms and hypotension [43, 44]. By contrast, 
little or no change in the slope of the relative 
blood volume monitor suggests constant refilling 
of the vascular compartment from the interstitial 
space, possibly indicating fluid excess within the 
patient (Fig. 20.3) [45].

The existence of this technology, which some 
manufacturers integrate directly in their hemodi-
alysis machines, raises questions as to whether 
online monitoring of relative blood volume may 
permit an automated feedback system to control 
ultrafiltration rate and reduce the risk of symp-
tomatic hypotension related to overly aggressive 
fluid removal. A study in adults did not demon-
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strate a clear improvement in intradialytic symp-
toms when an automated relative blood volume 
monitoring protocol was compared to standard 
patient monitoring with manual adjustment by 
dialysis staff [46].

 Dialysance and Online Monitoring 
of Clearance

Ionic dialysance and patient’s plasma conductiv-
ity can be calculated easily from online inlet and 
outlet dialysate conductivity measurements at 
two different steps of dialysate conductivity [47, 
48]. This technique forms the basis for online 
monitoring of clearance, serving as a proxy for 
urea clearance. Several manufacturers include 
online conductivity measurements in latest- 
generation dialysis machines. Online urea kinet-
ics removes the need for blood sampling and 
complex mathematical calculations in determin-
ing dialysis efficacy and provides immediate 
clearance information while dialysis is ongoing. 
However, experience with online Kt/V is still lim-
ited, and validation studies are still lacking in 
both adults and children [49].

Ionic dialysis may have other potential uses. 
The implementation of the conductivity kinetic 
model also permits monitoring to achieve a neu-
tral sodium balance at each HD session [50], an 
improvement over previous approaches to sodium 
kinetic modeling which required blood sampling. 
The conductivity kinetic modeling technique 
may improve intradialytic cardiovascular stabil-
ity in adult hypotension-prone patients [51]. 
Ionic dialysance can also be used to monitor the 
blood flow through the vascular access [52].

 Maintenance

 Disinfection and Sterilization

Bacterial contamination inevitably occurs at vari-
ous sites of the dialysis system. The degree of con-
tamination with pathogenic organisms, bacterial 
proliferation, and subsequent endotoxin release 
must be limited by technical measures and regular 

disinfection. Bacterial adhesion and subsequent 
growth predominantly occur at rough surfaces or 
in stagnant water. Ring loop systems are designed 
to prevent microbial proliferation in stagnant 
water. Purified water is produced in excess by the 
water treatment module and pumped to the indi-
vidual hemodialysis treatment stations. The excess 
water is recirculated to the water treatment device, 
where refiltration in the reverse osmosis module 
permits reduction of the microbial load. Although 
reverse osmosis is effective in removing bacteria, 
viruses, and pyrogens, small defects in the mem-
brane may allow bacteria and pyrogens to pene-
trate and contaminate the water produced. Reverse 
osmosis modules and ring loop systems must 
therefore be disinfected regularly with chemicals 
such as formaldehyde, peracetic acid, or other dis-
infectants or by high heat. Stainless steel tubing 
should be preferred for the ring loop over plastic 
since plastic surfaces are progressively roughened 
by aging and disinfectants.

Bacterial growth in the resin bed of the water 
softener is restricted by regular regeneration with 
concentrated sodium chloride solution. In case of 
excessive bacterial colonization, disinfection 
with formaldehyde solution, peracetic acid, or 
others can be performed. Water treatment devices 
are operated intermittently by automatic control 
systems during nights and at weekends to flush 
away adherent bacteria. The limit for microbial 
contamination has been set to a maximum of 200 
colony-forming units (CFU) for purified water 
used to prepare the dialysis fluid and to 2000 
CFU for effluent dialysate after the dialysis pro-
cedure. Substantial bacterial proliferation occurs 
in the dialysis machine itself. Bacterial adhesion 
and subsequent proliferation is facilitated by 
numerous angles, valves, pumps, regions of low 
fluid flow rates, and temperatures around 
37  °C.  Contamination of the dialysis fluid can 
only be limited by regular cleaning and disinfec-
tion of the dialysis machine. The cleaning pro-
cess includes the removal of protein layers or 
biofilms generated by slime-forming bacteria and 
decalcification. Disinfection can be performed by 
thermic, chemical, or combined procedures. 
Thermochemical disinfection with hot citric acid 
permits simultaneous decalcification.
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 Descaling

Due to the inevitable deposition of calcium and 
magnesium salts in the dialysis machine over 
time, the dialysate system must be decalcified 
daily, e.g., by rinsing with 20% citric or hydroxy-
acetic acid.

 Complications and Troubleshooting

 Dialyzer Reactions 
and Biocompatibility

Dialyzer membranes and blood tubing materials 
interact with plasma proteins and blood cells. 
Due to its high surface area, the largest amount of 
these interactions occurs at the filter membrane. 
Biocompatibility is the ability of a material to 
perform with an appropriate host response in a 
specific application. This response involves, 
among others, complement activation, monocyte 
and granulocyte activation, and endotoxin 
transfer.

Minimizing the biological response during 
dialysis is important since there may be an impact 
on long-term patient morbidity and survival. 
Dialyzers with synthetic membranes induce a 
much lower activation of complement factors 
than cellulose-based membranes [53]. Dialyzer 
membranes activate the alternative complement 
pathway. Plasma concentrations of activated 
complement factors C3a and C5a increase during 
the first 15 min of hemodialysis. This may lead to 
many of the clinical reactions observed during 
hemodialysis including anaphylactoid reactions, 
neutrophil trapping in the lung, and dialysis- 
related hypoxemia [54, 55].

Activation of circulating mononuclear cells by 
complement and bacterial endotoxins can induce 
the production of cytokines [56]. Cytokine induc-
tion during hemodialysis may cause fever and 
chills, which are observed during hemodialysis 
with bacterially contaminated dialysate. Synthetic 
high-flux membranes have greater adsorptive 
capacity for small molecular pyrogens than cel-
lulosic membranes and may therefore lead to a 
lower incidence of chronic inflammatory 

responses. There is speculation that suppressing 
inflammation may be useful in treating an 
inflammatory- malnutrition syndrome in dialysis 
patients [57]. Protein adsorption at membrane 
surfaces generates a biofilm that results in a pro-
gressive loss of the diffusive and convective 
capacity. On the other hand, membrane-induced 
reactions such as complement activation are 
reduced by biofilm formation.

The overall effects of the membrane type on 
treatment outcomes are controversial and may 
have been overestimated in the past. This may be 
due to the complex biological effect profiles of 
individual membranes: A membrane which leads 
to exorbitant activation of one molecular cascade 
may exert a much lower activation of other bio-
molecules compared to another membrane.

The contact system of plasma can be activated 
by negatively charged surfaces of dialysis mem-
branes. Activation leads to cleavage of kininogen 
by kallikrein and the release of bradykinin into 
the circulation, where it is normally inactivated 
immediately by kininase I and angiotensin- 
converting enzyme. The negatively charged 
AN69 polyacrylonitrile membrane generates 
small amounts of bradykinin in vitro [58]. This 
has led to severe clinical reactions in patients dia-
lyzed with AN69 membranes who are treated 
with ACE inhibitors [59] and angiotensin II 
receptor antagonists [60].

Patient reactions to hemodialyzers are classi-
fied as type A reactions, which occur soon after 
initiation of the hemodialysis session, and type B 
reactions, which are delayed. Type A reactions 
are thought to be related to substances involved 
in dialyzer manufacture that may seep from the 
dialyzer into the flowing blood and then enter the 
patient. A well-described example is ethylene 
oxide, which is used in one method for dialyzer 
sterilization. Some patients may have anaphylac-
toid reactions related to use of ACE inhibitors in 
conjunction with dialyzer membranes made from 
polyacrylonitrile (PAN); this reaction has also 
been reported in CRRT with use of the AN-69 
membrane, one form of PAN membrane. 
Numerous case reports describe other circum-
stances associated with type A reactions. Type A 
reactions may also be seen with bacterial con-
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tamination of dialysis materials. Type A reactions 
are, by definition, sudden in onset and may be 
severe; patients may experience severe dyspnea, 
chest pain, hypotension, and cardiovascular col-
lapse. Dialysis staff must maintain a high index 
of suspicion and vigilance; if a patient is sus-
pected of having a type A reaction, either mild or 
severe, the hemodialysis treatment should be 
stopped, and blood should not be returned to the 
patient to avoid introducing more irritant. 
Supportive care should be employed, followed by 
a careful review of the circumstances to identify 
the cause.

Type B reactions tend to be more common 
than type A reactions. They are usually much less 
severe, often manifesting as chest discomfort, 
back pain, dyspnea, nausea, emesis, or hypoten-
sion. Anaphylaxis is very uncommon. Type B 
reactions are thought to be complement mediated 
and possibly related to membrane 
biocompatibility.

 Hemodialysis Technique Variations

 Hemodiafiltration

The combination of high diffusive clearance rates 
in conventional hemodialysis with convective 
clearance yields a hybrid system known as hemo-
diafiltration. Indications for hemodiafiltration 
include frequent hypotensive episodes and exces-
sive serum phosphate levels. Online production 
of substitution fluid by sterile ultrafiltration of 
dialysis solution has made hemodiafiltration  
safe and helped to reduce treatment costs. 
Hemodiafiltration with a high-flux membrane is 
as efficient as HD for low molecular weight com-
pounds but is more efficient than pure convective 
clearance (hemofiltration) for low molecular 
weight compounds [61]. Online hemodiafiltra-
tion, in which filtered dialysate free of toxins and 
pyrogens is used as replacement fluid, allows a 
high convection fluid rate (especially in predilu-
tion mode) and facilitates a dialysis dose increase 
without an increase in cost [62]. The use of 

hemodiafiltration has grown considerably such 
that it is the standard method in many adult and 
pediatric dialysis units around the world.

 Single-Needle Dialysis

In standard hemodialysis, blood enters the arterial 
limb of the blood circuit through one lumen of the 
vascular access and returns to the patient from the 
venous limb through a different lumen. This could 
be through two needles placed in a permanent 
subcutaneous hemodialysis access or through two 
separate lumens of a central venous catheter 
(either a double-lumen catheter or two single-
lumen catheters). In the case of a single vascular 
access lumen such as one single-lumen catheter or 
the inability to place two needles in the permanent 
vascular access, so-called “single- needle” dialysis 
is an option. This requires a special system in the 
blood path that alternates the direction of blood 
flow through a single vascular access joined to a Y 
junction that connects the arterial and venous 
ends of the blood circuit. One such system uses 
two clamps at both arterial and venous limbs. 
When the arterial clamp is open, the pump draws 
blood into the circuit against the closed venous 
clamp, raising the pressure in the blood compart-
ment. When the pressure in the venous line 
reaches an upper limit, the arterial clamp closes, 
the blood pump stops, and the venous clamp 
opens, allowing the blood to flow back to the 
patient. When the pressure reaches a lower limit, 
the venous clamp closes and the arterial clamp 
opens, after which the blood pump starts again to 
repeat the cycle. Alternatively, the efficacy of sin-
gle-needle circuits improves by using two sepa-
rate pumps, one for arterial blood withdrawal and 
another for venous return. During single-needle 
dialysis, an arterial bubble trap placed between 
the blood pump and the dialyzer serves as an 
expansion chamber, enhancing the compliance of 
the blood circuit. Recirculation of blood in the Y 
connection can reach 20% of total blood flow, 
reducing overall efficiency when compared to 
standard “double-needle” hemodialysis.
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 Summary

Significant advancements have made hemodialy-
sis safer and more effective for pediatric patients 
than ever before. Sophisticated technology and 
multiple safety systems combine to provide this 
complex therapy. Even the most sophisticated 
technology, however, requires careful thought 
and observation by experienced human beings 
participating at the bedside. Dialysis nurses, 
technicians, and physicians work in partnership 
to assure the best possible outcomes to children 
who require hemodialysis.
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Haemodiafiltration: Principles, 
Technique, and Advantages over 
Conventional Haemodialysis

Rukshana Shroff, Evgenia Preka, 
and Bruno Ranchin

 Introduction and Defining a Need 
for Convective Clearance on Dialysis

In-center HD, performed three times is the con-
ventionally used standard renal replacement ther-
apy (RRT) for patients with end-stage kidney 
disease (ESKD). Standard HD clears uraemic 
toxins primarily through diffusion driven by the 
thermal energy of the uremic toxin molecules. 
Clearance is inversely proportional to the molec-
ular size (expressed in daltons) of the toxin and 
also depends on its protein binding and tissue dis-
tribution. As a result, conventional HD does not 
clear large or protein-bound toxins effectively 
and fails to adequately correct the uraemic milieu 
[1–3]. Attempts to improve clearances on HD 
include initiation of dialysis at higher glomerular 
filtration rates, aiming for a single-pool Kt/V 
urea greater than 1.20 per session, increase in 

dialysis frequency and/or duration, use of high- 
flux membranes, or alternative haemofiltration. 
However, greater clearance of low-molecular- 
weight toxins or the use of high-flux membranes 
had no impact on patient mortality [4]. Moreover, 
patients on dialysis have a significantly higher 
cardiovascular mortality, and even amongst pae-
diatric dialysis recipients, cardiovascular disease 
is the most common cause of death [5].

Children on dialysis have a very high burden 
of cardiovascular risk factors, including chronic 
fluid overload with hypertension and mineral 
dysregulation with hyperphosphatemia and 
hyperparathyroidism [6, 7]. Preclinical cardio-
vascular disease (CVD), measured through sur-
rogate markers such as carotid intima-media 
thickness (cIMT), pulse wave velocity, and left 
ventricular hypertrophy, is prevalent in CKD [8, 
9], with accelerated progression on dialysis [6–
10]. Vascular calcification [7, 9–13], cIMT [13], 
and hypertension and cardiovascular function 
[14] worsen with increasing time on dialysis, 
implying that the dialysis milieu, including bio-
chemical derangements and haemodynamic 
stresses, lead to a rapidly worsening cardiovascu-
lar risk profile; 18–40% of deaths in children [5, 
15] and young adults [16] on dialysis are due to 
cardiovascular events. Even within a short period 
of 3  months on conventional haemodialysis 
(HD), biomarkers of inflammation, oxidative 
stress, and endothelial dysfunction were shown 
to increase [17]. Interventions that can improve 
outcomes in children on maintenance HD are 
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urgently needed. Haemodiafiltration (HDF), 
which combines diffusive and convective 
 clearance, was developed in the 1970s [2, 3, 18, 
19] and may be a promising option.

 Principles of Solute Clearance by 
HD and HDF

All forms of dialysis are characterised by three 
main principles that determine solute clearance: 
diffusion, convection, and ultrafiltration. These 
are discussed in detail in Chap. 2, and the relative 
contribution of these processes to HDF therapy is 
described below.

 Haemodialysis (HD)

Solute clearance on HD is predominantly driven 
by diffusion. Diffusive small-solute transport 
involves the movement of molecules from an 
area of high concentration to an area of low con-
centration across a semipermeable membrane. 
The dialysis fluid flow and the dialyser surface 
area (which determines the mass transfer area 
coefficient (KoA) and consequently, the solute 
permeability of the membrane) determine the 
quality of HD provided.

 Haemodiafiltration (HDF)

Solute clearance on HDF involves a combination 
of diffusion and convection. HDF optimises the 
removal of middle (up to 300–500 dalton (Da) 
molecular weight) and larger molecules (greater 
than 15–50 kilo Da). If the clearance of low- 
molecular- weight solutes such as urea has 
reached maximal clearance by HD, then the addi-
tion of HDF will not improve the clearances fur-
ther. With HDF there is no osmotic disequilibrium 
while arriving at a maximum urea clearance as 
the continuous iso-osmotic substitution fluid 
inflow maintains an osmotic stability throughout 
the whole dialysis session. The effectiveness of a 
membrane to ultrafiltrate fluid is described by the 
UF coefficient (KUF), which is QUF/∆P (volume 
of UF per unit time, divided by the pressure gra-

dient across the membrane, also called the trans-
membrane pressure gradient [TMP]).

 Haemofiltration (HF)

HF is mainly used in the acute setting in intensive 
care units for rapid fluid removal and allows con-
vective transport of small- and medium-sized 
molecules, although solute clearance is not the 
primary goal of HF. HF should not be used as a 
modality of chronic dialysis and is not discussed 
further in this chapter.

 Definition and Types of HDF 
Therapy

The European Dialysis Working Group (EUDIAL) 
has defined HDF as a blood purification therapy 
that combines diffusive and convective solute 
removal by ultrafiltration of 20% or more of the 
blood volume processed through a high-flux dial-
yser and maintenance of fluid balance by sterile 
replacement fluid infused directly into the 
patient’s blood [20, 21]. In online HDF, large vol-
umes of sterile replacement fluid are obtained by 
online filtration of standard dialysate though a 
series of bacteria- and endotoxin- retaining filters 
[21]. A high-flux membrane is defined as one that 
has an ultrafiltration coefficient greater than 
20 mL/h/mmHg transmembrane pressure/m2 and 
a sieving coefficient for β2-microglobulin of 
greater than 0.6. HDF provides greater removal of 
middle-molecular- weight and protein-bound 
uraemic retention solutes than does conventional 
low- or high-flux HD [21].

A high convective volume is a fundamental 
requirement for HDF. The convective volume is 
the sum of the net ultrafiltration volume (i.e., the 
amount of fluid removed during a dialysis session 
based on the inter-dialytic weight gain) and the 
amount of substitution fluid (i.e., the sterile 
replacement fluid given as replenishment for the 
removal of extra fluid during HDF). Randomised 
controlled trials in adults [22–25] and a pooled 
individual participant data analysis [25] suggest 
that any improved survival associated with HDF 
occurs when the convective volume exceeds 20 
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liters/session. Therefore, the EUDIAL group felt 
that it was necessary to add a lower limit to ultra-
filtration, below which the treatment would not 
qualify as HDF. An ultrafiltration volume equiva-
lent to 20% of the total blood volume processed 
for the treatment was chosen as the lower limit 
because it is achievable with post-dilution HDF 
without excessive haemoconcentration, although 
with modern dialysis machines an ultrafiltration 
volume of 30–35% of the total blood volume can 
be achieved and should be aimed for in order to 
obtain optimal clearance. In theory, it would be 
more correct to prescribe convective volume as a 
proportion of plasma water volume processed 
rather than blood volume processed. However, as 
the blood volume processed, and not the plasma 
water volume processed, is displayed on the 
machine control panel, this term has been used to 
avoid confusion.

 Modes of HDF

Depending on where in the dialysis circuit the 
replacement volume is infused, there are differ-
ent modalities of HDF (Fig. 21.1).

 Post-dilution HDF

In post-dilution HDF, the replacement fluid is 
infused downstream of the dialyser, usually into 
the venous bubble trap. For solutes which can 
pass the membrane unimpeded (sieving coeffi-
cient = 1), the concentration in the ultrafiltrate is 
the same as in the plasma water. A potential dis-
advantage is that haemoconcentration at high 
ultrafiltration rates can result in the deposition of 
plasma proteins on the membrane surface, clog-
ging the membrane pores and occluding the 
blood channels of the dialyser. These effects can 
raise transmembrane pressure (TMP), causing 
alarms, reducing clearance, and possibly result-
ing in clotting of the extracorporeal circuit [21].

The degree of haemoconcentration is depen-
dent on the filtration fraction (a practical clinical 
concept defined as the ratio of ultrafiltration rate 
to plasma water flow rate and described further in 
the next section), which in turn depends on hae-
matocrit, protein concentration, and blood flow 
rate. Haemoconcentration generally limits the fil-
tration fraction to 20–25% of the blood flow rate 
in post-dilution HDF.  The ultrafiltration rate is 
controlled in proportion to the actual blood flow 
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Fig. 21.1 Schematic 
presentation of HD and 
HDF therapies
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rate or guided by TMP. A filtration fraction up to 
35% of the blood flow rate is possible using sys-
tems designed to optimise filtration rate, based on 
automatic adjustment of TMP according to ultra-
filtration flow rate measurements [26, 27].

 Pre-dilution HDF

The haemoconcentration associated with post- 
dilution HDF can be avoided by infusing the 
replacement fluid upstream of the dialyser. With 
pre-dilution HDF, higher filtration rates are pos-
sible than with post-dilution HDF. Ultrafiltration 
rates up to 100% of the blood flow rate are used. 
However, pre-dilution reduces the efficiency of 
both the diffusive and convective components of 
solute removal by reducing solute concentrations 
in the blood compartment, and small solute clear-
ance by pre-dilution HDF may be lower than con-
ventional high-flux HD. For equivalent clearance, 
the convective volume needs to be two to three 
times greater for pre-dilution HDF than the post- 
dilution [28].

 Mid-dilution HDF

The replacement fluid is infused part-way down 
the blood pathway using specially designed dial-
ysers or systems. Thus, the first part of the blood 
circuit is operated in post-dilution mode and the 
second part in pre-dilution mode [29]. Very large 
filter sizes, up to 1.9 m2, are required, and hence, 
this technique is not suitable for children.

 Mixed Dilution HDF

In mixed dilution HDF, the replacement fluid is 
infused both upstream and downstream of the 
dialyser. The ratio of upstream and downstream 
infusion rates can be varied to achieve the opti-
mal compromise between maximising clearance 
and avoiding the consequences of a high TMP 
and haemoconcentration [30]. As with mid- 
dilution HDF, large filter sizes are required, so 
this technique is not feasible for children.

 Choosing the Optimal HDF 
Modality

In theory, post-dilution is the most efficient mode 
of HDF for clearing middle- and large-molecular 
weight substances and is the routinely used HDF 
technique in adults and children. However, suc-
cessful post-dilution HDF requires a high extra-
corporeal blood flow rate, a reliable vascular 
access, an ability to achieve adequate anticoagu-
lation throughout the procedure, and the absence 
of any condition that increase blood viscosity 
(such as a high haematocrit). In children, the 3H 
study has shown that adequate blood flow rates 
can be achieved through both central venous 
catheters and arteriovenous fistulas in order to 
achieve a high convective volume and optimal 
HDF [31].

However, in patients with low blood flow rates 
(typically less than 200  mL/min in adults and 
comparative rates in children), pre-dilution HDF 
allows for adequately high volumes of substitu-
tion fluids. Compared with post-dilution HDF, 
pre-dilution HDF removes more low-molecular- 
weight proteins and protein-bound toxins and is 
associated with less bio-incompatibility (shear 
stress or membrane-cell or cell-cell activation) 
[32]. The Japanese Renal Data Registry com-
pared the one-year prognosis of patients receiv-
ing pre-dilution HDF and standard HD using a 
propensity score-matched method. Pre-dilution 
HDF with a higher convective volume (more than 
40 L/session) decreased all-cause mortality and 
cardiovascular mortality compared with standard 
HD or pre-dilution HDF with small convective 
volumes [33, 34]. Japanese experience shows an 
increase of adult patients’ survival in pre-dilution 
HDF with an optimal substitution volume esti-
mated to be 33 L/m2/session in patients dialysed 
3 times a week [35]. Pre-dilution HDF has been 
used effectively in children and is associated with 
excellent growth outcomes, especially when used 
in a frequent dialysis regimen (5 days per week) 
[36]; the authors have shown that for pre-dilution 
blood HDF, blood flow rates of 5–8  ml/min/kg 
body weight or 150–240 ml/m2 body surface area 
were acceptable, with substitution volume of 
75–100% of blood volume [37].
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 Requirements for HDF 
and Technical Aspects

Essential requirements for performing HDF 
include:

• ‘Ultrapure’ water for replacement of convec-
tive volume

• High-flux dialyser membranes
• Dialysis machines that allow careful regula-

tion of UF

Important technical terms unique to HDF 
practice and equations for the calculation of sol-
ute clearances on HDF are also described here.

 ‘Ultrapure’ Water for HDF

The sterile, non-pyrogenic fluid used to maintain 
fluid balance, referred to as replacement fluid or 
substitution fluid, can be provided either as a ter-
minally sterilised, packaged solution or as an 
online prepared solution. It is not practical to pro-
vide the volumes of replacement fluid used for 
the most effective forms of convective therapy 
using prepackaged solutions. Instead, replace-
ment fluid is generated online by filtering dialysis 
fluid through bacteria- and endotoxin-retentive 
filters to prepare a sterile and pyrogen-free solu-
tion that is immediately infused into the patient. 
Therapies performed in this manner are referred 
to as online convective therapies. As large vol-
umes of fluid are removed from, and added to, 
blood during online therapies, patients are 
exposed to risks beyond those associated with 
routine HD.  Strict safety standards and regula-
tory oversight are required. Some recommenda-
tions related to HDF are also included in the 
European Best Practice Guidelines [38].

Water Purification Systems A standard water 
treatment device consists of a water softener, an 
activated carbon filter, a sediment filter, and a 
reverse osmosis system [39]. Water softeners 
contain a resin that exchanges sodium cations for 
calcium, magnesium, and other polyvalent cat-
ions. The effectiveness of softening is monitored 
by measuring the hardness of the effluent water. 

Water softening not only prevents hard water but 
also protects the reverse osmosis membrane 
which is used in the final step of water treatment 
from the build-up of scale and subsequent failure. 
The resin is regenerated periodically with con-
centrated sodium chloride solution, which also 
reduces bacterial growth in the resin bed. 
Activated carbon filters remove chloramines and 
organic solvents but tend to release carbon parti-
cles and therefore require a sediment filter placed 
downstream. The final purification step is per-
formed by reverse osmosis where the water is 
forced through a semipermeable polyamide or 
polysulfone membrane at 14–28  bar. This step 
removes 90–99% of inorganic and organic sub-
stances, pyrogens, bacteria, and particulate mat-
ter. The purified water is pumped from the reverse 
osmosis module to the individual treatment sta-
tions in a recirculating ring loop which delivers 
the water produced in excess back to the reverse 
osmosis module, avoiding wastage of high- 
quality water. The ring loops themselves require 
regular disinfection, and this is performed either 
by heat or chemical disinfection.

Testing Water Quality The International 
Organization for Standardization (ISO) has pub-
lished a series of standards addressing fluids for 
extracorporeal therapies. Specifically, ISO 
11663:2009, Quality of dialysis fluid for haemo-
dialysis and related therapies, requires that the 
replacement fluid used for HDF be sterile and 
pyrogen-free [40]. Typical testing for water qual-
ity follows the French regulations: 500  mL of 
replacement fluid is collected via the membrane 
filtration method and is cultured to determine 
endotoxin levels at least once every three months 
[41]. The currently accepted norms for ultrapure 
dialysate are defined as containing <0.1 colony- 
forming unit/ml and <0.03 endotoxin unit/ml. In 
addition, the chemical composition of water must 
be tested at least once per year.

Bacteria- and endotoxin-retentive filters 
installed on the inlet dialysis fluid circuit are the 
key components of the online HDF safety sys-
tem. Those filters are disinfected after each dialy-
sis treatment according to manufacturer’s 
recommendations, and the repetitive disinfection 
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cycles can alter the membrane characteristics. 
Therefore, the filters should be replaced periodi-
cally to ensure proper operation of the cold steril-
ization process. The type of filter used and the 
frequency of replacement should comply with 
the HDF machine manufacturer’s instructions. 
The integrity of the filters may also be assessed 
online by regular pressure testing or the use of 
other validated tests according to the manufac-
turer’s instructions.

The dialysate can also be contaminated with 
other bioactive microbial contaminants, such as 
peptidoglycans [42] and fragments of bacterial 
DNA [43]. The extent to which the latter contam-
inants are removed by the techniques currently 
used for online preparation of replacement fluid 
is unclear, as are the consequences of inadequate 
removal.

 High-Flux Membranes

Only highly permeable membranes are suitable 
for HDF in adults or children. Highly permeable 
membranes are defined as membranes character-
ised by a UF coefficient (KUF) greater than 20 mL/
hr/mmHg transmembrane pressure/m2 and a siev-
ing coefficient (S) for β2-m of greater than 0.6 [4, 
21, 44]. The UF coefficient (KUF) defines the 
hydraulic permeability of a membrane and is 
expressed in mL/min/mmHg transmembrane 
pressure. Whereas a low-flux membrane will 
allow only a small and undetermined convective 
flow and can be used for HD only, a high-flux 
membrane allows a larger and predefined convec-
tive flow as required for HDF.  In practice, the 
KUF should be high enough to allow 50 mL/m/
m2 body surface area (equivalent to 2 mL/min/kg 
body weight) convective flow in post-dilution 
HDF. The albumin loss through a high-flux mem-
brane should be <0.5 g in a 4-hour HD session 
[44, 45].

As with conventional HD, the dialyser surface 
area must be equal to (or slightly higher than) the 
body surface area for maintenance dialysis, so 
that the internal volume of the dialyser and blood 
lines is less than the safe extracorporeal blood 
volume permissible (i.e., less than 10 ml/kg body 

weight). Manufacturers provide an optimal range 
of blood flow for a given dialyser as a higher 
membrane surface is associated with the need for 
a higher blood flow in order to decrease the risk 
of coagulation and hollow-fibre obstruction [46, 
47]. Theoretically, fiber length and diameter, as 
well as membrane material, membrane thickness, 
surface area, pore size, and pore density all may 
influence solute sieving and convective transport 
[44]. For HDF a biocompatible dialyser must be 
selected; biocompatibility is assessed by comple-
ment activation, thrombogenicity, contact activa-
tion, and cytokine generation [48]. European 
recommendations state that ultrapure dialysate 
must be used with synthetic high-flux membranes 
[21].

 Dialysis Machines with Accurate 
Ultrafiltration Control

Today almost all new dialysis machines allow for 
both HD and HDF.  In Europe, HDF machines 
suitable for children are manufactured by 
Gambro, Fresenius Medical Care, and Nikkiso. 
These machines are suitable for children from 10 
to 17 kg body weight and require a paediatric cir-
cuit with low extracorporeal volumes.

Gambro AK 200™ ULTRA S and Artis® 
Dialysis System. These systems bear resem-
blances and dissimilarities. Both can be used in a 
pressure-control mode (fixed TMP and variable 
substitution flow rate) and a volume-control 
mode. In the latter, the target substitution volume 
must be set in the AK 200™ ULTRA S system, 
while the substitution flow rate must be set in the 
Artis® machine. In the AK 200™ ULTRA S, the 
actual convective volume and convective flow 
rate are also shown. Both machines display the 
FF value online (as ‘QF/QB’), based on the real 
blood flow rate. The maximal value recom-
mended by the manufacturer, however, is differ-
ent for both systems. Of note, the older Gambro 
dialysis machine AK 200™ as well as their latest 
machine AK98™ do not perform HDF, and the 
AK 200™ is no longer manufactured. The Artis 
dialysis machine is only suitable for children 
above 20 kg.
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Fresenius 5008 with ON-LINEplus™. This 
machine (Fresenius Medical Care, Bad Homburg, 
Germany) has an automatic substitution mode 
(AutoSub Plus™), in which the substitution rate 
is automatically regulated in response to varia-
tions in diverse patient- and treatment-related 
parameters throughout the session. The estimated 
final substitution volume is displayed on the 
monitor. When this mode is disabled, it is possi-
ble to set the substitution rate or target substitu-
tion volume manually. In this system, FF is 
automatically regulated but not displayed on the 
screen. A newer model of the Fresenius dialyser 
called the 6008 series is due to be launched very 
soon and will come with smaller paediatric lines 
that will allow HDF even in children from 10 kg 
in size.

Nikkiso DDB07 and DBB-EXA haemodialysis 
system. These machines enable HDF in children: 
the DDB07 system has low volume blood lines 
and requires a manual setting of FF, whereas the 
DBB-EXA can be used in children weighing 
more than 20 kg with an automatic substitution 
mode (i.e., the substitution rate is automatically 
regulated in response to TMP throughout the 
session).

Commonly used dialysis machines and blood 
line volumes are shown in Table 21.1.

Filtration fraction (FF) is a parameter unique 
to HDF as it quantifies the relation between con-
vective flow rate and blood flow rate. It is also an 
important determinant for the amount of convec-
tive volume achieved [21]. FF is defined as the 
ratio of the ultrafiltration (UF) rate to the plasma 
water flow rate [21], where UF represents the 
total amount of plasma water removed from the 
patient. In clinical practice, however, blood flow 
rate (Qb) is used as a surrogate for plasma water 
flow rate, as Qb is indicated on all dialysis 
machines. The formula for calculating FF is:

 

FF subs UF b� �� ��� ���Q Q Q/ 100
 

where Qconv = Qsubs + QUF

FF is in %, Qconv, Qsubs, and QUF are the con-
vective flow rate, substitution flow rate, and 

ultrafiltration flow rate, in mL/min (or L/h), 
respectively.

In clinical practice, net UF is the sum of the 
desired intradialytic weight loss in kilograms and 
the amount of fluids administered during treat-
ment. The higher the FF, the greater the convec-
tive volume extracted from the blood. In 
post-dilution HDF because the substitution fluid 
is administered after the dialyser, haemoconcen-
tration within the filter increases proportionately 
to the FF. As a result, filter clotting and loss of 
membrane integrity with altered dialyser perfor-
mance may occur [30]. A filtration fraction up to 
30–35% of the blood flow rate is possible using 
systems designed to optimise filtration rate, based 
on automatic adjustment of TMP.

Table 21.1 Blood line volumes for machines that per-
form HDF

Dialysis 
machine

Double 
needle

Single 
needle

Blood 
line 
volume 
(ml) olHDF BVM

Baxter 
Artis

Yes 132 Yes Yes

Yes 227 Yes
Braun 
Dialog iQ

Yes 122 Yes Yes

Yes 186 Yes
Fresenius 
5008

Yes 108 Yes Yes

Yes 136 Yes Yes
Yes 142 Yes
Yes 169 Yes

Fresenius 
6008

Yes 83 Yes Yes

Yes 122 Yes Yes
Yes 137–187 Yes

Nikkiso 
DBB-07

Yes 56 Yes No

Yes 86 Yes Yes
Yes 113 Yes Yes

Yes 93 No
Yes 123 Yes
Yes 150 Yes

Nikkiso 
DBB-EXA

Yes 143 Yes Yes

Yes 202 Yes

olHDF online haemodiafiltration, BVM blood volume 
monitoring

21 Haemodiafiltration: Principles, Technique, and Advantages over Conventional Haemodialysis



366

It is important to keep in mind that the FF can 
vary based on several caveats:

 (i) The true blood flow rate may vary from the 
set rate. This is particularly true at higher 
values of Qb. If FF calculation is based on 
the set value, the real FF may be 
underestimated.

 (ii) FF actually depends on the plasma water 
flow rate, but for practical purposes Qb is 
used as surrogate. Unlike plasma water, Qb 
depends on haematocrit (Ht) and total pro-
tein concentration.

 (iii) Blood viscosity and clogging of membrane 
pores increase during the HDF session, so a 
high FF may be obtained at the start, but not 
at the end of a session. Thus, a higher TMP 
is needed to obtain the same substitution 
rate towards the end of the session.

 Calculation of Solute Clearances 
in HDF

 (i) The diffusive component (KD) of clearance in 
HDF can be estimated using Michael’s equa-
tions [49] from the blood flow rate (Qb), the 
dialysis fluid flow rate (Qd), and the solute- 
specific dialyser mass transfer – area coeffi-
cient (KoA).
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For pre-dilution, the actual blood and dialysis 
fluid flow rates at the inlet ports of the dialysers 
should be used by correcting for pre-dilution 
infusion, which will add to the blood flow rate 
and subtract from the dialysis fluid flow rate. For 
clearance of urea, Qb is considered to be the 
blood water flow rate, while for other solutes, Qb 
is considered to be the plasma water flow rate 
since only urea diffuses rapidly enough across 
erythrocyte membranes to allow erythrocyte 
water to be cleared [50, 51].

 (ii) The convective component (KC) is calculated 
using Ficheux’s equation [52, 53] taking the 
sieving coefficient, S, into account.
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where Qf is the ultrafiltration rate.

 (iii) The total clearance, KT, is calculated by 
adding the diffusive and convective compo-
nents and taking the dilution factor (DF) 
into account.

 
K K KT D C DF� �� ��  

 The Concept of ‘Backfiltration’

The concept of ‘backfiltration’ needs to be con-
sidered here. The hydrostatic pressure of both 
blood and dialysis fluid decrease as they pass 
through the dialysis filter. Since blood and dialy-
sis fluid pass through the filter in counter-current 
directions, the resulting TMP may become nega-
tive at the venous side especially when the venous 
blood pressure is low. This phenomenon leads to 
influx of dialysis fluid into the blood compart-
ment of the dialyser; this is called backfiltration. 
This phenomenon is a routine occurrence during 
high-flux HD [54], but not in low-flux 
HD. Therefore, a high internal ultrafiltration rate 
may increase the convective transport of middle 
molecules [46, 55]. In adults it has been shown 
that the convective volume achieved by backfil-
tration is no more than 1–10  L per session 
depending on the dialyser type and can vary 
throughout the dialysis session depending on 
TMP. Since the convective volume achieved by 
backfiltration is low and unreliable, it should not 
be considered a form of HDF and in fact is termed 
the ‘poor man’s HDF’!

Importantly, given the phenomenon of back-
filtration, it has been suggested that dialysis fluid 
used for high-flux HD should also be sterile and 
pyrogen-free. Clinical experience suggests that 
the barrier provided by the dialysis membrane is 
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safe for backfiltration volumes of up to 8 L per 
treatment [38].

 Writing a HDF Prescription

In addition to the routine management of any 
child on dialysis, the following points should be 
considered when writing an HDF prescription:

 1. A high-flux membrane with surface area equal 
to the child’s body surface area is used.

 2. The total extracorporeal circuit should be less 
than 10 ml/kg body weight. Single- or double- 
needle circuits are available, although HDF is 
rarely ever performed with single-needle cir-
cuits. Paediatric blood lines (36–105 ml vol-
ume) with or without the possibility to do 
online HDF and to monitor blood volume 
variation are available (Table 21.1).

 3. Replacement fluid that is generated online 
from the dialysate must be ‘ultrapure’ 
(<0.1 CFU/ml and <0.03 endotoxin unit/ml) 
as discussed earlier. The microbiologic purity 
(bacterial count and endotoxin level) should 
be determined regularly at intervals of 
1–3 months.
(European guideline Dialysate purity 2002, 
European Pharmacopoeia 2009).

 4. Blood flow: HDF requires an optimal arterial 
blood flow of 5–8 mL/min/kg body weight or 
150–250  mL/m2 body surface area per min-
ute. Both the diffusive clearance of molecules 
with a high K0A and the substitution volume 
in post-dilution HDF depend on the blood 
flow rate. An optimal blood flow can be 
achieved through either a fistula or a central 
venous line, although in most cases a fistula 
allows a higher blood flow rate in order to (i) 
maintain arterial blood aspiration pressure of 
more than −150 to – 200 mmHg and venous 
restitution pressure of less than 200  mmHg 
and limit endothelial trauma, and (ii) vascular 
access recirculation of less than 10%. Vascular 
access recirculation can be measured by ther-
modilution (by dialysis machine), saline dilu-
tion, or ionic dialysance [56]. It is suggested 
that the blood flow rate is progressively 

increased from 90–100 mL/m2/min in the first 
HDF sessions to 200–250  mL/m2/min, 
increasing by 10 mL/min per week.

 5. Dialysate flow of twice the blood flow is suf-
ficient to optimise the diffusive blood purifi-
cation process using highly permeable 
membranes for HDF.  As with conventional 
HD, the dialysate runs counter-current to the 
blood flow. Modern dialysis machines control 
thermal exchanges during the dialysis session 
and perform isothermic dialysis, without 
changing the patient’s body temperature.

 6. Convective flow is equal to total UF flow, i.e., 
the sum of the desired ultrafiltration volume 
and the replacement fluid.
• Post-dilution HDF: The convective flow 

needs to be maximal but is limited by the 
risk of the filter clotting. It typically 
decreases over the dialysis session. In 
order to maintain TMP within safe limits 
(usually TMP < 300 mmHg is suggested 
by manufacturers, but varies across dialy-
ser), modern dialysis machines automati-
cally adjust the convective volume 
throughout the session in order to optimise 
this convective flow without increasing the 
coagulation risk.

• Pre-dilution HDF: The convective flow is 
set at 100% of the blood flow. This can be 
done despite the dilution of the blood 
potentially impacting negatively on urea 
clearance.

β2-m and phosphate dialytic removal is 
optimised as is the clearance of uraemic 
protein-bound toxins.

The actual substitution volume obtained 
per session has to be monitored regularly 
in order to ensure that the goal of 
23  L/1.73m2 per session in post-dilution 
and 75–100% of blood volume treated in 
pre-dilution is achieved.

 7. The dialysate and substitution fluid are pro-
duced ‘online’ by the dialysis machine by 
dilution of acid concentrate and bicarbonate 
powder with dialysis water produced by the 
water treatment system. Dialysate composi-
tion is similar to that used in HD, but careful 
attention to dialysate sodium concentration is 
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important in order to maintain sodium bal-
ance and haemodynamic tolerance of the ses-
sion [57]. To avoid the risk of positive sodium 
balance, the dialysate sodium concentration 
required is lower than in conventional HD, 
particularly when high convective volumes 
are infused, as with pre-dilution HDF. Sodium 
is predominantly drained in ultrafiltered 
water by convection. A low dialysate sodium 
enables additional sodium removal by diffu-
sion, but it may be associated with a risk of 
intradialytic hypotension and disequilibrium 
syndrome. On the other hand, a high dialy-
sate sodium increases haemodynamic toler-
ance but causes sodium and water overload 
that leads to hypertension and increased thirst 
post-session.

As with conventional HD, sodium profil-
ing (high dialysate sodium at dialysis start 
with decrease during the session) with or 
without ultrafiltration profiling (high ultrafil-
tration rate at dialysis start and low at dialysis 
end) can help to correct fluid and sodium 
overload and maintain intradialytic haemody-
namic stability and dialysis tolerance. This 
strategy needs to check that sodium delivered 
to the patient at session start is indeed drained 
at session end. Some new dialysis machines 
automatically modify the dialysate sodium 
concentration throughout the dialysis session 
in order to keep it equal to plasma sodium, 
delivering isonatraemic dialysis [57].

 8. Anticoagulation is necessary to prevent filter 
clotting, particularly in post-dilution HDF.  A 
single dose of low-molecular-weight heparin is 
effective for a 4-hour session. A starting dose 
of 50–100  U/kg of enoxaparin is suggested 
with a half dose added after 2 hours if the ses-
sion lasts more than 4  hours. Alternatively, a 
continuous heparin infusion may be used.

 Practical Guide for the Optimization 
of the Convective Volume

Just performing HDF does not automatically 
result in high convective volumes. For the opti-
mization of convective volume, an understanding 

of its determining factors is essential. A post-hoc 
analysis of the CONTRAST study showed that 
treatment-related parameters, such as blood flow 
rate and treatment time, play a greater role in 
determining convective volume, rather than 
patient characteristics such as serum albumin, 
haematocrit, or body size [58–60].

To attain a high convective volume, one needs 
a high blood flow rate (because filtration fraction 
depends on blood flow and cannot be higher than 
35%), optimization of substitution volume by 
automated programs in new dialysis machines 
and careful monitoring of the dialysis prescrip-
tion and blood results to ensure that all dialysis- 
related parameters are achieved [61–63]. Practical 
problems and tips to optimise convective volume 
are discussed below.

 (i) Optimal vascular access Both central 
venous catheters and fistulas can be used for 
HDF provided a good extracorporeal blood 
flow rate is achieved. The 3H study in chil-
dren showed no difference in the blood flow 
achieved through either type of access [31, 
64], although several studies in children 
report that a higher blood flow is usually 
achieved through a fistula [65, 66].

 (ii) Needle size The choice of a fistula needle is 
based on the type, vintage and expansion of 
the access, bleeding susceptibility, and pref-
erence of patients. A common concern is 
that larger needles are associated with a 
poor shunt outcome. Although no specific 
recommendations can be made for needle 
size, with the exception of initial cannula-
tion, the largest needle size suitable for the 
access type must be used.

 (iii) Avoid single-needle HDF Given the high 
convective volume goals, single-needle 
HDF should not be performed. In single- 
needle systems, clamps on the arterial and 
venous lines are opened and closed alter-
nately in order to pump blood from and to 
the patient through the same lumen. As a 
result, mean blood flow is lower than that 
with a double-needle procedure. Moreover, 
as a result of the variable blood flow, both 
transmembrane pressure and FF fluctuate 
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may lead to an inadequate and unpredictable 
convective volume [60].

 (iv) Access recirculation When blood flow rate 
increases, recirculation may occur [63]. This 
phenomenon is especially prominent in case 
of an insufficient arterial inflow or obstruc-
tion in the venous outflow tract [62]. As an 
increase in the size of the convective volume 
by recirculation is inefficient and undesir-
able, regular monitoring is advisable.

 (v) Effective versus set blood flow rates The true 
blood flow rate may often be somewhat 
lower than the set value, and the higher 
blood pump speed, the wider the difference 
[63, 67, 68]. This phenomenon is explained 
by partial collapse of the tubes at a more 
negative pre-pump pressure. In addition, the 
type of access may also influence this dis-
crepancy: it has been shown that a set blood 
flow of 350 mL/min resulted in a markedly 
lower real blood flow in a CVC than in an 
AVF (316 ± 4 versus 342 ± 4 mL/min) [59].

 (vi) Anticoagulation Because a high FF may 
induce considerable haemoconcentration 
and clotting within the dialyser, adequate 
anticoagulation with either unfractionated 
heparin or low-molecular-weight heparin 
(LMWH) is required. The optimal dose of 
these agents is unknown. Unfractionated 
heparins have a molecular weight in the 
range of 2–20 kDa, so large convective vol-
umes are likely to alter their pharmacokinet-
ics [69]. Higher doses than customary with 
both low-flux and high-flux HD may be 
required [70, 71].

 Clinical Studies and Potential 
Advantages of HDF over 
Conventional HD

 HDF: Potential Advantages over 
Conventional HD

HDF is thought to be superior to conventional 
HD in the following key areas:
 I. Improved dialysis efficiency and clearance of 

toxins across a wide molecular weight range 

In HD circulating uraemic toxins, such as 
β2M, and other molecules, such as retinol- 
binding protein, adiponectin, leptin, ghrelin, 
cholecystokinin, and cystatin C, accumulate 
and are responsible for systemic inflamma-
tion, endothelial dysfunction, and oxidative 
stress [72, 73]. HDF has been shown to clear 
70–80% of β2M compared to HD [72] and 
increase removal of inflammatory cytokines 
with reduction in inflammation and oxidative 
stress [17].

 II. Improved haemodynamic stability HDF 
increases UF and improves intradialytic hae-
modynamic stability [74], leading to less 
intradialytic hypotension [75], reduced inci-
dence of strokes [23], and faster recovery 
time post-dialysis [31].

 III. Biocompatibility and reduced inflammation 
The use of ‘ultrapure’ dialysate and increased 
removal of inflammatory cytokines reduce 
inflammation and oxidative stress [17].

 Studies in Adults

In adults on dialysis, the Estudio de Supervivencia 
de Hemodiafiltración On-line (ESHOL), one of the 
largest RCTs comparing HDF vs high-flux HD in 
adults and achieving convective volumes of 23 L/
session, has shown a priori that patients on high-
volume HDF have a survival benefit compared to 
those on high-flux HD [23]. Earlier RCTs including 
the CONvective TRAnsport STudy (CONTRAST) 
[22], Turkish Online Haemodiafiltration [24] stud-
ies, and French Convective versus Hemodialysis in 
Elderly (FRENCHIE) [75] aimed for lower convec-
tive volumes, and only a small proportion of their 
patients achieved these target volumes. Hence, 
these studies were not able to demonstrate an a pri-
ori benefit of HDF. However, on post-hoc analysis, 
the Turkish [24] and CONTRAST [22] studies also 
showed that HDF patients who achieved a higher 
convective volume (>17.4 L/session in the Turkish 
study [24] and >20 L/session in the CONTRAST 
study [22]) had lower all-cause and cardiovascular 
mortality. Pooled data [25] from the RCTs has indi-
cated a critical dose-response relationship between 
the magnitude of the convective volume and 
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survival, with a goal of at least 23 L per session. 
Similarly, other RCTs, observational studies, and 
registries provide conflicting results, which to 
some extent can be explained by differences in the 
convective volume [63, 74, 76–80], with patients 
achieving the highest convective volumes benefit-
ing most. A Cochrane review suggests that there is 
no clear benefit of HDF over HD, but these meta-
analyses combine outcomes of both haemofiltra-
tion and HDF studies as ‘convective therapies’, and 
do not interpret outcomes based on convective vol-
umes [81]. As stressed above, not all convective 
therapies are equal [82, 83].

HDF has been correlated with improved car-
diovascular outcomes in adults [21], partly 
explained by improved haemodynamic stability, 
leading to less intradialytic hypotension and faster 
recovery time after dialysis [23, 24, 75]. ESHOL 
[23], FRENCHIE [75], and several observational 
studies have shown that HDF improves intradia-
lytic haemodynamic stability compared to 
HD. Post-hoc analysis of the CONTRAST study 
showed that HDF helps improve phosphate con-
trol (more than 30%) when compared to HD [84], 
and fibroblast growth factor 23 has a 30% greater 
clearance by HDF [85]. In addition, patients on 
HDF compared to HD may have a lower erythro-
poietin resistance index, possibly associated with 
reduced inflammation, better biocompatibility, 
and reduced removal of erythropoiesis-inhibiting 
factors [78, 86].

 Studies in Children

HDF is increasingly used in children, but until 
recently there have been few data on outcomes. 
Fischbach et al. showed improved nutrition and 
growth [36], reduced inflammation [87], regres-
sion of left ventricular hypertrophy [87, 88], 
improved anaemia control [87] and reduced 
post- dialysis recovery time [36] in a small num-
ber of children undergoing daily HDF.  In the 
study by Fischbach et  al. impressive catch-up 
growth, achieving a normal height, at/or above 
their target mid-parental height was shown [36]. 
However, this small single-centre study utilised 
6 days per week HDF in the pre-dilution mode. 

Daily HDF improved appetite and corrected 
metabolic acidosis, but other hypothetical 
mechanisms for improved growth may also be 
involved. It is postulated that HDF may have a 
possible anabolic effect associated with the 
greater removal of uraemic toxins such as 
inflammatory cytokine and hormones that regu-
late appetite and growth, as well as superior 
clearance of accumulated endogenous somato-
medin and gonadotropin inhibitors, improving 
target tissue sensitivity to growth hormone [73]. 
Further single-centre studies have shown 
improvements in left ventricular function within 
a short period of HDF therapy [89, 90]. A small 
single-centre study also suggests that switching 
children from nocturnal in-centre HD to noctur-
nal in-centre HDF may significantly improve 
BP, phosphate, and PTH control [31]. Recent 
studies from our group have shown that when 
HD patients are switched to HDF keeping all 
other dialysis-related parameters constant, a 
significant improvement in inflammation, anti-
oxidant capacity, and endothelial risk profile is 
achieved within 3 months [17]. This study sug-
gests that even in children who have a short 
anticipated time on dialysis, HDF is superior to 
conventional HD. Table 21.2 summarises paedi-
atric studies on HDF and the key outcomes. A 
recent report from the Italian Registry suggests 
that HDF use in Italy has been limited to approx-
imately a quarter of patients on extracorporeal 
dialysis, particularly those with high dialysis 
vintage, younger age, or a long expected wait-
ing time to renal transplantation [91].

The International Pediatric Hemodialysis 
Network (IPHN) has recently performed a multi- 
centre observational study to test the hypothesis 
that HDF improves the cardiovascular risk pro-
file, growth and nutritional status, and 
 health- related quality of life outcomes in children 
compared to conventional HD – the HDF, Hearts, 
and Height (3H Study) [31, 64]. 3H suggests that 
HDF halts the progression of increasing carotid 
intima-media thickness (Fig. 21.2), is associated 
with an increase in height standard deviation 
score, and improves patient-related outcomes 
compared to HD (Fig. 21.3) [31].
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Table 21.2 Key studies in children on HDF

Outcomes
No. of participants/
(reference) Conclusions

Uraemic toxin 
clearance, 
endothelial 
risk profile, 
inflammation

22 children
(Agbas et al. [17])

Significant improvement in inflammation, antioxidant capacity, and 
endothelial risk profile achieved within 3 months of HDF compared 
to HD treatment:

Reduction in b2M (p < 0.001), hCRP, ADMA, SDMA, AGEs, 
ox-LDL (p < 0.01 for all)

Increase in total antioxidant capacity (p < 0.001) compared to HD
30 children
(Morad et al. [90])

HDF associated with decreased pro-inflammatory cytokine profile 
(IL-6, TNF-a, hsCRP) compared to conventional HD:

hsCRP 3.41 μg/mL vs. 7.98, IL-6 11.44 pg/mL vs. 168.40 pg/mL 
(p = 0.002)

TNF-a 11.45 pg/mL vs. 15.70 pg/mL (p = 0.008) in the HD vs. 
after 6 months on HDF

33 children
(Fadel et al. [89])

Significant decrease in hsCRP upon changing from HD to online 
HDF:

hsCRP 7.9 ± 8.9 (range 0.3–35.7) μg/mL after 6 months of 
conventional HD vs. 3.4 ± 3 (range from 0.2 to 13) μg/mL after 
6 months of online HDF (p = 0.01)

190 children enrolled and 
133 (78 on HD and 55 on 
HDF) completed 1-year 
follow-up
(Shroff et al. [31])

At 12-month follow-up, hsCRP levels increased in HD but remained 
static in HDF:
  Median CRP 3.9 vs. 0.9 mg/L (p < 0.0001)

Phosphate and 
PTH

190 children enrolled and 
133 (78 on HD and 55 on 
HDF) completed 1-year 
follow-up
(Shroff et al. [31])

Serum phosphate levels similar between HD and HDF patients but 
significant difference in PTH:

PTH levels declined in HDF cohort over 12 months (p = 0.03) but 
remained static in HD (p = 0.13), resulting in lower levels in HDF at 
12 months (86 vs. 365 pmol/L, p = 0.004).

No difference in the type of phosphate binders or cinacalcet use, 
serum and dialysate calcium, and 25-OH- vitamin D levels

Blood pressure 
and 
cardiovascular 
outcomes

33 children
(Fadel et al. [89])

Improved systolic function of the myocardium in the group 
treated by HDF: mean systolic function in HD vs. HDF was 
35 ± 5.6% vs. 39 ± 6% (p = 0.007) and mean ejection fraction 
68 ± 8.5% vs. 72 ± 8% (p = 0.05).

Significant reduction in diastolic dysfunction prevalence with 
HDF compared to conventional HD (n = 25 vs. n = 19, p = 0.03).

190 children enrolled and 
133 (78 on HD and 55 on 
HDF) completed 1-year 
follow-up
(Shroff et al. [31])

Annualised change in cIMT-SDS was a median increase of 
0.41 in the HD group and decrease −0.07 in the HDF group 
(p = 0.02), resulting in a significant difference between groups at 12 
months (p = 0.009). On propensity score analysis, children on HD 
had a +0.47 greater increase in annualised cIMT-SDS change (95% 
CI 0.07–0.87; p = 0.02) compared to those on HDF.

PWV-SDS higher in HD compared to HDF (2.07 vs. 0.68, 
p = 0.002) at baseline and at 12 months (1.43 vs. −0.31, p = 0.0008), 
but no difference in sensitivity analysis

24 h MAP-SDS higher in HD compared to HDF (2.75 vs. 0.98, 
p < 0.0001) at baseline and at 12 months (3.74 vs. 1.38, p < 0.0001). 
MAP-SDS increased from baseline to 12 months in HD (p < 0.0001) 
whereas unchanged in HDF (p = 0.35).

LVMI at baseline comparable in HD and HDF (p = 0.07), but 
higher in HD at 12 months (47.4 vs. 39.3 g/[m2.16 + 0.09], p = 0.017).

(continued)
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Fig. 21.2 Data from the 3H study showing the carotid 
intima-media thickness standard deviation score (cIMT- 
SDS) at baseline and 12 months in incident and prevalent 
HD and HDF patients. Data are shown as median and inter-
quartile range. Incident patients on HD and HDF did not 
show any difference in cIMT-SDS at baseline (p = 0.14). 

Prevalent patients on HD had a significantly higher cIMT-
SDS at baseline compared to HDF (p = 0.04). cIMT-SDS 
increased significantly from baseline in incident and preva-
lent HD patients (∆ = +0.64; p < 0.0001 and; ∆ = +0.34, 
p  =  0.002 respectively), but was static in HDF patients 
(∆ = −0.13, p = 0.85 and ∆ = −0.04, p = 0.58 respectively)

Outcomes
No. of participants/
(reference) Conclusions

Growth and 
nutrition

15 children switched to 
daily online HDF
(Fischbach et al. [36])

Significant increase in growth velocity upon switching to daily 
online HDF, increase in height SDS from −1.5 ± 0.3 to +0.2 ± 1.1 
SDS, p < 0.05

Increased appetite, decreased metabolic acidosis, BMI increase 
from 16.5 ± 2.0 to 18.0 ± 2.4, p < 0.05

190 children enrolled and 
133 (78 on HD and 55 on 
HDF) completed 1-year 
follow-up
(Shroff et al. [31])

Small but statistically significant increase in the annualised 
change in height SDS in children on HDF (∆ = −0.16; p = 0.02), 
whereas height SDS remained static in HD; HDF patients were taller 
than HD patients at 12 months (p = 0.04). Effect was independent of 
growth hormone therapy.

In children above 13 years of age (n = 49 on HD and n = 32 on 
HDF), the median annualised change in height-SDS was significant 
between groups (HD ∆ = −0.01 and HDF ∆ = +0.15; p = 0.005).

Anaemia 190 children enrolled and 
133 (78 on HD and 55 on 
HDF) completed 1-year 
follow-up
(Shroff et al. [31])

Median Hb levels (g/dL) at baseline: 10.3 vs. 10.9 (p = 0.41), 
after 12 months: 10.4 vs. 12.0 (p = 0.001)

Haemoglobin levels comparable between groups at baseline, 
unchanged in HD but increased in HDF during treatment, resulting in 
significantly higher haemoglobin at 12 months in HDF group, with 
no difference in EPO dosage:

MBD metabolic bone disease, RR relative ratio, CI confidence interval, B regression coefficient, RRF renal residual 
function, b2M beta-2 microglobulin, mo month(s), RCT randomised-control trial, hsCRP high sensitivity C-reactive 
protein, IL-6 interleukin 6, IL-10 interleukin 10, AGEs advanced glycation end-products, ox-LDL oxidised low-density 
lipoprotein, ADMA asymmetric dimethyl arginine, SDMA symmetric dimethyl arginine, BMI body mass index, OL-HDF 
online haemodiafiltration, pwv pulse wave velocity, MAP mean arterial pressure, SDS standard deviation score, LVMI 
left ventricular mass index, PTH parathyroid hormone

Table 21.2 (continued)
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Children on HDF had improved blood pres-
sure and haemodynamic stability, reduced 
inflammatory markers, and lower 
β2-microglobulin compared to children on HD 
[31]. The annualised change in vascular mea-
sures correlated with improved BP control and 
clearances on HDF. The 3H study demonstrated a 
very high prevalence of sub-clinical cardiovascu-
lar disease in children on dialysis and an attenu-
ated progression of vascular changes in children 
receiving HDF compared to children receiving 
conventional HD [31]. Within 1 year of conven-
tional HD, the cIMT increased by 0.41 SDS, 
whereas there was no change observed in HDF 
patients [31]. Improved fluid removal as well as 
clearance of middle-molecular-weight uraemic 
toxins by HDF were strongly correlated with 
improved vascular outcomes in HDF.

In the 3H trial, growth rate, a sensitive overall 
health parameter in children, was significantly 
higher in HDF compared to HD patients, indepen-
dent of growth hormone treatment [31]. Convection 

may clear insulin-like growth factor- 1- binding 
proteins and their metabolites that dampen the 
response to endogenous somatomedin and gonad-
otropins [73, 92]. Although mechanisms of 
improved growth in HDF are not clear, the 3H 
study showed an inverse correlation between 
height-SDS increase and β2-microglobulin, sug-
gesting that clearance of middle-molecular-weight 
compounds may partly alleviate growth hormone 
resistance in dialysis patients.

Importantly, children treated with HDF rather 
than conventional HD reported a reduction in the 
frequency and/or severity of headaches, dizzi-
ness, and cramps on dialysis (Fig. 21.3), as well 
as a reduction in the post-dialysis recovery time, 
leading to an improvement in school attendance 
and physical activity [31]. Patient-related out-
come measures that are primarily associated with 
fluid status, such as the post-dialysis recovery 
time, headaches, dizziness, and cramps, were less 
frequent and less severe in HDF compared to HD 
patients. Lower inter-dialytic weight gain on 
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HDF, implying lower ultrafiltration rates per ses-
sion and greater haemodynamic stability, was 
strongly associated with fewer symptoms. 
Similar reports of fewer symptomatic intradia-
lytic hypotensive episodes and muscle cramps 
were reported in a vulnerable population of 
elderly dialysis patients in the FRENCHIE study 
[75], and a lower risk of stroke, attributed to 
improved intradialytic haemodynamic stability in 
HDF patients, was reported in ESHOL [23, 93]. 
The Standardized Outcomes in Nephrology  – 
Hemodialysis (SONG-HD) workgroup has iden-
tified fatigue as one of the most highly prioritised 
outcomes for dialysis patients and clinicians [94], 
and children value ‘life participation’ as their 
most important outcome measure.

In the 3H study, median convection volumes 
of 13.4  L/m2 were achieved in children [64], 
which is comparable to the 23 L per 1.73 m2 per 
session that proved beneficial in the pooled adult 
studies [25]. Importantly, the convection volume 
was independent of patient-related factors, such 
as age, gender, access type, or dialyser used, but 
strongly correlated with the blood flow rate [64], 
implying that convection volume is a modifiable 
factor that can be manipulated and optimised by 
the dialysis team.

Importantly, no reduction in serum albumin 
levels was observed with HDF, and no difference 
in the rate of change of residual renal function 
[31] was observed in children on either dialysis 
modality, implying that HDF is a safe treatment. 
Moreover, HDF patients who had a significant 
loss in residual renal function during the study 
period were able to maintain constant 
β2-microglobulin levels, whereas levels increased 
in HD patients [31]. Although the 3H study 
included over 40% of children on extracorporeal 
dialysis in Europe, it is not a randomised trial, so 
confirmation of the observed results through ran-
domised trials is required.

 Conclusions

HDF is a safe and effective dialysis therapy that 
has been shown to have significant benefits over 
conventional HD both in children and adults. 

Careful attention to the HDF technique, particu-
larly focusing on achieving optimal convective 
volumes, is important in order to gain maximum 
benefit from this treatment.
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Maintenance Hemodialysis  
During Infancy

Sarah J. Swartz and Fabio Paglialonga

 Introduction

Over the last decades, the number of infants with 
ESKD has significantly increased [1, 2]. These 
infants frequently have other comorbidities. 
Although preemptive renal transplantation is the 
best treatment strategy, it is usually necessary to 
postpone transplantation until the infant has 
gained weight and grown to body weight of 
8–10 kg and length 75–80 cm. While peritoneal 
dialysis (PD) remains the dialytic modality of 
choice in this age group, hemodialysis (HD), 
either as a bridge to peritoneal dialysis or as a 
long-term modality, is required in selected cases. 
The provision of HD during infancy is character-
ized by some peculiarities in terms of technical 
details and long-term clinical management due to 
the infant’s small size.

 Epidemiology/Indications

Data from different large international registries 
show that most infants and small children requir-
ing dialysis are currently treated with PD; only 
8.7–13.5% of the patients below 1 year of age 
undergo maintenance HD [1–5]. Main indica-
tions for HD in infants are anatomical contraindi-
cations for PD (gastroschisis, omphalocele, 
bladder exstrophy) and primary oxalosis. In addi-
tion, there is a small subset of infants with neona-
tal ESKD who either require HD as a bridge to 
PD initiation or following failure of PD [6]. 
Psychosocial problems can be considered rela-
tive indications to chronic HD as well [6].

 Technical Issues

 Vascular Access

Central venous catheter (CVC) is used as vascu-
lar access in almost 100% of infants needing 
hemodialysis. Although the use of arteriovenous 
fistula is associated with lower complication rate 
and longer access survival than CVC in children 
on maintenance HD, the placement of an AVF in 
infants requires specific surgical skills, and it is 
currently feasible in only a few selected centers 
with great expertise in microsurgical techniques 
for children 10–20 kg. Different types of cathe-
ters are used in infants on HD with huge differ-
ences in terms of outcome with mean CVC 
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survival rates ranging from 21 to 390  days 
according to the available reports [7–16]. Given 
that uncuffed catheters are associated with lower 
survival and a higher incidence of infectious and 
noninfectious complications, their use should be 
reserved for acute HD only. Catheter selection is 
driven by infant size with the goal to avoid endo-
thelial damage and development of venous steno-
sis. Appropriate catheter selection is paramount 
but limited by available products. Both 8 Fr 
double- lumen cuffed CVCs and 6.5 single-lumen 
cuffed CVCs are currently available in most 
countries and are appropriate for the majority of 
infants requiring long-term HD. The CVC should 
be placed in preferably the right internal jugular 
vein by percutaneous cannulation or surgical 
approach by specialized experts and managed by 
trained personnel only.

Central line use is hampered by the risk of 
malfunction, central vein thrombosis, and infec-
tions. Unfractionated heparin is the most fre-
quently used lock solution; heparin concentration 
should not exceed 1000 U/ml to avoid the risk of 
systemic anticoagulation, and 500  U/ml is ade-
quate for most of the infants. Urokinase or rtPA 
and sodium citrate are possible alternatives with 
good results in older children but without specific 
studies in infants. Frequently limited vascular 
access is a leading cause of morbidity and mor-
tality in this population. Central vein thrombosis 
occurs in a high (but difficult to estimate) propor-
tion of patients starting HD in the first years of 
life; data from the Italian Pediatric Dialysis 
Registry showed that radiologic evidence of cen-
tral vein thrombosis was found in 38% of chil-
dren treated with chronic HD in the first 2 years 
of life, with two out of four deaths due to lack of 
vascular access [14]. Doppler ultrasound central 
vein monitoring can be of some help to diagnose 
thrombosis as early as possible allowing for 
appropriate treatment. A small single center 
study proposed the use of sodium warfarin to 
improve CVC survival in children on HD [17]. 
Some centers have used prophylactic enoxaparin 
with success in older infants with frequent cath-
eter dysfunction. Data assessing these strategies 
to prevent central vein thrombosis in infants are 
significantly lacking.

The incidence of CVC infections is highly 
variable in different studies, ranging from 0.3 to 
10 episodes per 1000 CVC days [7–16]: an infec-
tion incidence lower than 1/1000 CVC days can 
be considered an acceptable target. Standardized 
bundle practices are frequently used for catheter 
care and maintenance to prevent infection [18]. 
Strict sterile technique for CVC management by 
experienced nurses is the cornerstone of CVC 
infection prevention in infants as in older 
children.

 Equipment (Machines/Dialyzers/
Blood Lines)

Machines designed for adult patients are used in 
most centers for infant HD, but their relatively 
low accuracy in measuring ultrafiltration volume 
and large extracorporeal blood volume (EBV) is 
an important limitation. It is well demonstrated 
that adult dialysis machines are subjected to an 
ultrafiltration error of ±30–50 ml/h, with possible 
significant discrepancies between the prescribed 
and actual fluid removal. Hence close monitoring 
to reassess volume status throughout the treat-
ment is paramount.

To prevent hemodynamic imbalances, EBV 
should ideally be maintained lower than 10% of 
patient blood volume (BV), which is difficult to 
achieve with most of the currently available 
machines, dialyzers, and blood lines. Total EBV 
is the sum of the hemofilter blood compartment 
and blood lines (plus CVC lumens). The infant’s 
blood volume is approximated by 80  ml/kg * 
body weight. Dialyzer selection in an infant pop-
ulation involves choosing a combination of filter 
and blood lines which will impart the lowest 
EBV to minimize hemodynamic imbalances 
while providing adequate surface area for clear-
ance and fluid removal. In regard to the dialyzers, 
the smallest filters available in Europe are the 
Gambro Polyflux 2H and Fresenius FX Paed, 
both of which have a surface of 0.2  m2 and an 
EBV of 17 and 18 ml, respectively. In the USA, 
the smallest available filter is the Fresenius 
Hemoflow F3 with a surface area 0.4  m2 and 
EBV 24 ml (Table 22.1).
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In regard to blood lines, the available selection 
is also quite limited. The Gambro neonatal lines 
for AK200 are the smallest lines on the market in 
Europe, with a BV of 33  ml. However, this 
machine is no longer produced, and the same will 
soon become true for the blood lines. In the USA, 
low volume blood lines are available from 
Medisystems (2.6 mm and 4.8 mm) with BV of 
29 ml and 52 ml, respectively, and Cobe (neona-
tal and pediatric) lines with BV 40 ml and 75 ml, 
respectively. The low-volume Medisystems lines 
however are without arterial line pressure moni-
toring capabilities.

In the more recent years, two new hemodialy-
sis machines have been specifically designed for 
extracorporeal renal replacement therapy in neo-
nates and small children. This technology is cur-
rently available in Europe but not yet in the 
USA.  The CARDIO-RENAL PEDIATRIC 
DIALYSIS EMERGENCY MACHINE 
(CARPEDIEM) is a device developed at the 
International Renal Research Institute in San 
Bortolo Hospital in Vicenza, Italy [19, 20]. It has 
the ability to provide continuous veno-venous 
hemofiltration and continuous veno-venous HD 
in neonates and children weighing less than 
10 kg. The system offers a miniaturized version 
of conventional adult continuous renal replace-
ment therapy machine with the availability of 
three different sized hemodialyzers ranging from 
0.075 to 0.25 m2 with the total circuit EBV from 
27 to 42  ml. Blood flow rate and dialysate- 
substitution flow rate can be set at 2–50 ml/min 
and 1–10  ml/min, respectively; the maximum 
fluid removal is 1000  ml per session with an 
accuracy of 1 ml per h. Although CARPEDIEM 
is designed for continuous renal replacement 

therapy, the first experiences have recently been 
published reporting its use for intermittent HD in 
neonates and infants with ESKD [20]. The 
Newcastle Infant Dialysis and Ultrafiltration 
System (Nidus) is a miniaturized machine which 
uses two syringes to pump blood. Its circuit vol-
ume is less than 10 ml and only a single-lumen 
line is needed to provide the therapy. It has the 
capability to provide a prescribed blood flow rate 
between 20 and 45 ml/min and accurate ultrafil-
tration down to the microliter. It was developed 
for renal replacement therapy in infants weighing 
between 800 grams and 8 kg. The first reports on 
this machine are really promising [21].

 Blood Flow

The dialysis prescription should be tailored to the 
size of the infant. Ideally blood flow rates (Qb) 
should be kept at 3–8 ml/kg/min. The following 
formula can also be used to calculate the ideal 
Qb: (body weight + 10) × 2.5 ml/min. Frequently 
however higher Qb (~15  ml/kg/min or 30  ml/
min) is required due to the limitations of current 
available technology. The optimal Qb should 
however be established slowly over multiple ses-
sions and during each treatment to prevent hemo-
dynamic compromise.

 Connection and Disconnection

In case of ECV/BV  >  10%, priming with either 
blood or albumin is usually suggested to avoid 
hemodynamic problems at the beginning of the 
treatment. Blood priming with pure red blood cells 

Table 22.1 Hemofilters for infant hemodialysis

Dialyzer Distribution
Surface
(sqm)

Blood volume
(ml) Membrane

Urea clearance
(ml/min)

Kuf
(ml/h/mmHg)

Gambro Polyflux 2H Europe 0.2 17 Polyamix 72* 15
Fresenius FX Paed Europe 0.2 18 Helixone 76* 7
Fresenius Hemoflow 
F3

USA 0.4 24 Polysulfone 125** 1.7

Gambro CA50 USA 0.5 35 Cellulose 
acetate

130** 2.5

*Qb 100 ml/min, Qd 300 ml/min
**Qb 200 ml/min, Qd 500 ml/min
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diluted to hematocrit 35% is required to prevent 
hemodynamic changes until the ECV/BV is closer 
to 10–15%. Blood prime however can be associ-
ated with an increased risk of sensitization, hyper-
kalemia, and hypocalcemia especially in the 
smaller infants. Due to the disproportionally large 
EBV, when the circuit is primed with blood, it 
should not be returned to the infant at the end of the 
session due to the acute risk of volume overload 
and hence hemodynamic instability, hypertension, 
and cardiac failure. When priming with albumin, 
the EBV should be returned to the infant slowly 
(typically slower than 20% treatment Qb) balanc-
ing the need to limit the amount of saline adminis-
tered at the end of treatment and the importance of 
clearing the dialyzer when returning to the EBV to 
reduce anemia from chronic blood loss.

 Anticoagulation

Sodium heparin is the preferred anticoagulant for 
HD in infants. The standard dose is 10–20 U/kg 
as initial bolus followed by 10–30 U/kg/h as con-
tinuous infusion, maintaining a target activated 
clotting time (ACT) of 180–220  s. The dose 
required is dependent on several factors, but low 
Qb, high hematocrit levels, and significant hemo-
concentration due to ultrafiltration are known 
risk factors for clotting, which could require an 
increase in heparinization. Lower ACT targets 
may be suggested for neonates and very small 
infants, in particular in case of arterial hyperten-
sion, to reduce the risk of intracranial hemor-
rhage. If the circuit is primed with heparinized 
saline, the amount of heparin administered with 
the connection at the beginning of dialysis should 
be modified to take heparin exposure from the 
prime into account.

 Ultrafiltration (UF) and Dry Weight 
Assessment

Cardiovascular complications are a leading cause 
of hospitalization and death in children with 
ESKD, and in particular in infants on chronic 
HD. Volume control is the mainstay of cardiovas-
cular protection in this population, as both 

chronic and intermittent volume overload can 
lead to hypertension and cardiac impairment. On 
the other hand an excessive or too fast UF rate 
should also be avoided as it is associated with 
intradialytic morbidity, loss of residual renal 
function, and myocardial stunning. The first step 
in improving volume management is to accu-
rately assess dry weight (DW), which is a diffi-
cult task particularly in small children and infants 
as anticipated true weight gain needs to be dif-
ferentiated from fluid gains. The clinical assess-
ment of DW is important but often misleading. In 
this population, the presence of edema is not a 
sensitive marker of volume overload. An accurate 
assessment of DW replies on a comprehensive 
evaluation that includes more parameters. Among 
the available techniques, blood volume monitor-
ing is the best method to guide UF goals in chil-
dren on HD [22, 23]. Bioimpedance analysis, 
inferior vena cava diameter, lung ultrasound, and 
brain natriuretic peptide monitoring can be help-
ful although serial assessment and longitudinal 
follow-up are needed to provide patient-specific 
comparative values [23]. However, the reliability 
of these techniques can be influenced by the 
expertise of the center.

Intradialytic hypotension is frequently exacer-
bated by anemia and carnitine deficiency, both of 
which are common in infants with ESKD.  To 
reduce the risk of intradialytic complications, the 
UF rate should be lower than 0.2 ml/kg/min or 
4% of body weight per session. Carnitine and 
serum albumin levels should be monitored regu-
larly and replaced if deficient. Despite correction, 
intradialytic hypotension may recur limiting UF, 
and infant may need alpha agonist such as mido-
drine for cardiovascular support during HD treat-
ments. Frequently UF rates need to be modified 
throughout the HD treatment. In case of intradia-
lytic hypovolemia or hypotension, UF must be 
stopped and normal saline (5 ml/kg) or albumin 
(0.25 g/kg) administered.

 HD Schedule

Frequent hemodialysis is often required during 
the first year of life for infants who are unable to 
transition to peritoneal dialysis. Several factors 
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other than adequacy (kt/v) need to be taken into 
account when prescribing the dialysis dose in 
terms of session number and duration, including 
UF need, metabolic control, growth, primary 
renal disease, and residual urine output. The 
smallest infants typically require daily HD to 
meet the infant’s nutritional needs to promote 
growth and maintain metabolic and volume con-
trol. Overall the dialysis frequency tends to be 
most influenced by the infant’s fluid require-
ments. Thus, a standard thrice weekly HD sched-
ule is often inadequate for infants; more than 
60% of children younger than 2 years of age 
received ≥4 sessions/week according to the 
Italian Pediatric Dialysis Registry [14].

 Clinical Problems

 Growth

Nearly 30% of postnatal growth occurs during 
the first 2 years of life, which implies that a spe-
cial attention should be paid to this issue in 
infants with ESKD.  Growth retardation is epi-
demic in small children on HD, occurring in 
22–90% of infants according to the different 
reports. Growth hormone however is not typi-
cally recommended until after the first year of 
life. During the first year of life, growth tends to 
be dependent on providing adequate caloric and 
protein intake. An infant’s nutritional needs to 
promote growth can however vary. It is suggested 
that the initial dietary prescription for infants on 
HD should provide at least 100% of dietary refer-
ence intake (DRI) for healthy peers. The DRI 
accounts for 100% of the dietary energy intake 
and dietary protein intake required to promote 
growth as no evidence exists that infants with 
ESKD have different nutritional requirements 
compared with healthy children. According to the 
National Kidney Foundation Kidney Disease 
Outcome Quality Initiative (NKF K/DOQI) rec-
ommendations, infants on HD require 1.6 grams/
kg/day of protein if <6 months and 1.3 grams/kg/
day of protein between 7 and 12 months of age 
[24] . The amount of protein provided in the diet 
should be adjusted based on serum BUN, albu-

min levels, calculated nPCR, and linear growth 
and can vary between 1.1 and 2.2 grams/kg/day.

Formulas provided to meet the nutritional 
requirements of an infant with ESKD frequently 
need to be adjusted to prevent hyperkalemia 
while providing adequate calories. Frequently 
standard formulas such as Nephea Infant (Europe 
only), Kindergen (Europe only), Similac PM 
60/40 (the USA only), Renastart (the USA only), 
or breast milk are used as a base. These formulas 
are characterized by reduced potassium and 
phosphate levels. In infants with oligoanuria, 
these formulas typically need to be concentrated 
with addition of carbohydrate and protein modi-
fiers to provide adequate calories in a reduced 
volume. On the other hand, infants with polyuric 
renal failure such as renal dysplasia with renal 
salt wasting frequently require increased free 
water and/or sodium chloride supplements to 
maintain both euvolemia and metabolic control.

Frequently infants with ESKD have anorexia 
and oral aversion requiring either gastrostomy or 
nasogastric tube to ensure delivery of nutritional 
needs. Metabolic acidosis also exerts a detrimen-
tal effect on growth and nutritional status and, if 
present, should be corrected with sodium bicar-
bonate supplements to maintain serum 
HCO3 ≥  22 mmol/L.  In case of growth failure 
despite adequate dietary intake and good meta-
bolic control, the use of growth hormone should 
be considered based on small trials of infants 
with CKD which have demonstrated improve-
ment in growth velocity with use of growth hor-
mone [25, 26].

 Anemia

Anemia in infants with ESKD is frequently mul-
tifactorial and related to combination of prema-
turity, physiologic nadir, erythropoietin (EPO) 
deficiency associated with CKD, and blood loss. 
Although there are no set recommendations 
around goal hemoglobin levels in infants with 
ESKD, healthy infants typically have higher 
hemoglobin than healthy children (Table 22.2). 
Uncontrolled anemia can frequently lead to 
hemodynamic instability during hemodialysis 
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resulting in frequent need for blood transfusions 
to maintain hemoglobin at least 8.5–9 grams/dl. 
In addition to blood exposure for circuit prime, 
the percentage of infants on hemodialysis who 
need blood transfusions ranged in the published 
reports between 56% and 90%, with most of the 
infants requiring multiple transfusions. Feinstein 
demonstrated that infants starting HD during the 
first year of life required a median of 25 ml/kg/
month of blood in the first three months of dial-
ysis [12]. Blood loss was mainly attributable to 
residual volume in the dialysis system (15.7 ml/
kg/month) and frequent blood tests (12.1 ml/kg/
month). Attempting to limit exposure to blood 
however is key in this population due to the 
long- term sequelae of blood product exposure 
including risk of HLA sensitization with the 
consequent risk of prolonged waiting times for 
renal transplantation and antibody-mediated 
rejection.

To reduce the need for blood transfusions, iron 
supplement and rhEPO are needed in almost all 
infants on chronic HD. Frequently infants require 
higher doses of rhEPO when compared with 
older children if normalized for body weight 
(usually >400  U/kg/week). Typically rhEPO is 
initiated at 50–150 units/kg/dose or 150–450 U/
kg/week, administered intravenously, and titrated 
monthly based on response. Iron administration 
is required via enteral or intravenous route to 
optimize rhEPO efficacy; iron dose also requires 
titration based on response for goal transferrin 
saturation >20% and ferritin >200 ng/ml. Enteral 
iron supplementation is typically started at 3 mg/
kg/dose and titrated to 6 mg/kg/dose of elemental 
iron. Intravenous ferrum (ferric gluconate or iron 
sucrose) can be administered starting at 1 mg/kg 
weekly. Blood loss should be minimized by lim-
iting unnecessary laboratory screening and opti-
mizing anticoagulation to prevent loss of 
circuits.

 Hypertension

High blood pressure affects almost 80% of infants 
on chronic HD. Hypertension is typically second-
ary to volume overload or renin mediated due to 
underlying renal disease.

As previously mentioned, volume control is the 
cornerstone of BP management in all patients with 
ESKD and particularly in infants. Appropriate fluid 
restrictions and frequency of dialysis need to be 
instituted to allow for adequate nutritional intake in 
conjunction with low interdialytic weight gains 
(ideally <4% of body weight) and slow ultrafiltra-
tion. In addition, frequent reassessment of dry 
weight is needed to account for expected weight 
gain. Antihypertensive medications are often 
needed in infants on HD to maintain BP within 
age- appropriate norms. ACE inhibitors should be 
considered the first-line agents if antihypertensive 
therapy is needed. Cardiac function should be 
monitored closely with frequent echocardiograms.

 CKD/MBD

Mineral bone disorder is very common in infants 
with ESKD and a main cause of growth retarda-
tion related to uncontrolled secondary hyperpara-
thyroidism. Infants are at high risk of skeletal pain, 
bone deformities, and pathological fractures in set-
ting of uncontrolled MBD.  Infants require both 
higher calcium and phosphorus levels for bone 
formation in the setting of rapidly growing bones. 
Hence unlike children who struggle with hyper-
phosphatemia and require phosphate binding 
drugs, infants on hemodialysis, especially if 
receiving frequent HD, often require phosphorus 
supplement to avoid hypophosphatemia and main-
tain serum phosphorus ≥4.5  mg/dl or 
1.5 mmol/L. In those patients with high phosphate 
levels despite dietary and dialysis optimization, 
calcium carbonate or sevelamer carbonate can 
safely be used. In addition, infants require a posi-
tive calcium balance via a combination of dietary 
intake, calcium supplement, and high calcium 
concentrations in the dialysate (2.5–3  meq/L or 
1.25–1.5  mmol/L). Parathyroid hormone (PTH) 
levels should be checked at least once per month in 
infants. There is no consensus on optimal PTH tar-

Table 22.2 Normal values for hemoglobin and hemato-
crit in infants

Age
Hemoglobin  
(g/dL) Hematocrit (%)

Term birth 16.5  ±  3.0 51  ±  9
2–6 months 11.5  ±  2.5 35  ±  7
6 months–2 years 12.0  ±  1.5 36  ±  3
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gets in infants on chronic HD, but levels of intact 
PTH between 100 and 200 pg/ml are usually sug-
gested. Treatment with native vitamin D if defi-
cient or activated vitamin D analogue such as 
calcitriol or paricalcitol if high PTH should be ini-
tiated. Frequently infants require supplements 
with both. Activated vitamin D analogues can be 
administered enterally or intravenously; if given 
enterally however, medication should be adminis-
tered by mouth as it frequently will adhere to plas-
tic resulting in ineffective administration.

 Psychosocial Impact

Chronic HD in infancy is associated with signifi-
cant psychological stress for the child and the 
family due to frequent in-center treatments, mul-
tiple hospitalizations, invasive procedures, and 
various medical problems resulting in significant 
care complexity. Moreover, infants with ESKD 
often experience significant development delays 
associated with chronic illness and have an 
increased risk of neurologic deficit compared to 
their healthy peers. Each dialysis treatment can 
be difficult and stressful as the infant is unable to 
understand the procedure and requires a continu-
ous presence of a caregiver. Frequently not only 
is a parent required for distraction but additional 
members of the interdisciplinary team including 
the child life specialist or music therapist. In 
addition a 1:1 nurse to patient ratio is usually 
needed to ensure the infant’s safety especially as 
they become more mobile. A psychologist and 
social worker are also instrumental in aiding the 
family in the adjustment process for caring for an 
infant with complex medical needs. Hence, the 
provision of psychosocial support is an integral 
part of the care of these patients.

 Outcomes

Infants maintained on chronic HD have a mortal-
ity rate 14–30% with those with comorbidities 
having the greatest risk according to available 
reports [1–5, 7–14]. Cardiovascular complica-
tions and infections remain the leading causes of 
death for this age. Lack of vascular access is a 

huge problem in the long term [14]. HD however 
can provide a successful bridge to transplant for 
those infants that are unable to be maintained on 
peritoneal dialysis. Successful transplantation is 
reported in a variable percentage ranging from 
28% to 82% of patients according to different 
studies [1–5, 7–14]. In a study of the ERA/ESPN 
registry, Vidal recently compared the outcome of 
917 infants who initiated dialysis with PD to 146 
infants who initiated dialysis with HD; the 5-year 
cumulative incidence of death and of transplanta-
tion in HD cohort was 16.3% and 69%, respec-
tively [5]. Interestingly, the mortality risk and the 
likelihood of transplantation were not different 
between the modalities. Notably, however infants 
on HD had a higher risk for changing dialysis 
modality (at 5 years 30.9 vs 24.6%) (Fig. 22.1).
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Fig. 22.1 Cumulative incidence curves for (a) death 
(with transplantation as a competing risk); (b) modality 
switching (with both death and transplation as competing 
risks); and (c) transplantation (with death as competing 
risk). (Modified from Ref. [5])
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Developmental delay is a major issue in infants 
undergoing chronic dialysis irrespective of dialy-
sis modality. Infants require early physical and 
occupational therapy to help promote appropriate 
development. Infants on hemodialysis however are 
at increased risk for brain injury associated with 
alterations in blood pressure with repeated epi-
sodes of both hypotension and hypertension as 
well as potential hypoxemia, hypoperfusion, and 
temperature dysregulation during HD sessions.

 Conclusions

Although PD is the most appropriate renal 
replacement therapy modality for infants requir-
ing dialysis, maintenance hemodialysis can pro-
vide an alternative management strategy to bridge 
an infant to the ultimate goal of renal transplanta-
tion for management of ESKD. Hemodialysis is 
feasible in infants with ESKD. Notwithstanding 
significant advances in the last decades, the 
 provision of hemodialysis for infants is still ham-
pered by technical challenges including the limi-
tation of the available equipment and need for a 
CVC with its short- and long-term complications 
and clinical challenges including poor growth, 
anemia, and blood pressure variability. Infants 
with ESKD should be treated in very specialized 
centers with a skilled multidisciplinary team, 

which must include pediatric nephrologists, 
nurses, psychologists, dieticians, child life spe-
cialists, play therapists, and social workers as 
well as other pediatric subspecialists.
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Home Haemodialysis in Children

Daljit K. Hothi and Claus Peter Schmitt

 Introduction

Haemodialysis as a chronic maintenance therapy 
for end-stage renal disease (ESRD) started in the 
early 1960s with groups in Boston, London, 
Seattle and Hokkaidō providing 8–12  hours of 
dialysis two to three times/week. These patients 
were dialysed at home and perceived fewer 
restrictions on their daily lives with liberalisation 
of fluid and dietary restrictions compared to non- 
dialysed patients. In 1962, Scribner started the 
world’s first outpatient dialysis facility in Seattle. 
As news of the successful dialysis programs 
spread, very quickly demand exceeded capacity 
necessitating difficult decisions about patient 
selection. Consequently, numerous dialysis cen-
tres were established in the 1970s and 1980s. 
Home haemodialysis (HHD) declined, owing to 
the significant burden reported by families and 
the difficulties with practicalities and resource 
commitments that were arising from managing 
both a home program and an in-centre unit. With 
improving survival data of in-centre patients, 
questions arose about the benefit of prolonged 
dialysis sessions, which resulted in in-centre, 

4  hours, three times per week, ‘conventional’ 
dialysis prescriptions in parallel with a consensus 
on defining ‘adequate’ dialysis through blood 
urea purification, namely, Kt/Vurea. In spite of this 
trend, some groups continued to deliver extended 
HD regimens and demonstrated improved out-
come [1].

In the 1990s, there was a renewed interest in 
HHD prescriptions, predominantly driven by an 
operational need to meet the rising demand for 
dialysis with a fixed in-centre capacity and the 
option of intensifying HD with low psychosocial 
patent burden seen with prolonged in-centre HD 
times. As this dialysis cohort started to grow, the 
collective narrative from these patient series also 
triggered a desire to understand and build an evi-
dence base on the potential health and psychoso-
cial benefits of HHD prescriptions.

 Rationale for Augmented Home HD

Dialysis is a life-saving procedure, but the 
inherent limited purification and buffering 
capacity remains a major risk factor for morbid-
ity and mortality in children and adults. The 
USRDS Registry data for patients on conven-
tional HD with datasets up to 2003 indicated 
that the lifespan of a child on dialysis was 
40–60  years less than the general population 
whilst that of a paediatric transplant recipient 
was 20–30 years less than the general popula-
tion [2]. Thus, the effect of increasing dialysis 
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dose has repeatedly been studied. In the HEMO 
trial, patients on a higher- dose HD with a urea-
reduction ratio of 75.2%, i.e. a single pool Kt/V 
(spKt/V) of 1.71, experienced a minor mortality 
risk reduction only (relative risk 0.96) compared 
with standard dose HD (urea-reduction ratio of 
66%, sp Kt/V of 1.32) [3]. On a secondary anal-
ysis, women on higher- dose dialysis had a sig-
nificantly lower mortality risk. Wolfe et  al. 
demonstrated that patients treated with URR 
>75% had a substantially lower relative risk of 
mortality than patients treated with URR 70 to 
75% (P  <  0.005 each, for medium and small 
BMI groups) [4]. According to the DOPPS 
review of 22,000 HD patients from seven coun-
tries, a higher Kt/V was an independent predic-
tor of lower mortality with a synergistic survival 
advantage with treatment time. Survival was 
most pronounced by combining a higher Kt/V 
with longer treatment time. For every 30 min-
utes longer on HD, the relative risk of mortality 
was reduced by 7% [5]. An ANZDATA analysis 
of 4193 patients found that the optimal dialysis 
dose for survival was a Kt/V greater or equal to 
1.3 and a dialysis session greater or equal to 
4.5  hours. A duration less than 3.5  hours was 
associated with a higher mortality risk [6].

Targeting HD according to Kt/V does not 
take into account the removal of middle mole-
cules or phosphate, pathogenic mediators of 
uraemic morbidity and mortality. For both, puri-
fication is poor with conventional dialysis. 
Middle molecules are more effectively removed 
by convective dialysis modalities such as hae-
modiafiltration (HDF), but in the absence of 
increased convection, increased time on HD is 
beneficial. Phosphate clearance is best achieved 
by increasing the total weekly dialysis time. 

Traditionally, paediatric dialysis units have 
set maximum UF targets as a total UF volume 
per dialysis session, with ranges between 5% 
and 8% of the dry weight. However, tolerance of 
UF can vary between patients and amongst 
patients. Studies in adults have shown an asso-
ciation between UF rate and mortality. Movilli 
et  al. demonstrated a critical safe point, with 
improved survival with UF rates less than 
12.37  mls/kg/h [7]. Patients that frequently 

exhibit intradialytic hypotension are at a higher 
risk of mortality compared to those that experi-
ence no hypotension [8]. A higher UF rate 
places patients at higher risk of intradialytic 
hypotension and multi-organ ischaemia. The 
consequence of a high UF rate in the heart is 
myocardial ischaemia causing reversible, 
regional, left ventricular dysfunction, a phe-
nomena called myocardial stunning which fur-
ther aggravates intradialytic cardiovascular 
instability [9]. Regional myocardial dysfunction 
and ischaemia have been demonstrated in chil-
dren during conventional HD prescriptions. The 
degree of myocardial dysfunction correlated 
with the UF rate and intradialytic blood pressure 
change [10]. In young children with a higher 
dependency on liquid feeds and in adolescents 
prone to non- adherence to salt and fluid restric-
tions, UF requirements can be particularly high. 
The impact of UF rate on outcome in children 
has not been systematically studied, but a nega-
tive impact is likely and thus low UF rates are 
advised. Setting an upper UF rate limit of 
12 mls/kg/h will necessitate longer or more fre-
quent dialysis sessions in oligo-anuric paediat-
ric patients.

Taken together, current evidence suggests that 
HD outcomes can be improved in children and 
adults through longer dialysis sessions that 
deliver a larger dose whilst reducing UF rates and 
maintaining intradialytic blood pressures.

 Home HD Prescriptions

Dialysis in the home creates an opportunity for 
delivering augmented dialysis treatments, pre-
scribed as an intended weekly dose. Then, in 
partnership with the patient and their carers, a 
realistic goal for each individual dialysis session 
within the week can be formulated. As a general 
rule, the paediatric dialysis community would 
consider ‘conventional HD’ as up to 5 hours of 
dialysis three times per week. A weekly dialysis 
prescription that comprises more than 15 hours 
falls under the remit of ‘intensified’ or ‘aug-
mented’ HD.  The augmented HD regimens are 
further classified according to their duration 
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(treatment hours per session), frequency (alter-
nate days or four to seven times per week), their 
location (in-centre or at home) and timing (day-
time or nocturnal).

There is no doubt that augmented prescrip-
tions translate to patients needing to spend more 
time per week on dialysis. However, by deliver-
ing this at home, with parents or carers being 
trained to deliver the dialysis, a degree of flexibil-
ity is allowed around when the dialysis takes 
place. In addition, it removes the need to travel to 
hospital several times per week and offers fami-

lies the opportunity to establish new routines 
both for the patient, such as returning to school, 
and also for the entire family. This helps restore 
the balance between benefit and burden of aug-
mented HD.

Over the years several hybrids of HHD pre-
scriptions have emerged. We have summarised 
the potential gains and considerations of some of 
the most commonly adopted prescriptions in 
Table 23.1.

Table 23.1 Essential considerations of different intensified HD prescriptions in children [11]

Prescription

Session 
duration 
[hours]

Sessions per 
week Patient or family considerations Prescription considerations

Short daily 2–3 6–7 Helpful for working/busy 
parents with a limited 
window for dialysing
Best for young children who 
cannot tolerate long sessions
Higher frequency best for 
children unable to tolerate 
aggressive UF or poorly 
adherent to fluid restrictions

Most expensive due to higher dialysis 
consumables cost
Dialysis and blood flow typically 
unchanged from conventional HD
Seldom allows discontinuation of 
phosphate binders
Improved BP control, lower 
antihypertensive requirement

Extended 4.5–5.5 ≥Alternate 
days

Alternate-day therapy offers 
greater respite time for the 
caregiver
Teenagers become 
increasingly frustrated 
sacrificing their evenings and 
social events to HD

Dialysis and blood flow rates typically 
20–30% lower than conventional 
prescriptions
Often allows liberalisation of dietary 
and fluid restrictions
Improved BP control, lower 
antihypertensive requirement

Nocturnal 7–12 ≥Alternate 
days

Dialysing overnight can 
induce anxiety in caregivers 
and children from fear of 
disconnection or not hearing 
machine alarms
Virtually eliminates adverse 
intradialytic symptoms
Greatest chance of achieving 
complete freedom from 
dietary and fluid restrictions 
possible

Requires additional safety 
considerations
Patients may develop persistently low 
BP. Clinicians may wish to consider 
prophylactic midodrine at the start of 
dialysis to support the BP for UF
Dialyse against 1.75 mmol/L dialysate 
calcium to protect against a negative 
calcium balance
Higher frequency nocturnal HD may 
cause hypophosphatemia Treat with oral 
supplements and/or add phosphate to 
the dialysate concentrate (such as a 
sodium phosphate enema preparation)
Risk of dialysis-induced deficiencies. 
Some have advocated a daily dose of 
renal multivitamins

These considerations are based on expert personal opinion
BP blood pressure, HD haemodialysis, UF ultrafiltration
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 Setting Up a Paediatric Home HD 
Program

 Patient Selection Criteria

The reasons for selecting a HHD treatment can 
be multiple, including medical, social, education 
or families exercising their rights to choose a unit 
where HHD is an option. At the earlier stages of 
a HHD program, it is advisable to set conserva-
tive selection criteria until the team’s experiences 
and confidence grows. A suggested patient selec-
tion criteria are listed in Table 23.2, but the spe-
cifics should be determined in the planning stage 
of a home HD program by a multidisciplinary 
team.

With growing confidence and experiences, the 
team at Great Ormond Street Hospital has gradu-
ally moved away from a lengthy list of inclusion 
criteria to a few exclusion criteria that mainly 
comprise (i) a lack of a home or home base to 
accommodate the dialysis treatment and (ii) lack 
of commitment to deliver the agreed dialysis 
schedule reliably and consistently. Failed home 
PD does not necessarily preclude the possibility 
of HHD.

 Infrastructure

Developing a HHD program requires careful 
planning, resources, a commitment to safety and 
risk management and dedicated staff. The service 
delivery model can vary considerably and is 
largely influenced by four factors:

• Resources and existing expertise
 – Is the ambition to be fully independent or 

will a partnership with a neighbouring pae-
diatric or adult service become necessary?

• Spectrum of dialysis prescriptions to be 
offered
 – Will routine prescriptions include daytime 

and nocturnal treatments?
 – How many sessions will be routinely pre-

scribed per week?
• Preferred dialysis system

 – What home modifications will be required?
 – How familiar is the in-centre dialysis team 

with the home dialysis system?
 – Which dialysis consumables will be deliv-

ered to the home and how often?
 – How will the dialysis machines and dialy-

sate system be serviced and maintained?
• Training patients and their carers

 – Will training take place on the dialysis unit 
or within a dedicated facility?

 – Is a training program available or will it 
need to be designed?

 Finances and Business Case

A dialysis team wishing to develop a program 
will need to prepare a robust business case for the 
hospital board or executive team. A key require-
ment of a business case is a risk-benefit analysis.

Geary et al. have explored the cost of deliver-
ing HHD in children and reported a 27% saving 
after comparing the cost of delivering a HD treat-
ment at home compared to a dialysis unit [12]. 
Cost saving was largely from removing the cost 
of the hospital bed and dialysis staff. The latter is 
particularly relevant in paediatrics owing to the 
recommended 1:1 or 1:2 nurse-to-patient ratio 
when delivering HD treatments in hospital. To 

Table 23.2 Key selection criteria for paediatric home 
HD

Patient and family commitment to delivering the 
dialysis schedule consistently at home
Patient cut-off weight determined by home dialysis 
system
Well-functioning vascular access
Absence of or controlled psychosocial concerns
Sufficient room within the family home to 
accommodate the dialysis equipment and 1-month 
supply of dialysis consumables
If reverse osmosis dialysis system required, 
permission and ability to modify the home water 
source
Adequate family household hygiene that does not 
increase the patient’s risk of infection
Family home is not located in an area with frequent 
and prolonged electricity supply disruptions or an 
emergency source of power is not available at all times
Patient is medically stable despite clinical 
manifestations of multi-disease or multi-organ 
involvement
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establish the potential cost savings for a HHD 
program, each unit needs to predict the projected 
size of the program and multiply that by an accu-
rate cost-saving calculation when patients transi-
tion home. This financial ‘gain’ must then be 
offset against the cost pressures of delivering a 
home HD program. These include:

• Staffing the multidisciplinary team required to 
deliver the program

• Lease, rental or purchase of dialysis machines 
alongside service and maintenance costs

• Home conversions or modifications to accom-
modate the dialysis systems

• Dialysis consumables and drugs cost which 
will be proportionally higher as the prescribed 
weekly treatment frequency often increases

• Establishing and maintaining a training 
facility

• The resultant and unintended bed vacancies as 
in-centre patients transition home

In adult programs the potential savings from a 
home dialysis program can be significant as the 
HD patient pool may be in the hundreds and thou-
sands. In comparison the size of paediatric HD 
programs typically range from 4 to 25 patients. 
Thus, the potential cost benefit of a paediatric 
HHD program will depend on the number of chil-
dren that transition home and in real terms will be 
small. In comparison, the financial risk and invest-
ment to establish a HHD program is significant 
and probably higher than adult programs owing to 
the larger multidisciplinary team requirement. 
Thus, in the first few years the financial risk to 
benefit analysis of a paediatric HHD program will 
feature risk dominance as the program attempts to 
establish itself and gain momentum. Further dif-
ficulties of convincing policy makers and insur-
ance companies may arise from the fact that for 
the majority of children HD is a short-term bridg-
ing therapy to transplantation. It is estimated that 
HHD with a home conversion only becomes more 
cost-effective than in-centre HD when patients 
remain on treatment for more than 14  months 
[13]. In Europe median waiting time for deceased 
donor kidney transplantation in Europe is still 
about 15 months [14].

If one was to broaden the financial case of 
paediatric HHD to the health economics related 
to the life of a patient, the narrative should be 
more favourable. Children on HHD should typi-
cally have improved health outcomes and thus a 
lower medical burden. Access to school and 
education has the potential to improve future 
career prospects and the subsequent financial 
contribution to society. Truth to be told, similar 
to many paediatric case studies, building a 
population- based financial case for HHD is 
challenging and less convincing than the emo-
tive case around the potential gain for an indi-
vidual child.

 Safety

HHD in children remains a relatively new ther-
apy that places a high-risk clinical procedure 
directly under the care of patients and their fami-
lies within their homes. Therefore, safety should 
be the central focus point of any program design 
with mitigations in place to minimise the poten-
tial to cause harm. The greatest sources of risk 
fall under four broad categories.

 Vascular Access
Children can be dialysed at home through a cen-
tral venous line or preferably an arteriovenous 
fistula (AVF). Whilst training for home dialysis, 
families need to develop an understanding of the 
common complications related to the vascular 
access and the appropriate response. Central line 
malfunction and infection risk are attenuated 
with weekly alteplase locks [15]. At minimum, 
weekly dressing changes are recommended with 
monthly surveillance for exit site infections. 
Patients with fistulae are advised to check them at 
minimum daily. For buttonhole needling, we 
encourage needling by the same person, to pro-
mote good health of the fistula. At Great Ormond 
Street Hospital, where possible we actively pro-
mote older children or young adults to become 
the primary person who needles their fistulae. 
Any major change in blood flow rates and system 
pressures should be reported to the centre. We 
suggest functional ultrasound surveillance of the 
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fistulae every 3  months for early and timely 
detection of issues.

 Anticoagulation
Clotting in an HD circuit can affect the quality 
and quantity of dialysis provided. Children at 
home can use unfractionated heparin (UFH), 
often as an initial bolus dose and then a continu-
ous infusion [16] in line with in-centre prescrib-
ing practices. Alternatively, a 
low-molecular-weight heparin (LMWH) can be 
prescribed. Lutkin et al. have reported their expe-
rience using dalteparin, a LMWH, for children 
on home HD. Each child was started on a single 
intravenous dose of 50 IU/kg through the arterial 
arm of the dialysis circuit within 15 minutes of 
the treatment starting. The dose was increased if 
clots were repeatedly visible in the circuit and 
dialyser and reduced if there was any evidence of 
bleeding events or prolonged bleeding from an 
AVF in children dialysed in this way. The dalte-
parin dose was routinely increased if a child was 
moving from daytime to nocturnal home HD. The 
median dalteparin dose at 12-month follow-up 
was 40 IU/kg (range 8–142 IU/kg). Factors asso-
ciated with higher dalteparin dosing require-
ments included a younger age of the child 
(p < 0.01), a lower blood flow rate (p < 0.01) and 
the use of a central venous line for dialysis access 
(p = 0.038). No children had evidence of bioac-
cumulation of dalteparin or inadequate clearance. 
No significant bleeding or adverse events were 
reported [17]. Therefore, for children on aug-
mented HHD prescriptions, both UFH and 
LMWH are feasible options.

 Family Centric Remote Monitoring 
and Support
The motivation to dialyse at home will differ 
amongst families as will the perceived risks and 
sources of stress. In the 1970s paediatric HHD 
was replaced by in-centre dialysis largely due to 
carer burden. Families reported feeling lonely 
and struggling to cope with the medical and tech-
nical responsibilities [18]. This is not too dissimi-
lar today. Therefore, it is absolutely essential to 
be proactive in creating an individualised risk 

management and support system for all families 
dialysing at home to minimise their perceived 
carer burden as much as possible whilst maximis-
ing the family’s positive experiences of dialysing 
at home. The key components of this are:

• A home assessment prior to committing to a 
home therapy to assess the suitability of the 
home environment for dialysis and to align 
child and family expectations of HHD.

• Access to clinical and technical support 24/7, 
especially if families are dialysing in the eve-
nings after school or overnight.

• Written guidelines for the family describing 
normal ranges for dialysis parameters includ-
ing BP, HR, temperature, UF rates and venous 
pressures, with clear instructions on how and 
when to seek help if parameters fall out of the 
normal range.

Remote monitoring is not universally 
employed, but if available can alleviate family 
anxieties. A growing plethora of telehealth plat-
forms is making it feasible for the exchange of 
treatment data real time between families and 
their medical teams. This is another source of 
reassurance that also provides the opportunity for 
the medical team to intervene earlier and make 
adjustments to treatments outside the hospital 
clinic reviews. Currently haemodialysis machines 
are not equipped with digital telecommunication 
devices. Internet-based online functions may be 
applied, but require careful consideration of reli-
ability and data safety. For further detail, please 
refer to the Chap. 18 on Remote Patient 
Monitoring.

Dialysing overnight introduces additional 
risks and induces anxiety both in caregivers and 
children due to the potential risk of needle dislo-
cation with AV fistulas and AV grafts, central 
line disconnection or not hearing machine alarms 
whilst everybody is sleeping. It is recommended 
to address these additional measures. In our 
experience at Great Ormond Street Hospital, a 
simple and familiar device such as a baby moni-
tor can be a useful strategy to amplify the sound 
of the alarms overnight. Monitoring for 
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 access- related blood leaks is essential and can be 
effectively achieved through enuresis alarm 
pads; more sophisticated monitors such as 
HEMOdialert™ that are sensitive to fluid and 
the colour red are now available. For the 
NxStage™ system, a cycler base fluid detector is 
available to detect any circuit water leaks.

 Effective Training and Education 
Program
Training programs can vary considerably 
between teams and are important for aligning 
expectations. Ideally it is advisable to train two 
people from the outset and involve the child or 
adolescent as much as age appropriate. Families 
should be offered repeated opportunities to 
enhance their knowledge and skills once they 
are home especially following (1) an adverse 
event such as a central line infection, (2) a 
change in treatment or (3) a change in dialysis 
access such as switching from central lines to 
fistulae.

Companies supplying the dialysis equipment 
often provide considerable teaching materials 
and expertise. However, in paediatrics adaptation 
is often necessary. To ensure families have totally 
understood the content, a trainee’s competency 
should be formally assessed and signed off both 
by the trainee and trainer. Prior to discharge an 
adherence contact signed by the child and their 
carers can be extremely important at formalising 
and thus reinforcing the decision taken by the 
medical team and family to delegate responsibil-
ity for providing the dialysis treatment to the 
family within their home; any deviation will be 
taken very seriously.

Training can take place in the HD unit or 
within a separate training facility. Ideally, prior to 
going home, families should have the option to 
‘step down’ within an environment co-located 
within hospital grounds but separate from the 
dialysis unit, in order to simulate the home envi-
ronment as much as possible. Following dis-
charge, it is advisable for one of the HHD nurses 
to be present for the first dialysis treatment in the 
patient’s home. This provides reassurance and 
also provides the opportunity to coordinate and 
connect the family with their community teams. 

Regular, four to six weekly outpatient visits are 
recommended for detailed history, physical 
examination and biochemical work-up.

 Staffing

In order to provide safe, effective care, a HHD pro-
gram needs to be staffed by a skilled multidisci-
plinary team. The composition of the team can 
vary depending on resources and whether you are 
operationally independent. At minimum access to 
or recruitment of a HD nurse, nephrologist, dieti-
cian, dialysis technician, pharmacist and social 
worker is necessary. Collaborating with other 
allied health professionals such as a psychologist, 
community nurses, local paediatricians and gen-
eral practitioners is desirable for optimal support.

Families at home will be expected to commu-
nicate with a number of professionals, but to 
ensure their safety and trust, clear communica-
tion pathways need to be developed and explic-
itly laid out to the families. It is important to 
establish a reliable communication channel 
between the core HHD team and the families for 
assurance that all is well. As families become 
more confident at home, communication with the 
hospital team can become less frequent, but it is 
important to invest in maintaining that contact.

 Dialysis Equipment

 Dialysis Systems Requiring Home 
Water Conversions
The majority of commercially available HD 
machines that are suitable for paediatric HHD 
require home water conversions to produce the 
large volumes of high-quality dialysate necessary 
for the dialysis treatment. This cost can some-
times become a barrier for transitioning children 
to HHD, especially when it is a bridging therapy 
for a renal transplant. Water conversions can also 
be a source of additional work and anxiety for 
families as complications such as leaks and 
blocked drains can occur and need to be addressed 
as a matter of urgency. Dialysate fluid needs to be 
tested on a regular basis.
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Water conversion requires the installation of a 
cold water outlet and a drain to allow the carbon 
filter, reverse osmosis unit and dialysis machine 
to be fitted.

• A system for testing the water quality needs to 
be put in place.

• Typically, families test their water for chloride 
every session.

• In addition, they bring a sample for advanced 
testing to their monthly hospital clinic visit. 
The dialysis technician will test for chemicals, 
endotoxins and microbiology.

 Mobile HD System: NxStage™
The NxStage System One™ is a portable home 
dialysis machine that functions without home 
water modifications. Dialysate is prepared from 
ordinary tap water in batches of up to 60 litres 
using the NxStage PureFlow™ SL integrated 
water purification and dialysate production sys-
tem. Water is mixed with sterile-filtered concen-
trate, to produce lactate-buffered dialysate. 
Premixed bagged dialysate is also available for 
home patients in sterile, 5 L bags, with a variety 
of fluid configurations.

• Three different NxStage™ circuits have been 
used at Great Ormond Street London: CAR- 
172- C is the standard circuit with a pre- 
attached polysulfone dialyser. The 
extracorporeal circuit volume is 163 mls.

• CAR-124-C, a modified CVVH circuit with 
an extracorporeal volume of 97  mls (minus 
dialyser) that can house any appropriately 
sized dialyser.

• CAR-125-B, with an extracorporeal circuit 
volume minus the dialyser of 55 mls to treat 
children weighing 10 kg and above.

Prescribing dialysis treatment using the 
NxStage™ system is different from standard HD 
prescriptions with respect to the volume of dialy-
sate utilised during each dialysis session. In con-
ventional HD dialysate, volumes of 200–500 mls/
minute are typically prescribed. In comparison, 
during treatment with the NxStage™ system, 
dialysate volumes are typically less than 60 litres 

per session and thus the spent dialysate is highly 
saturated. The prescribed dose is altered by 
adjusting the ‘flow fraction’ which is the ratio of 
effluent flow (spent dialysate plus ultrafiltration) 
divided by blood flow rate and corresponds to the 
degree of dialysate saturation. Compared to the 
more conventional machines that are also used in 
centre, the NxStage™ system offers some advan-
tages in the home setting. It takes 30–40 minutes 
to set up from start to finish, with the option to 
partially set up the machine for convenience. 
Owing to the freedom from home conversions, 
families are mobile and thus able to transport the 
dialysis machine and consumables between fam-
ily homes and on holiday. The machine has been 
designed to be used by patients; whilst its sim-
plicity means that additional technical capabili-
ties are absent, in the home environment in the 
hands of patients this can be an advantage.

 Adult Home HD Experience

Experience with HHD is substantially greater in 
adults. Data on clinical outcomes and patient 
experiences amongst adults is increasing. We can 
learn from this experience as we build our paedi-
atric experience.

Adults on augmented home dialysis regimes 
have demonstrated several health benefits, and 
the effect is the most pronounced with nocturnal 
prescriptions. Patients switching to short-daily 
33% survived at 6  years and demonstrated 
reduced hospitalisation [19], fewer vascular 
access problems, reduced antihypertensive medi-
cation burden, lower incidence of left ventricular 
hypertrophy, improved anaemia control and a 
reduction in the use of phosphate binders as a 
consequence of the improved phosphorus clear-
ance [20]. Nocturnal HD is associated with sig-
nificant reduction in the risk for mortality or 
major morbid events when compared to conven-
tional HD. During a matched cohort study com-
paring survival between nocturnal HHD and 
deceased and living donor kidney transplanta-
tion, there was no difference in the adjusted sur-
vival between nocturnal HHD and deceased 
donor renal transplantation. The proportion of 
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deaths amongst the three was 14.7% for noctur-
nal HHD, 14.3% for deceased donor transplanta-
tion and 8.5% for live donor transplantation [21]. 
This is very reassuring for patients who are not 
eligible for transplantation or those waiting for a 
transplant.

On a more granular level, patients on noctur-
nal HHD demonstrate improved cardiovascular 
outcomes with superior blood pressure control; 
regression of left ventricular hypertrophy, 
improvement in left ventricular systolic function 
and ejection fraction; an overall improvement in 
haemodynamic status; a more responsive 
endothelial- mediated vasodilation; an improve-
ment in lower extremity peripheral arterial dis-
ease [22, 23]; and a slowing in the rate of 
calcification progression [24]. Potential bio-
chemical benefits include normalisation of the 
blood urea, serum creatinine, albumin, B2 micro-
globulin, homocysteine and triglyceride levels 
and other nutritional markers. Patients have a 
lower medication burden with a reduced depen-
dency on antihypertensives, freedom from phos-
phate binders, reduced iron supplementation [22] 
and a lower dose and occasionally discontinua-
tion of erythropoietin [25]. Quality of life is 
improved owing to removal of fluid and dietary 
restrictions, the capacity for full-time employ-
ment and for women the ability to become preg-
nant and deliver healthy babies. Despite receiving 
treatment overnight, patients report an improved 
quality of life and sleep patterns and a resolution 
of sleep apnoea [22]. In a comparison with peri-
toneal dialysis, patients reported a similar per-
ception of control over their kidney disease and 
did not consider home HD as a more intrusive 
treatment [26].

Despite the positive narrative, a number of 
concerns remain. Firstly, dialysis equates to the 
non-selective, measured and unmeasured removal 
of solutes, minerals and trace elements from the 
blood compartment. Thus, unknowingly or unin-
tentionally dialysis may cause deficiencies, the 
so-called dialysis deficiency syndrome. This has 
already received the attention of dieticians sup-
porting vulnerable groups such as pregnant 
women and children. Secondly, owing to the 
increased requirement for needling fistulae or 

accessing central lines during augmented HD 
prescriptions, there have been concerns that both 
the frequency and the home setting may cause 
additional access-related complications. The 
results however are conflicting, and causality to 
the home setting is difficult to prove, as both fre-
quency and expertise are likely to be confounders 
applicable to the home and hospital setting. 
Finally, concerns remain over the burden placed 
on carers for patients dialysing at home. Reports 
have repeatedly highlighted the cognitive burden 
carers perceive from taking on the responsibility 
for a complex treatment normally delivered by 
nurses and doctors in hospital on their loved 
ones. This concern is real and cannot be obliter-
ated, but steps can be taken to both monitor and 
reduce the cumulative impact. Successful inter-
ventions include respite care or spreading the 
burden by training multiple people to deliver the 
treatment at home.

 Paediatric Home HD Experience

Literature on paediatric home HD is scarce and 
limited to experiences from a handful of special-
ist centres worldwide. Reassuringly the results 
are similar to the larger adult literature.

Simonsen et al. were the first to describe their 
experience of HHD in four children, age 
10–19 years, who were treated with slow noctur-
nal HD for 7–8 hours, six nights each week, for a 
period of 5–55 months. Achieving a weekly Kt/V 
of 7.2–13.6, these children had no fluid or dietary 
restrictions, but actually required phosphate sup-
plements orally to avoid hypophosphatemia. 
Catch-up growth was achieved and quality of life 
improved markedly [27].

Geary et al. reported on six patients on noctur-
nal HHD aged 11–17 years. The first two patients 
were transitioned to an augmented home pro-
gram after all previous dialysis options had 
failed. The following four patients had requested 
HHD. One patient switched to a hybrid program 
comprised of three consecutive days of home 
nocturnal HD combined with one in-centre 
4-hour HD session per week after 1 year of dial-
ysing exclusively at home. No dropouts from the 
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program or patient deaths were reported. One 
patient developed a fistula aneurysm in the 
absence of steal syndrome, but no line disconnec-
tions were reported [28]. Measured subjectively, 
appetite improved in all patients. One patient 
converted from being completely G-tube depen-
dent to increasing her oral intake to 50% of her 
dietary requirements. Blood pressure control was 
variable with two patients who had native kid-
neys still requiring antihypertensives, whilst 
three anephric patients became hypotensive 
requiring intradialytic midodrine to support their 
BP. All patients were free from fluid and dietary 
restrictions, and phosphate binders were discon-
tinued. Normal calcium and phosphate levels 
were achieved by increasing the dialysate cal-
cium to 1.75 mmol/L (3.5 mEq/L) and through 
the addition of approximately 1 mmol/L (3 mg/
dL) of phosphate to the acid bath using a Fleet®’s 
enema. PTH values fell within or below the nor-
mal range [29]. School attendance improved sub-
stantially in all children. Physical and 
psychological HRQoL scores improved in all 
patients in addition to a general feeling of well- 
being. However, the parents’ feedback did high-
light the burden they perceived in undertaking 
HD at home. They reflected on the increased 
intensity of their workload that initially disrupted 
other family members and necessitated establish-
ing a new routine within the home. The impact of 
the additional responsibilities evoked anxiety. 
The mother of one patient was psychologically 
and emotionally worn out after 1 year and moved 
to a hybrid program when her son refused to 
revert back to in-centre dialysis [28].

The paediatric HHD program at Great Ormond 
Street Hospital (GOSH) started in October 2010 
and to date has trained and transitioned 40 
patients home, aged from 2 to 17 years. Children 
typically start on a weekly program of 5 hours of 
dialysis, four times/week in the evenings, except 
for infants who start on 4 hours, four times/week 
owing to the challenges of keeping them enter-
tained during longer sessions. The weekly pro-
gram is then adapted according to individual 
needs. Aside from the infants and younger chil-
dren, most patients transition to a nocturnal pro-
gram. The only patients receiving five or more 

times per week dialysis are children with co- 
existing heart failure or at high risk of cardiac 
failure where we have attempted to modify the 
dialysis prescription to minimise intradialytic 
cardiac injury. In one patient with severe dilated 
biventricular cardiomyopathy, the heart was 
functionally and structurally normal following 
3 months of 25–30 hours per week HD followed 
by 3 months of 40–48 hours per week of home 
HD, despite almost 1 year of receiving frequent 
and extended in-centre HD previously [30]. Only 
one patient has dropped out of the program sec-
ondary to rising psychosocial issues, whilst the 
remaining patients left the program after receiv-
ing a renal transplant. The GOSH experience 
with vascular access certainly is reassuring with a 
central line-related bacteremia event rate of 0.3 
per 1000 patient days, whilst IPHN reported a 
CVL infection rate of 1.3 per 1000 days for those 
on in-centre dialysis. Similar to the adult and pre-
viously described paediatric experiences, the 
patients on HHD have better BP control, reduced 
or no dependency on antihypertensives and reso-
lution of left ventricular hypertrophy. No patient 
from the GOSH cohort has required intradialytic 
midodrine to support their BP during dialysis.

Maintaining bone health across the cohort has 
been more challenging. During periods of accel-
erated growth such as infancy and puberty, 
patients have required oral calcium supplementa-
tion, a higher calcium dialysate bath of 
1.75  mmol/l and higher doses of vitamin D to 
maintain normal plasma calcium, phosphate, 
PTH and alkaline phosphatase levels. All patients 
have reported more energy, some have an 
improved appetite and oral intake and we have 
observed an increased growth velocity and catch-
 up growth in those started on growth hormone. 
As the weekly hours of dialysis increase, the fluid 
and dietary restrictions are incrementally lifted. 
The extended and thus gentler dialysis sessions 
have resulted in virtually eliminating intradia-
lytic symptoms, and the dialysis recovery time is 
reduced from hours to minutes.

The carer burden of HHD is a constant pres-
ence for all our families treated at GOSH, but the 
benefits afforded by HHD have almost made it an 
accepted and tolerable norm that the families are 

D. K. Hothi and C. P. Schmitt



399

not willing to give up. The flexibility of home 
treatments means that parents can return to work 
and children can return to school. This has 
increased the opportunities for social and recre-
ational activities for the whole family. Children at 
GOSH are dialysed on the NxStage™ dialysis 
system, and, as a result, families are travelling 
within the UK or abroad on holiday. This ability 
to travel has been a huge factor in recruiting fam-
ilies to HHD. Adverse events are inevitable and 
reassuringly infrequent, with 16 events recorded 
from 11762 HD sessions. These include line dis-
lodgement, extravasation from needling a fistula, 
prolonged bleeding times after removing fistula 
needles, allergic reactions, access-related bacte-
remia and thrombophlebitis and suspected air 
embolus from incompetent tego bung valves. 
Each has become a learning experience for the 
program, and we continue to reform our safety 
infrastructure to ensure that families do not feel 
isolated or unsupported but are constantly con-
nected to a larger home HD community and the 
hospital.

 Summary

HHD is slowly gaining momentum, driven by 
individual patient requests and clinicians who 
believe in the benefits of augmented HD pre-
scriptions within the home setting. The evidence 
from adult and paediatric literature demonstrates 
the feasibility, safety and improved quality of 
care and outcomes for patients on dialysis. 
However, access and acceptance of HHD varies 
internationally. Thus, most children are still liv-
ing their lives around their dialysis as opposed to 
dialysing around their lives. This in the very least 
deserves a call for action. Regardless of the 
modality, as a paediatric community we need to 
actively promote and support home dialysis ther-
apies in children. Through clinical communities 
of practice, we can provide mentorship and sup-
port to those wishing to start their journey on 
paediatric HHD. For those who remain sceptical, 
in order to further understand the value and limi-
tations of HHD treatments, we need greater com-
mitment to organise ourselves into collaboratives 

such as the International Pediatric Dialysis 
Network, to advance our practices through 
benchmarking, and increase our knowledge by 
determining trends and patterns that inform 
future practice and encouraging research includ-
ing multicentre, international studies.
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Infectious Complications 
of Hemodialysis in Children

Ali Mirza Onder and Michael J. G. Somers

 Hemodialysis Access in Children

Practice guidelines strongly recommend the use 
of an arteriovenous fistula (AVF) or an arteriove-
nous graft (AVG) for chronic dialysis access [1]. 
Despite such recommendations, tunneled cuffed 
catheters (TCC) remain a common choice for 
dialysis access in children [2, 3]. Although AVFs 
can be successfully created and maintained in 
almost all children needing chronic hemodialy-
sis, local dialysis culture and the acceptance of a 
dialysis catheter as typical care lead to long-term 
catheter rates exceeding 50% in many pediatric 
centers [3, 4].

 HD Catheters and Infection: Greater 
Risks with Children

Infection is second only to cardiovascular disease 
as a cause of death in chronic dialysis patients 
[5–8]. Sepsis and septic shock account for the 
overwhelming majority of infection-associated 
HD deaths [9–12]. Presence of an HD catheter is 
the most important risk factor for bacteremia, 

septic shock, and hospitalization due to infection 
[13, 14].

With the high prevalence of long-term tun-
neled cuffed catheters in children on HD, the 
scope of concern for catheter-related bloodstream 
infections (CRBSI) is greater in the pediatric 
dialysis unit. Moreover, cognitive and behavioral 
differences between an adult and pediatric popu-
lation may also exacerbate catheter-related infec-
tion risk in children, with some reports 
documenting how pediatric HD patients are more 
likely to expose catheter exit sites or catheter 
hubs outside of the dialysis unit [15–19].

Changes in the configuration and composition 
of long-term HD catheters have been proposed as 
ways to reduce infection rates. Unlike acute HD 
catheters that are typically made of stiffer materi-
als, uncuffed, and placed in an untunneled fash-
ion with an insertion site in close proximity to the 
vessel lumen, long-term HD catheters tend to be 
made of more pliable material, are cuffed, and 
are placed in a tunneled fashion. Since these 
“permanent” HD catheters benefit from both the 
physical barrier that the cuffs provide between 
the exit site and the more distal catheter and the 
distance the tunnel provides between the exit site 
and the catheter insertion site into the vessel, they 
should help to reduce dialysis catheter-related 
infections [20].

Despite such strategies related to the actual 
physical characteristics of the HD catheter, the 
incidence of BSI with a hemodialysis catheter 
remains significantly higher than with AVF or 
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AVG dialysis access [13, 14, 18, 21]. Accordingly, 
there is increased focus on preventive strategies 
to reduce CRBSI for both adults and children 
receiving HD [19, 22]. For example, in the US 
catheter-related infection is the focus of the 
Choosing Dialysis Wisely initiatives by the 
Centers for Disease Control and Prevention as 
well as several national quality improvement ini-
tiatives such as the Standardizing Care for 
Outcomes in Pediatric Dialysis (SCOPE) 
consortium.

Given that many children on chronic HD will 
have a catheter as dialysis access, the focus of 
this chapter will be on infections related to the 
dialysis catheter and most notably catheter- 
related bloodstream infections (CRBSI). These 
infections are most commonly encountered in 
children on hemodialysis and are the most sig-
nificant potentially modifiable cause of morbidity 
and mortality. Additionally, catheter infections 

increase the likelihood that a catheter may need 
to be replaced, and infected catheters tend to have 
shorter overall survival times than uninfected 
catheters, leading to more access-related proce-
dures and potential adverse effects on long-term 
vascular access (Fig. 24.1).

 Catheter-Related Bloodstream 
Infections

 Incidence and Epidemiology of CRBSI

There is noteworthy variability in CRBSI rates in 
children on HD, ranging from 1.2 to 5.7 epi-
sodes/1000 HD catheter days [2, 6, 7, 19, 23–26], 
but consistently higher than the CRBSI rates typ-
ically reported in adult HD [5, 12, 14]. Many 
pediatric reports come from single centers, and 
unique aspects of particular pediatric HD patient 
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Fig. 24.1 Hemodialysis catheter survival and 
CRBSI.  Hemodialysis catheters with no documented 
CRBSI in a pediatric dialysis unit trended toward longer 
overall catheter survival when compared to catheters with 
at least one documented infection (p = 0.1042 by Wilcoxon 
test). The curve on the left represents catheters with infec-
tions, with 50% of these catheters lost by 200 days after 
placement, compared to catheters on the right that were 

uninfected, with 50% catheter loss being reached several 
months later. All catheter infections were treated with 
antibiotic locks (ABL) and systemic antibiotics. Subjects 
with recurrent or life-threatening infections were treated 
with prophylactic ABL. Removal of the catheter was at 
discretion of the treating physician. (Modified from: 
Onder et al. [106])
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populations, catheter care protocols, or local 
infection treatment or prevention strategies make 
generalization of findings difficult.

Additionally, when assessing published rates, 
it is important to be aware of the variability that 
also exists in the time span used to report CRBSI 
rates. Although CRBSI rates are often provided 
as number of infection episodes per 1000 HD 
catheter days, there are also reports using CRBSI 
episodes per 100 patient months. Since 
100 months is nearly equivalent to 3000 days, a 
factor of three can be used to convert between 
these rates.

Experience also seems to suggest that CRBSI 
rates in pediatric HD patients can be reduced 
effectively with strict attention to catheter care. 
Eisenstein et al. showed that a standardized cath-
eter care protocol in a single center resulted in a 
low CRBSI rate of 0.52 episodes/1000 HD cath-
eter days [23]. More recently, the SCOPE consor-
tium demonstrated a reduction from 1.1 
episodes/1000 HD catheter days to 0.26 epi-
sodes/1000 HD catheter days with implementa-
tion of a standardized HD catheter care bundle 
across 15 pediatric dialysis units [27].

In most series of pediatric CRBSI, gram- 
positive microorganisms constitute up to 70% of 
episodes [6, 7]. Staphylococcus epidermidis or 
another coagulase-negative staphylococcus is the 
most frequent infecting microorganism, with 
Staphylococcus aureus also being common [6, 
28–30]. Enterococcus is a less common gram-
positive isolate. Over time, an increasing portion 
of gram- positive isolates from CRBSI have 
shown resistance to oxacillin and methicillin, up 
to 40% for Staphylococcus aureus and up to 
50–75% for coagulase-negative Staphylococcus 
species [29, 31, 32]. Similarly, rates of vancomy-
cin or gentamicin resistance for Enterococcus 
have also been increasing [29, 32, 33].

Gram-negative microorganisms make up 
15–25% of CRBSI in children, with another 
10–15% accounted for by polymicrobial bactere-
mia. Tobramycin resistance is seen in up to a 
quarter of gram-negative isolates but can be as 
high as 50–75% for polymicrobial infections. 
There are also increasing reports of CRBSI sec-
ondary to expanded spectrum beta-lactamase- 

producing bacteria [29, 32]. CRBSI secondary to 
fungal infections is rare in pediatric HD patients, 
ranging from 0% to 3% in most series, and fungal 
infections are generally a Candida isolate.

For clinicians caring for children on HD, 
familiarity with local infection profiles and local 
rates of antibiotic resistance should help inform 
empiric treatment. Increasing rates of antibiotic 
resistance also underscore the importance of col-
laboration between dialysis facilities and infec-
tion prevention programs and consideration of 
the strategies outlined in antibiotic stewardship 
guidelines and policies.

 Pathogenesis and Risk Factors 
for CRBSI

Although risk of CRBSI increases with duration 
of HD catheter use [34], protocols designed to 
decrease CRBSI in both children and adults most 
often focus on appropriate insertion and initial 
handling of the catheter, attention to aseptic tech-
nique when accessing or de-accessing catheters, 
and exit site care [23, 27, 35]. Guidelines such as 
those published under the auspices of the Centers 
for Disease Control and Prevention (CDC), the 
Kidney Disease Outcomes Quality Initiative 
(KDOQI), and the American Society of 
Nephrology (ASN) are aimed at optimizing the 
infection-free use of a catheter for chronic HD, 
with the understanding that AVF or AVG creation 
is still the better long-term strategy to minimize 
infection, regardless of the positive impact of 
these catheter-focused initiatives [36–38].

 Microbial Colonization and Biofilm

Generally, microbial colonization of the HD 
catheter is thought to pre-date most CRBSI epi-
sodes [39–41]. HD catheter colonization typi-
cally comes about in three ways: microbial 
contamination through an open HD catheter hub 
onto the intraluminal surface; migration of micro-
bial flora at the exit site onto portions of the 
extraluminal catheter surface that is tunneled 
subcutaneously; and direct seeding of the cathe-
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ter due to transient and potentially asymptomatic 
episodes of bacteremia [42–45].

With colonization, the subsequent formation 
of biofilm on or within the catheter further pre-
disposes to CRBSI. Biofilm functions as an exo-
polysaccharide matrix that can both harbor 
microorganisms and protect them from host 
immune system response and systemic antibiot-
ics [45–47]. Once microbial colonies reach a cer-
tain size or receive a key signal, they can convert 
from sessile to planktonic form, with single bac-
teria or bacterial aggregates detaching from the 
biofilm, entering into the bloodstream, and caus-
ing bacteremia [42–44].

Biofilm on both the external and internal sur-
faces of intravascular catheters is generated by 
microorganisms that can colonize such catheters, 
generally from entry through the exit site or the 
catheter hub [48, 49]. Biofilms have been found 
as quickly as 24  hours after insertion [41, 45], 
with extraluminal catheter colonization and bio-
film tending to occur more acutely than biofilm 
on the inner surface of the catheter.

Biofilms can become more established and 
extend over time, primarily a result of the fibrin- 
protein ultrastructure of the biofilm protecting 
the microorganisms [41, 46–48, 50] and the 
microorganism switching from planktonic to ses-
sile phases while resting in the biofilm. The bio-
film matrix also can physically protect embedded 
microorganisms from contact with antimicrobial 
therapy or decrease the degree of effective con-
tact, all factors that may help contribute to antibi-
otic resistance [42, 43]. Biofilm formation is 
more common in areas where there has been 
catheter surface erosion, increasing its likelihood 
in older catheters and catheters made of less 
durable material [51]. Episodes of bacteremia 
and prolonged exposure to high concentrations of 
antibiotics such as seen with antibiotic catheter 
locks (ABL) can also affect biofilm distribution 
and characteristics [52, 53].

 Clinical Risk Factors for CRBSI

Studies in adults have outlined several modifiable 
clinical risk factors for CRBSI. HD patients with 

untunneled or uncuffed catheters have higher 
infection rates [54–56]. Previous bacteremia epi-
sodes, ongoing immunosuppressive therapy, 
nasal carriage of Staphylococcus aureus, and 
ongoing anemia requiring intravenous iron ther-
apy have also been associated with CRBSI [54–
63]. There are more limited studies identifying 
clinical risk factors in children that suggest that 
young age, an immunodeficient state, and a prior 
infection of a current HD catheter may be con-
cerning [6, 64]. There are no studies thus far link-
ing hemoglobin level or IV iron provision in 
children to CRBSI even though anemia, IV iron 
use, and iron overload states seem to be risk fac-
tors in adults [65–69].

 Clinical Presentation of CRBSI

New onset fever, often accompanied by chills or 
even rigor during an HD treatment, is a typical 
clinical presentation of CRBSI in a child at risk 
[5–7]. The presenting symptoms can be non- 
specific, however, and infection needs to be con-
sidered in any pediatric patient with an HD 
catheter who manifests a change in vital signs 
during dialysis not readily attributable to ultrafil-
tration [70]. Although rare, full-blown sepsis 
physiology can also be the first presentation, with 
tachycardia, widening pulse pressure, hypoten-
sion, and altered mental status [6, 7, 71].

There should be a higher clinical index of sus-
picion for potential CRBSI in children with HD 
catheters who may have had recent difficulties 
obtaining or maintaining prescribed blood flows. 
Such flow issues often arise because of intralumi-
nal clotting or obstructing fibrin sheaths, and 
prior transient asymptomatic bacteremia may 
have seeded these sites, subsequently establish-
ing a locus of ongoing bacterial infection. 
Moreover, the presence of an actual concomitant 
exit site or tunnel infection substantially increases 
concerns for CRBSI.

A child with an HD catheter is more likely to 
manifest signs and symptoms of a catheter- 
related infection during the actual course of an 
HD treatment, when there are high flow rates of 
blood through an infected nidus. Regardless, any 
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child with a HD catheter presenting with fever at 
home needs complete assessment for potential 
HD line infection [5–7].

 Diagnosis of CRBSI

With concern for a CRBSI, CBC and blood cul-
tures are obtained as standard of care, with other 
studies such as chest radiograph, influenza swab, 
or urine culture to be obtained as indicated. 
Empiric antibiotics should then be provided 
through the HD catheter, with ongoing antibiotic 
coverage until all bacterial cultures are negative 
[71–73].

Practically, CRBSI is defined as an episode of 
bacteremia in a patient with an HD catheter who 
has concomitant clinical signs and symptoms of 
infection, such as fever, chills, nausea, vomiting, 
headaches, or dizziness, all in the absence of an 
obvious alternative source of symptomatic infec-
tion [73, 74]. Fungemia can also present in a 
similar fashion, though it is far less common in 
the average child on chronic HD without a risk 
factor for fungal disease.

In distinction to an acute bacterial CRBSI, 
bacterial colonization of the catheter can also 
potentially result in positive HD catheter cul-
tures, but colonization by itself usually manifests 
no clinical signs or symptoms of active infection, 
and there is no common clinical practice to do 
surveillance blood cultures of asymptomatic chil-
dren with HD catheters. Peripheral cultures done 
simultaneously with catheter cultures should 
always be negative with colonization [5]. As 
noted earlier, an interplay exists between coloni-
zation and eventual CRBSI, but the factors pro-
moting both colonization and then infection need 
further elucidation.

With the suspicion of a CRBSI, the catheter 
exit site and tunnel should also be examined to 
assess for signs or symptoms of concomitant 
infection. An exit site infection is generally 
defined by tenderness, erythema, warmth, puru-
lent discharge, or induration within 2 cm of the 
catheter exit site [73, 74]. Such findings beyond 
2 cm from the exit site and along the subcutane-
ous tunnel from the exit site to the catheter’s 

insertion in a central vein characterize a tunnel 
infection [73, 74]. A discussion specifically about 
exit site and tunnel infections in pediatric HD 
patients can be found later in this chapter.

To correctly diagnose CRBSI, most guidelines 
recommend that at least two blood cultures be 
obtained, one from the HD catheter and a second 
from a peripheral vein or from blood in the dialy-
sis circuit [1, 73, 74]. In clinical practice in many 
pediatric dialysis units, blood cultures are 
obtained from both arterial and venous limbs of 
the HD catheter, but a peripheral culture is not as 
routinely sent. Blood cultures should be obtained 
prior to the first doses of any empiric systemic 
antibiotics.

In the event that catheter and peripheral cul-
tures are obtained and all cultures do show sub-
sequent bacterial growth, CRBSI should reveal 
the same microorganism from all sources 
 [74–76]. Considering various combinations of 
HD catheter, HD circuit, and peripheral cultures, 
a longitudinal study in an adult dialysis center 
showed that the greatest sensitivity, specificity, 
and accuracy for CRBSI were found to come 
from blood cultures obtained through the cathe-
ter hub or the HD circuit, disregarding peripheral 
culture results [77].

In children on HD, given the lifetime need for 
vascular access and concerns for complications 
such as venous stenosis that ensue with repeated 
interventions in large central veins, there also 
tends to be reluctance to remove most infected 
HD catheters without some initial attempt to 
clear the infection with antibiotic therapy [78, 
79]. In recognition of the differences in approach 
between dialysis patients and other patients with 
central lines, the Infectious Diseases Society of 
America (IDSA) has begun to include nephrolo-
gists in the committees composing guidelines for 
the management of vascular catheter-associated 
infections [73].

 Initial Clinical Management 
of Suspected CRBSI

Figure 24.2 outlines an approach to clinical care 
in the setting of a presumed or confirmed CRBSI.
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When CRBSI is suspected, the dialysis clini-
cian and staff need to be vigilant for clinical dete-
rioration related to bacteremia or even evolving 
sepsis during the HD treatment, even after antibi-
otic therapy has been initially provided. Judicious 
rates of ultrafiltration, preparation for fluid resus-
citation, and anti-pyretic administration should 
all be considered. Along with blood cultures, 
with the initial presentation, most clinicians will 
also obtain a complete blood count (CBC) and 
some may look at C-reactive protein (CRP) as a 
marker of acute inflammation.

Empiric systemic antibiotics should be broad 
spectrum and especially effective against the 
most likely potential microorganisms responsible 
for CRBSI. In general, about 75% of HD catheter- 
related infections are caused by gram-positive 

organisms and 25% by gram-negatives [6, 7, 29]. 
As discussed earlier, Staphylococcus aureus and 
coagulase-negative Staphylococcus species are 
the most common gram-positive microorgan-
isms, with sensitivity patterns affected by usual 
resistance factors.

Typically, vancomycin is used as empiric 
gram-positive coverage because of potential 
methicillin-resistant species [6, 80]. A 10–20 mg/
kg/dose loading dose up to 1 gram is followed by 
further doses at subsequent dialysis sessions 
based on blood levels obtained [73, 81]. The 
absence of effective native GFR obviates the 
need for interdialytic dosing. Vancomycin is, 
however, nephrotoxic and may deleteriously 
affect residual renal function. Both third- 
generation cephalosporin and aminoglycosides 
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Clinical evaluation

Exit site infection ? Tunnel infection ?

Fever
Chills

Fatigue
Rigors

Hypotension

Signs and symptoms

Decrease ultrafiltration
Antipyretics

Volume resuscitation

Stabilize the patient

Blood cultures
(catheter ports/ HD circuit)

culture of exit site or
tunnel drainage

LABS
Check the exit site and the tunnel

Blood cultures
are no growth

Discontinue systemic
antibiotics and locks

Systemic antibiotics and
locks accounting to blood

culture results x 2-3 weeks

Repeat blood cultures

vancomycin and ceftazidime
with empiric antibiotic locks:

Gentamicin-Citrate/ Tobramicin
-TPA or equivalent

Empiric antibiotic

Remove HD catheter
Sepsis physiology:

Persistently febrile or symptomatic
or repeared positive blood cultures

Symptoms resolved &
tolerating HD treatment

Staphylococcus aureus
Pseudomonas aeruginosa

Enterococcus faecalis

Change the catheter

Repeat blood cultures
if initial cultures still

pending

Next HD treatment:

Blood cultures with
positive growth

Wire exchange
if fever is resolved

Remove the TOC and place
temporary catheter if febrile

Systemic antibiotics according to blood culture results
X 2-3 weeks

If no

Fig. 24.2 Suggested treatment algorithm for catheter-related bloodstream infection. TPA Tissue plasminogen 
activator

A. M. Onder and M. J. G. Somers



407

are reasonable options for empiric gram-negative 
coverage. Many centers use ceftazidime (50 mg/
kg/dose or 1 gram maximum), given its good 
Pseudomonas species coverage and pharmacoki-
netics in end-stage kidney disease that allow 
administration every 48 hours after HD sessions. 
Aminoglycoside use requires checking serum 
levels prior to subsequent doses and has the 
potential risk of adversely affecting any residual 
kidney function and contributing to ototoxicity. 
The use of vancomycin along with aminoglyco-
sides may increase these toxicities.

Antimicrobial locks used during treatment 
for CRBSI can also improve rates of successful 
clearance of HD catheter infection [72, 81]. 
Various antimicrobial agents have been used for 
antimicrobial locks, including an empiric com-
bination of vancomycin-ceftazidime-heparin, 
with the ability to then narrow coverage based 
on culture results. In addition to heparin, both 
citrate and tissue plasminogen activator have 
also been used as anticoagulants in  locking 
solutions [72, 81].

If the initial blood cultures show no growth 
and the child’s symptoms have abated, then 
empiric antibiotics are usually stopped [1, 5, 6, 
73]. It typically takes one to two subsequent HD 
treatments after presentation before final blood 
culture results are reported. If the child’s symp-
toms are persistent, then ongoing evaluation and 
potential extension of antibiotic treatment may 
be needed, while occult HD catheter infection is 
being ruled out and other infectious etiologies are 
being considered.

 Catheter Replacement

When there is confirmation of a CRBSI with a 
positive blood culture in a child on chronic hemo-
dialysis, in addition to choices regarding ongoing 
antibiotic therapy, there needs to be a decision as 
to whether the HD catheter must be removed for 
successful eradication of bacteremia or if cathe-
ter in situ treatment can be attempted [81]. 
Decisions about the HD catheter disposition typi-
cally weigh the clinical severity of the CRBSI 
episode, the presence or persistence of life- 

threatening symptoms, the microorganism identi-
fied and pertinent antimicrobial sensitivities, the 
persistence of positive blood cultures during the 
course of treatment [73, 81], and whether this 
CRBSI episode represents a recurrent infection.

It is uncommon for a child on dialysis with a 
suspected CRBSI to need immediate removal of 
a tunneled cuffed catheter and placement of a 
temporary HD catheter, outside of situations 
where there is some defect with the integrity of 
the catheter or concern for its use because of a 
severe concomitant tunnel or exit site infection. 
Given the focus on preserving long-term vascular 
access in children with end-stage kidney disease, 
there is generally empiric treatment with antibi-
otics while awaiting culture results and following 
the clinical response to initial therapy. If there is 
prompt resolution of all given symptoms after 
antibiotic provision and follow-up blood cultures 
are without any growth, this is considered indica-
tion of successful treatment without need for any 
early catheter manipulations [6, 78].

The persistence of fever 48–72 hours after ini-
tiation of systemic antibiotics or ongoing positive 
blood cultures from the HD catheter are consid-
ered indications of persisting bacteremia [5–7]. 
With ongoing bacteremia, there is increased con-
cern for seeding new sites of infection (endocar-
ditis, osteomyelitis), and consideration must be 
given to catheter removal or exchange [59, 62]. 
Infection with fungus or a microorganism such as 
Pseudomonas that will not be readily cleared by 
antibiotic provision alone also requires consider-
ation of HD catheter removal.

HD catheter replacement can occur either by 
wire-guided exchange (WGE). or by actual surgi-
cal removal and replacement [82]. With WGE, 
the infected catheter is removed over a guide 
wire, and a new catheter placed into the same 
vessel through the existing exit site and tunnel 
catheter. The advantage of WGE is using the 
same large vessel for the new catheter and spar-
ing other vessels while exchanging the catheter in 
one procedure [64, 83, 84]. Even after placement 
of the new catheter, systemic antibiotics are pro-
vided to complete a full treatment regimen. When 
compared to surgical removal and replacement of 
an infected catheter, HD patients undergoing 
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WGE have similar mean times to achieving an 
afebrile state and to experiencing an asymptom-
atic HD treatment, and they have similar rates of 
remaining infection free after the completion of 
their CRBSI treatment [64, 71].

In some instances, WGE cannot be techni-
cally accomplished, or there is concern for an 
exit site infection or tunnel infection mediating 
the CRBSI and contraindicating catheter 
exchange. In those cases, the HD catheter is sur-
gically removed and replaced by a new catheter, 
using a new exit site or new vessel as needed. 
Especially with the more invasive surgical 
approach, a concern is replacement of the cath-
eter in the setting of ongoing bacteremia and the 
potential re- infection of the new catheter. When 
there is greater concern about re-infection, the 
infected catheter may be removed, and then a 
new catheter placed in 48–72 hours when dialy-
sis is required again. A tunneled cuffed catheter 
may on occasion also be removed and replaced 
with an acute HD catheter, with plans to eventu-
ally place a new tunneled cuffed catheter once 
the bacteremia and any other associated infected 
sites have been fully treated. Although this is the 
approach most likely to prevent re-infection of 
the new HD catheter, it involves multiple proce-
dures and potentially the use of multiple 
vessels.

Recurrence of a positive blood culture any-
time during treatment or shortly following antibi-
otic discontinuation should prompt removal of 
the dialysis catheter [61, 64, 73]. Figure 24.3 out-
lines the efficacy of various treatment strategies 
in clearing CRBSI.

 Catheter In Situ Treatment: 
Antimicrobials for Empiric 
and Calculated Therapy

Generally, in the child with a CRBSI who 
responds quickly to provision of systemic antibi-
otics with subsequently negative blood cultures 
and no further fever or symptoms of infection, 
intravenous antibiotics will be maintained for at 

least 2–3 weeks, with consideration of ongoing 
use of antibiotic locks if these had also been 
started at presentation. Culture and sensitivity 
results should guide choice of therapy for both 
ongoing systemic antibiotics and any antibiotic 
locks.

As discussed earlier in the chapter, empiric 
antibiotic therapy, most often with vancomycin 
(daptomycin if vancomycin allergic) and ceftazi-
dime, is then narrowed as blood culture results 
return. Choice of initial empiric therapy may also 
depend on local practice, with the need for any 
empiric agent to be effective in coverage of com-
mon isolates from the local dialysis unit. Unless 
there are no other therapeutic options, antibiotics 
with end-stage kidney disease pharmacokinetics 
that forgo dosing outside of dialysis sessions 
should be chosen. Table 24.1 lists frequently pro-
vided antimicrobial agents with dosing ranges 
and target levels.

The increasing emergence of vancomycin- 
resistant organisms in dialysis patients under-
scores the importance of judicious provision of 
vancomycin [85, 86] and consideration of empiric 
cefazolin use where there is limited methicillin 
resistance in Staphylococcus species. Methicillin- 
sensitive Staphylococcus species can be success-
fully treated using cefazolin, typically 20 mg/kg/
dose to a maximum of 2 grams, given every 
48 hours at dialysis. Some investigators recom-
mend a higher dose of cefazolin (30 mg/kg/dose, 
maximum 3 grams) when there will be a 72-hour 
period between HD treatments. Cefazolin ther-
apy not only reduces ongoing vancomycin expo-
sure and the potential induction of vancomycin 
resistance, but its administration is easier, and its 
dosing does not require checking drug levels. 
There is also some data to suggest that MSSS and 
MSSA bacteremia may be eradicated more effi-
caciously with cefazolin in comparison to vanco-
mycin [87]. Nafcillin and oxacillin are not good 
alternatives to vancomycin in dialysis patients as 
they need to be dosed more frequently than every 
48 hours.

In HD patients with CRBSI, most gram- 
negative isolates are sensitive to ceftazidime, and 
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treatment can be continued at a dose of 50 mg/kg/
dose, maximum 1 gram, infused during the last 
30  minutes of the HD treatment. Alternatively, 
aminoglycosides can be chosen, though their use 
requires drug levels to guide dosing, and their 
ototoxicity and potential adverse effect on resid-
ual renal function must also be considered [88]. 

With gentamicin, a dose of 2 mg/kg to a maxi-
mum of 80–100  mg is typically provided, with 
documentation of a level <3–5 mcg/ml at the start 
of the next HD session.

Fungal CRBSI is an extremely rare event, con-
stituting 0–3% of most series, and almost always 
a consequence of a Candida infection. Fungal 
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Fig. 24.3 Success rates for clearance of CRBSI stratified 
according to treatment strategies. The vertical lines dem-
onstrate the mean clearance rates (with 95% confidence 
bands as shaded area) for each treatment strategy, across 
all studies reviewed for this treatment. Next to each study, 
specific data for the number of cured and infected subjects 
is provided. Outcomes were significantly better for 
patients treated with antibiotic locks (ABL) and with 
wire-guided exchange (GWX) in combination with sys-

temic antibiotics when compared to systemic antibiotics 
alone (SABX). Odds ratio for CRBSI clearance for ABL 
versus SABX was 2.08 (95% CI, 1.25–3.45; p  <  0.01) 
and, for GWX versus SABX, 2.88 (95% CI, 1.82–4.55; 
p < 0.001). There was no statistical difference for clear-
ance of infection when GWX was compared to ABL; odds 
ratio, 1.39 (95% CI, 0.78–2.46; p = 0.27). (Modified from: 
Aslam et al. [105])
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infection requires prompt HD catheter removal 
[89]. Treatment can be initiated with intravenous 
fluconazole on dialysis days, though consultation 
with an infectious disease specialist to guide spe-
cifics and duration of antimicrobial therapy with 
fungemia is strongly recommended.

 Antibiotic Therapy: Specifics 
of Provision

Unless the catheter is no longer functioning, it 
should be used for the infusion of antibiotics, 
with the purpose of exposing the site of infection 
to the highest concentration of medication, 
though medication provision into the dialysis cir-
cuit during the last portion of a dialysis treatment 
also effectively exposes the catheter and is the 
general practice during an ongoing antibiotic 
course [87]. The duration of antibiotic treatment 
will be guided by concomitant clinical circum-
stances and the actual microbial isolate. Most 
often, treatment continues for at least 2–3 weeks 
after documentation of the first of two consecu-
tive negative blood cultures [6, 59, 62]. Such 
practice necessitates serial cultures from the HD 
catheter at each dialysis. There are some practice 
recommendations to repeat a blood culture 1 
week after the first negative blood culture and 

within 2 weeks after the completion of the antibi-
otic treatment when a CRBSI is treated without 
catheter removal [6, 64], though this longer-term 
surveillance is not widely practiced.

Certain isolates or polymicrobial infections 
may require longer treatment or guidance from 
infectious disease specialists. If the CRBSI is 
complicated by endocarditis, osteomyelitis, dis-
citis, septic arthritis, or epidural abscess, then the 
duration of treatment will depend on response of 
this condition to antibiotics and often results in 
therapy for at least 6–8 weeks [85, 86, 88]. Such 
complications are seen less often in children than 
adults, likely related to other underlying health 
concerns found more commonly in an older pop-
ulation [90, 91]. These complications are also 
more common if an infected catheter with persis-
tent positive blood cultures continues to be used 
rather than removed or replaced [92–95].

 Antimicrobial Locks in CRBSI

Recognition of the role of intraluminal biofilm in 
HD catheter bacterial colonization and infection 
has led to a more widespread approach in CRBSI 
to supplement intermittent systemic antibiotic 
provision with use of antibiotic locks. The pur-
pose of this approach is to provide a high concen-
tration of antibiotic within the catheter lumen 
during the entire interdialytic period, increasing 
the chances of eradicating any pathogen within 
the biofilm [8, 45, 49, 96, 97]. It is estimated that 
antibiotic concentrations from 10 to 100 times 
the minimal inhibitory concentration (MIC) can 
be achieved in an antibiotic lock, far exceeding 
the ongoing antibiotic concentration achieved by 
infusion of systemic antibiotics alone [81, 
98–100].

Most HD catheter antibiotic locks consist 
of an antimicrobial-anticoagulant mixture. 
Commonly used antibiotics include vancomycin, 
gentamicin, tobramycin, cefazolin, minocycline, 
and ceftazidime, though antimicrobials such as 
ethanol, EDTA, taurolidine, and methylene blue 
have also been used [72, 73, 81, 101]. The most 
common anticoagulants in HD catheter locks are 

Table 24.1 Antimicrobials for treatment of CRBSI in 
children

Antimicrobial 
agent Initial dose

Maximal 
dose

Safe random 
level to re-dose

Vancomycin 10–15 mg/kg 1 gram <10 mcg/ml
Ceftazidime 50 mg/kg 1 gram NA
Cefazolin 20–30 mg/kg 2 grams NA
Daptomycin 4–9 mg/kg NA NA
Gentamicin 2 mg/kg 100 mg <2 mcg/ml
Fluconazolea 12 mg/kg 800 mg NA

Systemic antimicrobials should be administered after 
every HD treatment, according to levels if applicable. 
Suggested dosing and targeted levels may need adjust-
ment according to specific clinical conditions, local labo-
ratory ranges, or recommendations of infectious disease 
consultants
aSome recommend that fluconazole be dosed at 6 mg/kg 
after the initial dose, with doses provided daily rather than 
just after dialysis
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heparin and citrate, though use of urokinase or 
tissue plasminogen activator (TPA) has also been 
described [30, 72, 101]. The anticoagulant is just 
as important as the antibiotic/antimicrobial com-
ponent to the overall effect of the lock, maintain-
ing catheter patency and affecting biofilm 
integrity [102].

Supplementing intermittent systemic antibi-
otic infusion with interdialytic antibiotic lock use 
has significantly improved the likelihood of 
clearing an infected HD catheter and preventing 
catheter replacement [30, 103–105]. In one pedi-
atric series of 188 CRBSI episodes, 34% 
responded to initial systemic antibiotics, with the 
later addition of an interdialytic antibiotic lock 
clearing a further 23% of infections [6, 64]. In 
another series with 76 CRBSI episodes, 83% 
cleared with concomitant systemic antibiotics 
and antibiotic locks, with most catheters not 
responding to this therapy manifesting polymi-
crobial infections and needing replacement by 
WGE [30]. During the follow-up period, there 
was no difference in the rate of recurrent infec-
tion between the two groups.

Early use of antibiotic locks also seems to be 
more efficacious than their later introduction. In a 
report of 264 episodes of bacteremia in 79 chil-
dren with HD catheters, early antibiotic lock use 
along with initiation of systemic antibiotics was 
compared to late lock implementation in the set-
ting of persistent bacteremia despite use of sys-
temic antibiotics [72]. Children with antibiotic 
locks added late were found to require WGE sig-
nificantly more frequently because of persistent 
bacteremia than the children treated with early 
antibiotic locks. Recurrence of catheter-related 
bacteremia during the follow-up period was simi-
lar in both groups.

In terms of other factors that affect the effi-
cacy of antibiotic lock use, a study of 149 CRBSI 
episodes found that children infected with 
coagulase- negative Staphylococcus were signifi-
cantly more likely to respond during the first 2 
weeks of concomitant systemic antibiotics and 
antibiotic locks [106]. Children infected with 
Staphylococcus aureus, Enterococcus species, 
and Pseudomonas species were all significantly 

more likely to have persistent bacteremia. 
Although not reaching statistical significance, 
infection with Klebsiella or Enterobacter species 
had rates of failure up to three times higher. This 
same study showed that younger children and 
those with higher baseline phosphorus levels 
were more likely to get re-infected during the 
6-week follow-up period, whereas other clinical 
factors such as need for catheter replacement dur-
ing the initial CRBSI, prior catheter vintage, con-
comitant exit site infection, serum albumin level, 
HIV infection, or immunosuppressive therapy 
were unrelated to the risk of recurrent infection.

The apparent increased efficacy of combining 
use of antibiotic locks with systemic antibiotic 
provision has led some to recommend that CRBSI 
should not be treated with systemic antibiotics 
alone and that an antibiotic lock should always be 
added [81]. There is still limited data comparing 
various treatment strategies for CRBSI, though 
one meta-analysis looked at 28 publications 
encompassing nearly 1600 HD patients with tun-
neled cuffed catheters, nearly 30% of whom were 
pediatric patients [105]. Three potential treat-
ment strategies were compared: systemic antibi-
otics alone, systemic antibiotics and an antibiotic 
lock, and wire guided exchange of the infected 
HD catheter for a new catheter with systemic 
antibiotic therapy. The primary end point assessed 
was clearance of the bacteremia, with secondary 
analyses considering complications from the 
CRBSI and recurrent infection. Both antibiotic 
locks and wire guided exchange were statistically 
superior to antibiotic therapy alone in clearing 
the bacteremia and in staying infection free dur-
ing the follow- up period. There were no differ-
ences between the three therapies in terms of 
CRBSI complications. As has been reported in 
the past, infections with certain gram-negative 
organisms or with Staphylococcus aureus were 
more difficult to clear without catheter replace-
ment. This meta-analysis would suggest that anti-
biotic locks can be used to improve outcomes 
with systemic antibiotics without increasing the 
rates of complications related to therapy, though 
some cases will still require catheter exchange as 
part of overall management.
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 Role of Strategies to Prevent CRBSI

Infections of HD catheters can occur at the time 
of insertion due to a lapse in aseptic technique 
but more commonly come about during the 
course of ongoing use of the catheter. Infections 
related to contamination of dialysate fluid or 
dialysis equipment are very rare if commer-
cially available products are being used and 
expected equipment sanitization procedures are 
followed. Most HD catheter infections can be 
traced back to bacterial flora on the patient’s 
own skin, from bacterial contamination from a 
health worker’s hands delivering dialysis care, 
or from bacterial contamination of the catheter 
hubs.

Both the Centers for Disease Control and 
Prevention (CDC) and the Kidney Disease 
Outcomes Quality Initiative (KDOQI) have cre-
ated care practice recommendations aimed to 
decrease infections in patients with HD cathe-
ters [35, 36, 38]. These guidelines focus espe-
cially on maneuvers to optimize hand hygiene, 
exit site care, and accessing and disconnecting 
catheters. Much of the evidence supporting 
these recommendations originally came from 
studies of central venous catheter care in the 
intensive care unit setting [23, 107] but have in 
large part been substantiated by studies and 
experiences in the dialysis unit setting. 
Moreover, there is evidence from single centers 
and from the SCOPE consortium that following 
such recommended bundles of care can reduce 
hemodialysis infections in children in pediatric 
dialysis facilities [23, 27].

All guidelines that are aimed at reducing 
dialysis- related infections are grounded on good 
hand hygiene prior to any handling of the HD 
catheter, as well as before and after taking off 
gloves for catheter connection or disconnection. 
Masks are typically worn for HD catheter con-
nection or disconnection, and although not stipu-
lated in CDC guidelines, they are recommended 
by KDOQI and by the Centers for Medicare & 
Medicaid Services.

 Staphylococcus Colonization

In terms of respiratory tract carriage of bacteria 
that may contribute to dialysis infection, 
Staphylococcus aureus has been reported to colo-
nize 10–50% of patients in various dialysis 
cohorts [108]. Infections of the HD catheter with 
Staphylococcus aureus can be problematic, since 
these infections are typically harder to clear than 
coagulase-negative staphylococcal strains or 
gram-negative organisms (Fig.  24.4). 
Staphylococcus aureus strains are more drug 
resistant than other staphylococcal species, 
thereby contributing to significant HD patient 
morbidity and healthcare costs [109]. This viru-
lence may in part be a function of the predisposi-
tion for Staphylococcus aureus to form biofilm 
and accounts for why Staphylococcus aureus 
infection results in higher rates of catheter 
removal or replacement [99, 106, 110, 111]. 
Since skin folds are especially prone to coloniza-
tion with Staphylococcus, femoral catheters are 
considered to be at higher risk than catheters 
placed in the neck or chest.

Since nasal carriage of Staphylococcus aureus 
has been associated with higher rates of staphylo-
coccal infections, eradication by a 5-day course 
of topical intranasal mupirocin has been utilized. 
Some reports in HD patients show efficacy in 
three-quarters of colonized individuals, though 
re-colonization is common and requires re- 
treatment [112–115]. A concern for widespread 
or repeated mupirocin exposure, however, is the 
development of resistant bacteria, as has been 
found in both HD and peritoneal dialysis patients 
using long-term mupirocin for exit site care 
[116–119]. Alternatively, a brief course of oral 
rifampin is also effective in eradicating nasal 
Staphylococcus aureus carriage for up to 
3 months [115]. Some have also suggested that 
intermittent baths with chlorhexidine-based 
soaps may also decrease Staphylococcus coloni-
zation on the skin.

Currently, there are no recommendations for 
widespread testing or treatment of nasal carriers 
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of Staphylococcus in the pediatric HD unit, but in 
select cases of recurrent or severe infection, such 
approaches may be considered.

 Exit Site Care

Since the HD catheter exit site is the crucial inter-
face between the external catheter limbs and hubs 
and the subcutaneous or tunneled portion of the 
catheter, attention to the skin integrity of the exit 

site and appropriate periodic antisepsis of the site 
to decrease skin colonization is thought critical in 
maintenance HD catheter care. Exit site skin anti-
sepsis is best provided with >0.5% chlorhexidine 
with alcohol, with 70% alcohol or povidone- 
iodine as alternatives. Chlorhexidine’s antimicro-
bial effect is rapid and can have some residual 
efficacy, whereas povidone-iodine must have 
longer skin contact and be allowed to dry.

In an observational study in children on HD 
that collected >20,000 HD catheter days of data, 
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Fig. 24.4 Cure rates of CRBSI, stratified by infecting 
organism and treatment strategy. Cure rates for coagulase- 
negative Staphylococcus (CNS), gram-negative rods/bac-
teria (GNR), and Staphylococcus aureus (S. aureus) were 
compared overall and by each treatment strategy. The 
highest cure rate was for CRBSI caused by CNS, followed 
by GNR, and then S. aureus. Systemic antibiotics alone 
had the lowest cure rates for all infecting organisms. 

Antibiotic locks along with systemic antibiotics improved 
clearance rates for CNS and GNR, without changing S. 
aureus outcomes. Wire guided exchange resulted in better 
S. aureus cure rates. The odds ratio for clearance of CNS 
CRBSI versus GNR, 1.71 (95% CI, 0.99–2.97; p = 0.06); 
CNS versus S. aureus, 3.13 (95% CI, 1.73–5.67; 
p  <  0.001); and GNR versus S. aureus, 1.83 (95% CI, 
1.13–2.97; p = 0.02). (Modified from: Aslam et al. [105])
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the CRBSI rate in children receiving chlorhexi-
dine antisepsis of the exit site was half the rate of 
those receiving povidone-iodine antisepsis, with 
an advantage to chlorhexidine use in reducing 
exit site infection and days of hospitalization for 
infection [120–122]. There is similar data to sug-
gest that chlorhexidine skin antisepsis at the time 
of placement of the HD catheter is also superior 
to the use of povidone-iodine [120, 123, 124]. 
Sodium hypochlorite is not recommended in cur-
rent guidelines since it is less efficacious than 
chlorhexidine, and there is more limited data as 
to its efficacy in the dialysis population in com-
parison to povidone-iodine or 70% alcohol as 
chlorhexidine alternatives.

In addition to periodic skin antisepsis, a topi-
cal antimicrobial ointment or a chlorhexidine 
impregnated patch dressing is generally placed at 
the exit site, based on several studies that have 
shown efficacy of such practice in reducing rates 
of exit site infection and CRBSI in HD [125–
129]. Most guidelines currently recommend a 
triple antibiotic ointment containing bacitracin, 
gramicidin, or neomycin and polymyxin B or an 
ointment with povidone-iodine. The triple antibi-
otic ointment is thought to have efficacy against 
both gram-positive and gram-negative organisms 
and has been shown to have short-term and long- 
term efficacy in decreasing infections. One report 
showed CRBSI rates falling from 4.1 to1 epi-
sodes/1000 HD catheter days with routine triple 
antibiotic ointment use, with low bloodstream 
and exit site infection rates continuing through at 
least 6 years of ongoing use [130]. In this long- 
term cohort, the bacterial isolates from those with 
infections were similar to those seen before the 
intervention, suggesting that there was no evolv-
ing antimicrobial resistance or selection for cer-
tain types of infection with the triple antibiotic 
ointment [131].

Of note, though often recommended for peri-
toneal dialysis catheter exit site care, gentamicin 
ointment or cream is not recommended with HD 
catheters due to limited data studying its use and 
efficacy in this setting. Similarly, mupirocin is 
also often recommended for peritoneal dialysis 
catheter care but not endorsed with HD catheters 
related to concerns for mupirocin-resistant organ-

isms, especially Staphylococcus aureus, develop-
ing with chronic exposure [116, 117].

There has been some interest in the use of 
medical-grade honey as a safe and inexpensive 
topical antimicrobial. Medical-grade honey has 
several antimicrobial characteristics including a 
low pH due to flavonoid and phenolic acid, a high 
osmolality due to low water content, and an abil-
ity to generate hydrogen peroxide as it becomes 
dilute [132–134]. In one study of 101 dialysis 
patients, medical-grade honey was found not 
inferior to mupirocin in preventing CRBSI and 
exit site infections, without apparent develop-
ment of any antimicrobial resistance [135]. There 
is no significant data, however, comparing 
medical- grade honey use with currently recom-
mended HD catheter exit site care choices such 
as triple antibiotic or povidone-iodine ointments 
or chlorhexidine impregnated patch dressings.

There are two reports on the efficacy of 
chlorhexidine impregnated patch dressings in 
decreasing dialysis-related infections specifically 
in children. In one study, the addition of a 
chlorhexidine impregnated patch to a skin anti-
sepsis regimen using povidone-iodine decreased 
exit site infection rates from 1.1 to 0.2 epi-
sodes/1000 catheter days, though there was no 
effect on CRBSI rates or long-term HD catheter 
survival [125]. When chlorhexidine gluconate 
2% and isopropyl alcohol 70% were substituted 
for povidone-iodine to provide skin antisepsis, 
along with continued use of the chlorhexidine 
impregnated patch at the exit site, the CRBSI rate 
fell significantly from 2.2 to 1 episode/1000 HD 
catheter days, with significantly lower days of 
hospitalization and a tendency for longer catheter 
survival.

Except when uncovered for direct exit site 
care, the HD catheter exit site is covered by a 
dressing. Traditionally, gauze had been used, but 
there has been a transition to a transparent semi- 
permeable dressing in many centers. At the time 
of exit site care, either a chlorhexidine impreg-
nated patch dressing or antimicrobial ointment 
and sterile gauze are covered by these transparent 
dressings. The HD catheter exit site should be 
directly visualized with every HD treatment. If 
there cannot be direct visualization of the actual 
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exit site through a transparent dressing or if any 
dressing becomes wet, soiled, or detached, then 
the dressing needs to be changed, with appropri-
ate preceding exit site care [35, 36]. Even if an 
exit site can be visualized and looks normal, a 
dressing change with exit site care should occur 
at least once weekly.

There has been little formal direct compari-
son of gauze versus transparent outer dressings 
on infection rates. One study showed that 
CRBSI rates were lower with transparent dress-
ings, but the patients with transparent dressings 
had chlorhexidine patches placed at the exit 
site, whereas the patients with gauze outer 
dressings had antibiotic ointment, so the rela-
tive effect of the difference in dressing versus 
the difference in direct exit site care could not 
be distinguished [128].

 HD Catheter Hubs

When the HD catheter is accessed or discon-
nected, there are multiple opportunities for con-
tamination of the hubs and entry of 
microorganisms into the catheter lumen. Various 
checklists have been devised as part of dialysis 
guidelines to try to standardize practice and 
reduce opportunities for infection, and auditing 
of catheter connection and disconnection plays a 
major part in many initiatives such as CDC’s 
Making Dialysis Safer for Patents Coalition or 
the SCOPE collaborative.

Proper disinfection of the catheter hubs is crit-
ical as part of any catheter connection or discon-
nection. Appropriate antiseptics include >0.5% 
chlorhexidine with alcohol, 70% alcohol, or 10% 
povidone-iodine. Scrubbing the hubs for an 
appropriate period of time and then allowing the 
antiseptic to dry enhance efficacy of this step. 
This disinfection of the hub needs to occur for 
any disconnection or reconnection that occurs 
prior to the conclusion of a dialysis session and 
not only at the start and stop of a session. When 
new caps are being placed back over the hubs, 
they need to be attached in an aseptic technique 
so that the inner portion of the cap that occludes 
the catheter is not contaminated.

Although it may be local practice to soak the 
capped hub for 3–5 minutes in antiseptic prior to 
removing the cap, this is not recommended by the 
CDC and has not been included in recent KDOQI 
recommendations as well. Similarly, in some 
centers tape may be placed over caps to help 
secure them and prevent accidental dislocation 
[23], but tape residue in the hub area will then 
require extra attention during disinfection since 
its ongoing presence serves as an additional nidus 
for potential bacterial contamination.

Changes with cap design or catheter connec-
tors have also been proposed as strategies to 
reduce infection that originates at the hub. 
Needle-free connector systems that stay attached 
to the catheter hubs for up to a week and do not 
need to be removed to perform dialysis create a 
closed system that eliminates opening the hub 
with every dialysis session. Disinfecting caps 
containing 70% isopropyl alcohol can also be 
twisted onto these needleless connectors to either 
sanitize the connector before it is used or to sit in 
place as an additional anti-infectious barrier for 
at least a week. There is little data in pediatric 
HD patients to date, however, to show that these 
needle-free connectors result in significant 
changes in CRBSI rates.

More traditional caps have also been engi-
neered that have a chlorhexidine embedded rod 
extending from the inside of the cap. When these 
caps are placed into position onto a hub after a 
dialysis session, this rod extends into the initial 
portion of the attached HD catheter limb, and 
chlorhexidine is slowly released, effectively 
eliminating contaminating microbes near the hub 
and in that portion of the catheter limb [136]. A 
randomized prospective trial of 2500 HD patients 
compared use of these caps to traditional caps 
and showed a significant reduction in CRBSI 
rates from 0.59 to 0.26 episodes/1000 HD cathe-
ter days [136]. Even with long-term use, it 
appears that the chlorhexidine that is released 
does not generate resistance to this antiseptic 
agent [120, 121].

In a randomized prospective trial of HD 
patients over 13  months comparing use of a 
needle- free connector/disinfecting cap system to 
use of a cap with a chlorhexidine rod, CRBSI 
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rates in the group using the cap with a chlorhexi-
dine rod were significantly lower than rates in the 
group with the needleless connector/disinfecting 
cap (0.28 vs 0.75 episodes/1000 HD catheter 
days).

 Innovative HD Catheter Design 
and Composition

There have also been considerations to change 
the composition or design of HD catheters to try 
to reduce catheter-related infections. Much of 
this effort has focused on preventing bacterial 
colonization and biofilm formation in catheters 
[137, 138]. Catheters impregnated with various 
antibiotics, antimicrobials, or anticoagulants 
have been designed, most of them for acute care 
HD catheters since the active agents are limited 
in potency, often eluting away by 7–10  days 
[139–145]. There is limited data to date as to the 
broad efficacy of this approach in the chronic 
dialysis setting, however, with even less data in 
children with end-stage kidney disease.

Catheters are also being designed with poly-
mers or additives aimed at maintaining a smooth 
intraluminal surface over time [51]. Since micro-
organisms find it easier to attach to and then pro-
duce biofilm on roughened surfaces, bacterial 
colonization should be impeded in catheters with 
smooth intraluminal surfaces that resist develop-
ing irregularities [50, 51]. Again there is limited 
data currently as to the clinical efficacy of this 
approach, though it seems to better address the 
role of biofilm in catheter-associated infections.

 Antimicrobial Locks as Preventative 
Strategy

Antimicrobial locks have also been used as a pre-
ventative strategy to protect the intraluminal 
catheter surface from microorganism coloniza-
tion and biofilm formation, with some reports 
suggesting more than 50% reduction in CRBSI 
rates [146–148]. A concern about long-term anti-
microbial locks is the development of resistant 
microorganisms, though this seems to have been 

more problematic when such locks were first 
being utilized and much higher antibiotic con-
centrations were used [147, 149]. The risk- benefit 
analysis of preventative locks in any dialysis set-
ting must also take into account the current fre-
quency of CRBSI in that population and the risks 
that ensue from CRBSI treatment, including the 
impact of repetitive exposure to systemic antibi-
otics [150].

In a pediatric study of 43 children and over 
16,000 HD catheter days, a group of children 
considered high risk for CRBSI received prophy-
lactic tobramycin-TPA catheter locks after each 
dialysis session for 6 months and then weekly for 
an additional 6  months. CRBSI rates dropped 
significantly in these high-risk children to nearly 
a third of baseline levels. There was a trend 
toward increased infections again when prophy-
laxis was decreased to weekly. Additionally, 
there was significant decrease in systemic antibi-
otic exposure and percentage of HD catheters lost 
to malfunction during the period of prophylaxis.

More extensive data exists in adult HD patients 
looking at both the efficacy and potential adverse 
consequences of prophylactic antibiotic locks. 
Many studies have demonstrated decreased rates 
of CRBSI using various antimicrobial- 
anticoagulant mixes [33, 151–153]. Table  24.2 
lists combinations of antimicrobials and antico-
agulants that have been reported effective with 
both treating infection and in HD catheter pro-
phylaxis. Several studies have shown that antibi-
otic resistance can become problematic with 
prophylactic locks and contribute to significant 
drug-resistant infections in these HD patients 
[33, 154], though other studies have not shown a 
significant change in antibiotic resistance over 
time [151–153, 155].

Given the results of initiatives like the 
SCOPE collaborative that reduced HD catheter- 
associated infections in children by implement-
ing specific bundles of clinical care, it remains 
to be seen whether antibiotic locks may prove an 
additional strategy to reduce infections further 
and whether sequelae like antibiotic resistance 
will be a relevant issue in the setting of even less 
frequent prior or ongoing systemic exposure to 
antibiotics.
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 Exit Site and Tunnel Infections

An exit site infection usually presents with ery-
thema of the site, often accompanied by tender-
ness, discharge, and even swelling and induration 
of the subcutaneous catheter tunnel within 2 cm 
of the exit site. An isolated exit site infection 
infrequently presents with fever, and most can be 
diagnosed readily with inspection of the exit site. 
Chronic poor exit site care, a breach of the exit 
site dressing, issues with immobilization of the 
catheter at the exit site, and Staphylococcus 
aureus nasal carriage are all risk factors for HD 
catheter exit site infections. Staphylococcus spe-
cies are the most likely microorganisms causing 
HD catheter exit site infections.

When exit site infections are suspected from 
external inspection, the immediate subcutaneous 
catheter tunnel should also be carefully examined 
for tenderness or induration and to make sure that 
no discharge can be readily expressed out the exit 
site. Any discharge should be cultured, and there 
should be a low threshold to consider blood cul-
tures from the HD catheter if there is any concern 
for an associated CRBSI.  Ultrasound examina-
tion of the area may also be indicated to further 
delineate tunnel involvement or help define the 
extent of infection.

Meticulous exit site care must follow any ini-
tial concern for or diagnosis of an exit site infec-
tion, with special attention to antisepsis of the 
skin and application of triple antibiotic ointment 
or a chlorhexidine patch dressing at the exit site. 
This care should be repeated at every dialysis ses-

sion until there is no longer any acute concern. 
Additionally, antibiotics are usually prescribed, 
most often oral cefazolin as empiric therapy. 
Culture results of any discharge and clinical 
response can guide ongoing antibiotic therapy. In 
the setting of concern for CRBSI or a more sys-
temic process, intravenous antibiotic therapy 
should be used.

The typical duration of antibiotic treatment for 
an uncomplicated HD exit site infection is 
10–14  days, and symptoms are expected to 
resolve within the first week. Lack of resolution 
of symptoms or early recurrence after the comple-
tion of treatment should prompt re-evaluation. 
MRSA or gram-negative bacterial infection is the 
usual reason for suboptimal early response to typ-
ical measures. The more widespread adoption of 
agents such as >0.5% chlorhexidine with alcohol, 
70% alcohol, or povidone-iodine for skin antisep-
sis near the exit site along with use of triple anti-
biotic ointment or a chlorhexidine patch should 
continue to help reduce the frequency with which 
exit site infections are faced in children on HD.

In comparison to an exit site infection, a tun-
nel infection is a more serious complication of 
HD catheter use. Tunnel infections are diagnosed 
by erythema, induration, or tenderness along the 
subcutaneous HD catheter tunnel distal to the exit 
site. On occasion, purulent discharge may be 
milked along the tunnel to the exit site. Tunnel 
infections may occur without a concomitant exit 
site infection, but their development is always a 
concern when a child with an HD catheter has an 
exit site infection. Tunnel infections are more dif-

Table 24.2 Antibiotic lock solutions

Antibiotic Antibiotic concentration Anticoagulant Anticoagulant concentration Reference
Vancomycin 5 mg/ml Heparin 5000 units/ml [156]
Vancomycin 2.5 mg/ml Heparin 2500 units/ml [79]
Vancomycin 5 mg/ml TPA 1 mg/ml [30]
Cefazolin 5 mg/ml Heparin 5000 units/ml [6]
Tobramycin 5 mg/ml TPA 1 mg/ml [30]
Tobramycin 5 mg/ml Heparin 5000 units/ml [156]
Gentamicin 5 mg/ml Heparin 5000 units/ml [147]
Gentamicin 4 mg/ml Trisodium citrate 3.13% [157]
Gentamicin 1 mg/ ml Heparin 5000 units/ml [153]
Gentamicin 0.32 mg/ml Trisodium citrate 4% [151]

24 Infectious Complications of Hemodialysis in Children



418

ficult to clear than exit site infections given they 
are not as readily accessible for local care, and 
there is always concern about involvement of sur-
rounding tissue or hematogenous spread, espe-
cially when there is concomitant fever. 
Accordingly, it is typical practice to treat a tunnel 
infection with intravenous antibiotics.

Prior to antibiotic administration, any dis-
charge from the exit site or expressed from the 
tunnel should be cultured, and blood cultures 
should also be obtained from the HD catheter 
ports. If there is palpation of any collection along 
the tunnel, tunnel ultrasound should be obtained 
to look for abscess. Generally, most centers begin 
to treat tunnel infections with the same empiric 
antibiotics as CRBSI, with narrowing of antibi-
otic coverage determined by culture results. 
Given the concern for deeper tissues being at risk 
of infection, the treatment duration is typically 
3 weeks. If the symptoms exacerbate, do not sub-
stantially improve during the first week, or recur 
early after the completion of treatment, the HD 
catheter should be removed and replaced with the 
creation of a new exit site and tunnel.

 AVF and AVG Infections

An AVF is always the vascular access of choice 
for any patient on long-term HD. An AVF pro-
vides better dialysis efficacy and is much less 
likely to have issues with infection than a cathe-
ter. An AVG is considered in those in whom AVF 
cannot be created. Although infections may be 
seen more often in an AVG than an AVF, their 
frequency is still dramatically lower than rates 
seen with HD catheters, with overall incidence 
estimated at <0.1 episodes/1000 access days.

Risk factors for AVF-/AVG-associated bacte-
remia include suboptimal antisepsis of the skin 
prior to cannulation, nasal or skin carriage of 
Staphylococcus aureus, and failure to receive typ-
ical pre-surgical site antibiotic prophylaxis with 
access creation or revision. Others have described 
infections related to pseudoaneurysms and sec-
ondarily infected hematomas that arise from infil-
tration with needle placement. The buttonhole 
technique for cannulation has also been associ-
ated with access infections [158]. Buttonhole can-

nulation uses the same needle insertion sites and 
the same subcutaneous tract for every dialysis ses-
sion. This technique was derived to allow easier 
cannulation with less pain and was also thought to 
be less likely to cause infiltration or aneurysms, 
with more rapid hemostasis after needle removal. 
The standard rope- ladder cannulation method 
does seem, however, to decrease the risk of local 
infections and bacteremia.

Infections of AVF/AVG most often present 
with erythema, pain, drainage, or induration, typ-
ically near sites of cannulation. In some cases, 
fever may be present, but this is more typical with 
more advanced infections or systemic spread. 
Any discharge or exudate should be cultured and 
blood cultures should also be obtained. 
Ultrasound of the access area may be helpful to 
diagnose any subcutaneous abscess or other 
changes suggesting deeper infection. Based on 
examination and review of any imaging studies, a 
clinical determination can be made as to whether 
the infection is more along the lines of a superfi-
cial cellulitis or whether it extends to deeper tis-
sue and vasculature. With concern for more 
significant infections, there may be a need to dis-
continue using the access, and a temporary dialy-
sis catheter may need to be placed.

As with exit site or tunnel infections, the most 
likely pathogen is Staphylococcus species or 
another gram-positive organism. Empiric therapy 
with both gram-positive and gram-negative cov-
erages, akin to treatment for CRBSI, should be 
started with any concern for actual infection of 
the AVF or AVG, with ongoing therapy guided by 
culture results and clinical response. On occa-
sion, surgical intervention will be necessary for 
drainage of an infected hematoma or abscess. 
The recommended duration of treatment is 6 
weeks of systemic antibiotics [75]. Most infec-
tions can be cleared with antibiotics without loss 
of the access. If metastatic infections or septic 
emboli arise from the infected access, surgical 
excision of AVF/AVG needs to be considered. 
Similarly, there should be a low threshold to do 
echocardiography with persistent fevers or posi-
tive blood cultures or other sites of infection aris-
ing to rule out concomitant endocarditis.

Related to the need to use exogenous mate-
rial in its creation, bacteremia and local infec-
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tions are more common with an AVG than an 
AVF, as are metastatic or systemic manifesta-
tions or the need for surgical intervention. With 
partial or complete resection of the AVG and 
associated infected tissue and skin, temporary 
HD access may be needed while there is ongo-
ing antibiotic therapy. With creation of a new 
access, healthy subcutaneous tissue and overly-
ing skin need to be used. Recurrence of fever or 
other symptoms during treatment or shortly fol-
lowing its completion raises concerns for resid-
ual or metastatic infections such as osteomyelitis 
or endocarditis and generally benefits from 
consultation with an infectious disease 
specialist.

Preventive strategies to reduce AVF- and 
AVG-associated infections are part of common 
clinical care. Perioperative gram-positive antibi-
otic coverage during creation or surgical revi-
sions of a permanent HD access is standard, as is 
provision of appropriate antibiotic prophylaxis 
with high-risk interventions that may have asso-
ciated bacteremia such as dental procedures and 
gastrointestinal or genitourinary interventions. 
Use of appropriate antiseptics such as >0.5% 
chlorhexidine with alcohol, 70% alcohol, or 10% 
povidone-iodine on the skin over the access 
reduces the risk of introduction of microorgan-
isms into the access during cannulation. As with 
any skin antisepsis, cleaning the site for an appro-
priate amount of time and then allowing the site 
to dry optimize the benefits of such care.

In the setting of persistent fevers without an 
apparent source of infection, chronic elevation of 
inflammatory markers, or erythropoietin- resistant 
anemia, a prior thrombosed AVG that is still in 
place may need to be investigated as a source of 
ongoing clinically significant inflammation or 
even infection. Physical examination and ultra-
sound of the area may be helpful. There is also 
data to suggest that technetium-labeled leukocyte 
scans may be able to more precisely assess if 
there is ongoing infection in an old or unused 
AVG, with close correlation between positive 
findings on scan and eventual positive bacterial 
cultures following surgical excision [159]. This 
potential complication may be especially impor-
tant for kidney transplant patients with clotted 
but not resected AVGs [160].

 Transmissible Infections 
in the Pediatric Hemodialysis Unit

Given the nature of hemodialysis, there is a high 
risk for blood exposure for both hemodialysis 
patients and their healthcare providers. Of par-
ticular concern are blood-borne pathogens such 
as hepatitis and HIV. With the more widespread 
adoption of specific guidance regarding infection 
control in the hemodialysis unit, the number of 
such infections is quite small, especially consid-
ering the ever-increasing number of adult chronic 
hemodialysis patients. Given that children on 
hemodialysis make up such a tiny fraction of the 
entire hemodialysis population and are much less 
likely to spend long periods of time on hemodi-
alysis prior to transplantation, the number of such 
pediatric infections is even smaller.

Transmission of hepatitis B infection was of 
particular concern when chronic hemodialysis 
first became widespread in the early 1970s, with 
incidence rates up to 30% being described related 
to poor infection control practices and the need 
for repeated blood transfusions in the era before 
erythropoietin availability [161]. With stricter 
infection control requirements, the advent of 
erythropoietin, and the development of the hepa-
titis B vaccine, dialysis-acquired incident hepati-
tis B infections have dropped to 0.05% in the 
United States [162], and most patients with hepa-
titis infections receiving dialysis now acquired 
their infection prior to their need for dialysis.

Routine childhood hepatitis B vaccination was 
begun in 1991 with that recommendation extend-
ing to adolescents in 1995 to limit the number of 
non-immune pediatric patients entering adult-
hood. As a result, almost all children now starting 
hemodialysis in the United States are already vac-
cinated against hepatitis B. Nonetheless, any child 
starting dialysis needs to be screened for hepatitis 
B infection (HBsAg, HBsAb, HBcAb) before or 
within 7 days of initiation. Until there is confirma-
tion that the child does not have an active hepatitis 
B infection, the child needs to be kept isolated 
from other patients while on dialysis and needs to 
be dialyzed on a dedicated machine.

In the child who has never been immunized, a 
primary series of hepatitis B vaccine should be 
provided, with follow-up serologic testing to con-
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firm subsequent immunity. In the immunized 
child, with initial serologic evidence of immunity, 
subsequent periodic serologic assessment while 
on HD is needed, since children with CKD and on 
dialysis lose serologic evidence of immunity at an 
increased rate compared to healthy children [163]. 
With loss of immunity, revaccination is recom-
mended, with reassessment of serologies to con-
firm if there has been seroconversion once more.

Similar to hepatitis B, hepatitis C or HIV infec-
tion is less of a concern in children on dialysis as 
well. It is rare to find a young child with hepatitis 
C or HIV infection outside of perinatal transmis-
sion. The advent of antiretroviral therapy has sub-
stantially reduced the likelihood of perinatal HIV 
transmission. Since both of these viruses are pri-
marily transmitted through IV drug abuse or sex-
ual activity, these infections are more of a concern 
in adolescents, but again their frequency is very 
low. Children initiating hemodialysis should, 
nonetheless, be screened for both these infections.

Unlike hepatitis B, infection with hepatitis C 
or HIV does not require patient isolation, dedi-
cated equipment, or any other special practice 
during hemodialysis. Typical infection control 
measures for provision of care and procurement 
and handling of laboratory samples, recom-
mended sanitization and maintenance of dialysis 
equipment, as well as well-established blood 
bank practices to screen blood products for these 
infections should effectively prevent any iatro-
genic disease transmission. Moreover, ongoing 
antiviral therapy for HIV and consideration of 
antiviral therapy for hepatitis C should also help 
reduce the very low transmission risk during dial-
ysis even further. The use of antiviral prophylaxis 
after needle stick injury can also reduce concern 
for this route of acquired infection.

 Infection Prevention 
and Surveillance

As alluded to elsewhere in this chapter, embedding 
strategies to prevent infection into day-to- day dial-
ysis care can play an important role in reducing the 
number of dialysis-associated infections that 
occur. Strict adherence to practice guidelines for 
catheter connection and disconnection and for exit 

site and dressing care is often made difficult by 
time constraints or varying levels of patient coop-
eration. Moreover, it is important for there to be 
general awareness that guidelines may change or 
be revised as new evidence is gained from clinical 
experience, such as the switch to 0.5% chlorhexi-
dine with alcohol solutions from 10% povidone-
iodine solutions for catheter hub and exit site care 
[120, 121]. Concomitant with efforts to optimize 
the technical aspects of dialysis provision to 
reduce infection risk, there also needs to be ongo-
ing attention to aspects of a general infection pre-
vention strategy, such as the environment of care, 
screening for infection in patients and staff, and 
use of personal protective equipment.

One of the earliest reports of successful reduc-
tion of CRBSI by using standardized catheter care 
practices was by Eisenstein et  al. in a pediatric 
dialysis unit [23]. Similar results were achieved in 
adults with implementation of the CDC Dialysis 
Bloodstream Infection Prevention Collaborative 
Interventions [35, 36], with reduction in infection 
shown to be sustainable over a prolonged period 
of time [164]. Recent data from the Children’s 
Hospital Association’s Standardizing Care to 
Improve Outcomes in Pediatric End Stage Renal 
Disease (SCOPE) collaborative has also shown 
how the implementation of standardized care 
practices can affect short-term and long-term dial-
ysis-associated infection rates in children [165]. 
The SCOPE collaborative standardized HD cath-
eter care via implementation of care bundles that 
were aligned with the preventive practices earlier 
recommended by the CDC [36, 37]. Ongoing 
adherence to these recommendations was tracked 
by active surveillance within each participating 
center. During the first 4 years of SCOPE, increas-
ing rates of adherence to recommended bundle 
practices were demonstrated. During this same 
time, the adjusted CRBSI rate significantly 
decreased from 3.3/100 patient months in the 12 
months prior to implementation of the care bun-
dles to 0.8/100 patient months during the study 
period (p < 0.001) [166].

When implementing standardized practices 
and auditing for adherence over time, it is critical 
to have auditing tools that guide assessment of 
performance across the spectrum of care practices 
that need to be assessed. Additionally, including 
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more routine infection prevention surveillance 
into these auditing tools facilitates ongoing data 
collection. Identifying staff members responsible 
for the audits and sharing the audit results with 

dialysis staff and patients also help to inculcate a 
culture of safety and quality within the dialysis 
unit. In Figs. 24.5, 24.6, and 24.7, auditing tools 
from the SCOPE collaborative detail key factors 

Fig. 24.5 Infection prevention high-frequency rounding 
tool. Various factors relating to the environment of care, 
personal protective equipment, dialysis connection and 
disconnection techniques, and exit site care that can play 
a role in infection risk. Successful mitigation of infection 
risk requires active surveillance for adherence to expected 

performance. This rounding tool covers parameters that 
should be assessed frequently. (Rounding tool shared with 
permission: Standardizing Care to Improve Outcomes in 
Pediatric End Stage Renal Disease (SCOPE) 
Collaborative, Children’s Hospital Association)
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Fig. 24.5 (continued)
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Fig. 24.5 (continued)
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Fig. 24.5 (continued)
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to assess during such infection- centered rounds, 
with separate auditing tools for items that should 
be surveyed frequently compared to those requir-
ing only intermittent or special consideration.

 Conclusion

This risk of infection for the child on hemodialy-
sis is most influenced by the child’s dialysis 
access. Although children with permanent vascu-
lar access in the form of AVF or AVG are much 
less likely to have dialysis-related infections than 
children who receive HD via catheter, many chil-
dren on HD rely on catheters. The ongoing devel-
opment and adoption of practices specific to HD 
catheter use and care should help minimize infec-
tion risk, with special focus on improving rates of 
CRBSI (Fig. 24.8).

Key Take-Home Messages for This Chapter 
Include
Reports from both single pediatric centers and a 
multicenter collaborative of pediatric dialysis 
units show that implementation of guidelines that 
stress meticulous hand hygiene, chronic care of 
the catheter exit site, and aseptic connections to 
the HD catheter hubs decreases CRBSI in 
children.

Antisepsis of skin near the exit site and of the 
HD catheter hubs should use agents with demon-
strated efficacy in the dialysis setting, notably 
>0.5% chlorhexidine with alcohol, 70% alcohol, 
or 10% povidone-iodine.

Triple antibiotic ointment or a chlorhexidine 
patch should be placed at the exit site and then 
covered with a transparent dressing or gauze; the 
exit site should be visualized with each dialysis 
treatment, and exit site care and a new dressing 
placed at least weekly.

Antibiotic locks are an effective prophylactic 
strategy and have also been shown to augment 
cure rates when used with systemic antibiotics 
for treatment of CRBSI.

With suspected CRBSI, blood cultures should 
be obtained from the catheter hubs/HD circuit 
prior to antibiotic treatment; broad-spectrum 
antibiotics such as vancomycin and ceftazidime 
are commonly used empirically while awaiting 
culture results.

CRBSI with microorganisms that are difficult 
to clear from vascular catheters such as 
Pseudomonas, Staphylococcus aureus, or fungus 
generally mandates catheter removal.

Persistently positive blood cultures or recur-
rent symptoms during antibiotic treatment also 
require HD catheter removal; wire-guided 
exchange can be safely utilized for most patients.

Antibiotics should be provided with CRBSI 
for at least 2–3 weeks after negative blood cul-
tures are first obtained; complicated infections 
may require longer therapy.

Exit site and tunnel infections generally 
respond rapidly to initiation of antibiotics and 
usually are not associated with CRBSI.

AVF and AVG infections are rare; AVG infec-
tions are more likely to be complicated or require 
surgical intervention.

Fig. 24.5 (continued)
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Fig. 24.6 Infection prevention intermittent frequency 
rounding tool. Various factors relating to the environment 
of care that play a more limited role in infection risk, but 
nonetheless should be assessed at intervals. This rounding 
tool covers environmental parameters that should be 

assessed with intermittent frequency. (Rounding tool 
shared with permission: Standardizing Care to Improve 
Outcomes in Pediatric End Stage Renal Disease (SCOPE) 
Collaborative, Children’s Hospital Association)
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Fig. 24.6 (continued)
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SCOPE Collaborative
Dialysis Infection Prevention Rounding Tool

Surveyor: Date: 1

SPECIAL CONSIDERATIONS ROUNDING TOOL

Screening and Precautions

Illness Screening Notes

Patients, parents/caregivers, and visitors are screened daily for contagious
illnesses upon arrival to clinic AND includes the following components:

Questions about exposure to illness

Fever or rash present

Cough/Upper Respiratory Infection

Isolation Considerations Notes

Appropriate isolation signage is available and followed as indicated

Environmental Considerations

Privacy Curtain Notes

Free of stains or tears

Avoiding touching with dirty gloves/hands

Hand hygiene performed immediately before and after touching the 
curtains

Changed on schedule per manufacturer’s recommendations or institution
policy/procedure

Yes No N/A

☐ ☐ ☐

☐ ☐ ☐

☐ ☐ ☐

☐ ☐ ☐

Yes No N/A

☐ ☐ ☐

☐ ☐ ☐

☐ ☐ ☐

☐ ☐ ☐

☐ ☐ ☐

Yes No N/A

☐ ☐ ☐

☐ ☐ ☐

☐ ☐ ☐

☐ ☐ ☐

Hepatitis Bstatus confirmed (prior to initiation of dialysis treatment,
when feasible) and positive patients are properly isolated with dedicated
machine and nurse/tech.

Hepatitis unknown status patients (e.g. those awaiting results) in isolation
pending results.

Machine chemical disinfection after each treatment of Hepatitis B 
confirmed or unknown status

Bleach disinfection procedure performed before machine returned to
general patient use.

Fig. 24.7 Infection prevention special considerations 
rounding tool. Various factors relating to illness screening 
for patients, staff, or visitors and certain environment of 
care parameters can impact infection risk in the dialysis 
unit and warrant special consideration for inclusion in 

dialysis unit surveillance. This rounding tool covers such 
special considerations. (Rounding tool shared with per-
mission: Standardizing Care to Improve Outcomes in 
Pediatric End Stage Renal Disease (SCOPE) 
Collaborative, Children’s Hospital Association)
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Transmission of infection from dialysis equip-
ment or between dialysis patients is uncommon 
when standard infection control practices are 
followed.
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Non-infectious Complications 
of Hemodialysis in Children

Dagmara Borzych-Duz. ałka and Elizabeth Harvey

 Introduction

Hemodialysis (HD) is a life-sustaining therapy 
utilized in the management of both acute kidney 
injury and end-stage renal disease (ESRD). 
Advances in dialysis technology in the last 5 
decades have vastly improved the safety and effi-
cacy of HD. However, acute and technical prob-
lems may occur during initiation of dialysis or 
during chronic treatments. Conventional HD 
imperfectly replaces renal function and may be 
associated with chronic long-term consequences. 
While not all inclusive, this chapter reviews some 
of the acute and chronic complications associated 
with HD.

 Acute Complications

 Dialysis Disequilibrium Syndrome 
(DDS)

Dialysis disequilibrium syndrome (DDS) is a 
well-recognized complication of acute and 
chronic hemodialysis [1]. DDS is an acute neuro-

logical syndrome attributed to cerebral edema 
and increased intracranial pressure. The spectrum 
of presentation ranges from mild symptoms such 
as headache, restlessness, nausea, vomiting, mus-
cle cramps, and blurred vision through to sei-
zures, central pontine myelinolysis, and coma 
[2]. Death has been reported in both adults and 
children [3–5]. It is more common in acutely ure-
mic patients initiating dialysis, but it can occur in 
any dialysis session associated with rapid lower-
ing of urea. DDS is more common in children 
[6]. Intraocular hypertension associated with eye 
pain and altered visual acuity may be another 
manifestation of DDS [7]. Table  25.1 outlines 
risk factors for the development of DDS.

DDS is associated with EEG abnormalities, 
and evidence of cerebral edema on neuroimaging 
with CT or MRI. Increased intracranial pressure 
(ICP) has been documented during ICP monitor-
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Table 25.1 Risk factors for dialysis disequilibrium

Patient-related factors Dialysis-related factors
Children
Very high pre-dialysis urea
Hyponatremia/hypernatremia
Chronic kidney disease
Neurological disease:
  Head trauma
  Stroke
  Seizure disorder
  Severe hypertension
Severe acidosis
Liver disease
Poorly controlled diabetes

First dialysis 
treatment
High urea removal 
rate per unit time
Low sodium dialysate
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ing [8, 9]. While the pathogenesis remains incom-
pletely understood, two main hypotheses have 
been invoked, namely, the “reverse urea” effect 
and “idiogenic osmoles.”

Reverse Urea Effect During hemodialysis, urea 
removal occurs more rapidly from the blood than 
from the brain cells, creating a reverse osmotic 
gradient favoring water movement into the brain, 
causing cerebral edema. Limited patient studies 
from the 1960s showed that pre-dialysis, there 
were lower urea levels in the CSF than plasma, 
with a baseline CSF to plasma urea gradient of 0.9. 
Post-dialysis this gradient reversed, with a CSF to 
plasma urea gradient of 1.99, creating an osmolar 
gradient favoring water movement into the brain 
cells, which normalized by 24 hours. This gradient 
was greater in more uremic patients, creating a 
greater risk for cerebral edema [10]. Subsequent 
experiments in uremic rats have demonstrated a 
decrease in the astrocyte urea transporter UT-B1 
and an increase in astrocyte aquaporins AQP4 and 
AQP9. This combination could account for slower 
urea clearance from astrocytes when the plasma 
urea is rapidly lowered, with increased water 
influx in response to the osmolar gradient [11]. 
Whether these changes occur in the brain of ure-
mic humans, and the factors driving these changes 
are unknown. Additionally, newer imaging studies 
suggest the resulting cerebral edema in DDS is 
interstitial rather than intracellular.

Idiogenic Osmoles The second hypothesis is 
the presence of the so-called idiogenic osmoles 
contributing to hypertonicity of the cerebral cells. 
It is hypothesized that the increased plasma 
osmolality associated with uremia results in the 
generation of organic osmoles in the brain to pre-
vent cellular dehydration. This theory postulates 
that rapid dialysis lowers the plasma osmolality 
without removing these idiogenic osmoles, creat-
ing an osmolar gradient favoring water move-
ment into the brain, while slower dialysis allows 
for removal of these osmoles, resulting in a 
smaller osmolar gradient. However, the nature of 
these putative osmoles has not been elucidated, 
and the reverse urea effect is generally accepted 
as the mechanism for dialysis disequilibrium.

Treatment of DDS The primary treatment of 
DDS is prevention. Two factors seem to be 
important in the generation of DDS, namely, the 
severity of the initial urea accumulation and the 
rate of urea removal. There are two approaches to 
the prevention of DDS in severely uremic patients 
on conventional HD. The first is to use a dialyzer 
with a surface area proportional to the patients’ 
body surface area, and calculate the time required 
to achieve a urea reduction ratio of 30–40% at a 
standard clearance, usually less than 1 hour. The 
second is to use a smaller surface area dialyzer, 
and lower urea clearance, with a blood flow of 
2  ml/kg/min, over a 2-hour dialysis, to achieve 
the same proportionate urea clearance of approx-
imately 40% [6]. Given that urea reduction is not 
the sole purpose of dialysis, a gentle treatment 
over a 2-hour period also facilitates ultrafiltra-
tion, correction of acidosis, and phosphate 
removal. Convective therapy in the form of 
hemofiltration can also be used to achieve solute 
and water removal without creating large osmo-
lar differences. Slow continuous modalities such 
as veno-venous hemofiltration (CVVH) or hemo-
dialysis (CVVHD) are alternatives to prevent 
rapid lowering of urea [9]. However, DDS can 
still occur, especially if there are concomitant 
risk factors such as hypernatremia [8, 12].

Addition of an osmotic agent is another 
strategy to avoid DDS. The two common 
osmotic agents are sodium [13] and mannitol. 
Modern dialysis machines can be programmed 
to provide sodium ramping, where the initial 
sodium is raised 5–10  mmol/L above the 
patients’ sodium to offset the initial osmolar 
drop due to urea removal, with gradual return to 
slightly below the baseline sodium in a linear or 
step fashion. Reverse sodium ramping, raising 
the sodium from an initial value of 135–137 up 
to 142–148 over the course of the dialysis, is 
physiologically sound to offset the osmolar 
drop caused by urea removal. However, the 
higher plasma sodium may lead to increased 
thirst and interdialytic weight gain. Mannitol in 
a dose of 1 gram/kg (maximum 30 grams) 
infused over the first 30–60  minutes of the 
treatment has also been shown to be effective in 
preventing DDS.
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DDS can occur in chronic HD patients who 
present with chronically or acutely elevated urea 
levels. Strategies to prevent DDS in this situation 
include dietary counselling to lower protein 
intake, more frequent dialysis sessions, routine 
use of mannitol or sodium ramping, especially 
after the long interdialytic period, or hemodiafil-
tration. Frequently symptomatic patients may 
benefit from a switch to nocturnal dialysis or 
peritoneal dialysis.

If DDS occurs, therapy is directed at lowering 
the intracranial pressure. Mannitol 1 gram/kg or 
3% sodium chloride may be used to increase 
plasma osmolality.

Table 25.2 outlines the measures to prevent 
DDS in acute and chronic dialysis patients.

Differential Diagnosis The symptoms of DDS 
are non-specific and there are no confirmatory 
tests, so it is largely a diagnosis of exclusion. 
Thus, other etiologies for the patients’ symptoms 
should be considered. These include hyponatre-
mia, excessive ultrafiltration, seizure disorder, 
intracranial bleeding or subdural hematoma, 
malignant hypertension, hypoglycemia, hypoxia, 
cerebrovascular accident, and air embolism [6]. 
Involvement of the brain by the underlying dis-
ease may also be considered in certain acute con-
ditions such as hemolytic uremic syndrome or 
vasculitic disorders. Other uncommon etiologies 
include chronic aluminum toxicity (dialysis 
dementia) and thiamine deficiency (Wernicke’s 
encephalopathy) [14]. Although aluminum- 

containing phosphate binders are no longer rou-
tinely used, patients may have inadvertent 
exposure to aluminum in over the counter antac-
ids. Dialysis patients are at risk for water-soluble 
vitamin deficiency and should be supplemented 
with B&C multivitamins.

MRI may be helpful, with subcortical white 
matter lesions in the parietal and occipital lobes 
[15], but an appearance similar to posterior 
reversible leukoencephalopathy syndrome 
(PRES) has also been described in DDS [16, 17].

 Acute Hemodynamic Changes

Acute hemodynamic instability is a natural con-
sequence of disordered cardiovascular physiol-
ogy during hemodialysis (HD) and is the most 
common complication of treatment, contribut-
ing to patient morbidity and mortality. Most 
commonly the rapid removal of excess fluid 
compromises cardiovascular hemodynamics, 
reducing cardiac output and mean arterial 
 pressure (MAP). On the other hand, excessive 
ultrafiltration leads to activation of the renin-
angiotensin system, resulting in angiotensin 
II-mediated vasoconstriction and intradialytic 
hypertension. This section reviews the patho-
physiology, risk factors, prevention, and 
 treatment of intradialytic hypotension and para-
doxical hypertension.

 Intradialytic Hypotension
Definition and Pathophysiology Numerous 
definitions are used to define intradialytic hypo-
tension (IDH). European Best Practice 
Guidelines and KDOQI guidelines define it as a 
decrease in systolic BP  ≥  20  mmHg or a 
decrease in MAP ≥ 10 mmHg associated with 
clinical events and the need for nursing inter-
ventions [18, 19]. IDH symptoms include 
abdominal discomfort,  yawning, sighing, nau-
sea, vomiting, muscle cramps, restlessness, diz-
ziness or fainting, and anxiety. Nevertheless, 
IDH is variably defined in clinical investigations 
and the recorded prevalence varies from 6% to 
50% of dialytic sessions, depending on the used 
cut-off values and inclusion of clinical symp-

Table 25.2 Prevention of dialysis disequilibrium 
syndrome

Acute Chronic
Short initial dialysis session 
(~1–2 hours)
Smaller dialyzer surface area
Low urea clearance (2 ml/min)
Slower dialysate flow (2:1 
dialysate/blood flow)
Sodium ramping or high 
dialysate sodium
Mannitol 1 gm/kg (max 30 gm)
Hemofiltration
Continuous renal replacement 
therapy – CVVH or CVVHD
Prophylactic phenytoin

Protein restriction
Increased 
frequency of 
dialysis
  Short daily
  Nocturnal
Mannitol
Sodium ramping
Hemodiafiltration
Switch to 
peritoneal dialysis
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toms [20–22]. Data on the prevalence of pediat-
ric IDH are scarce and range between 20 and 
30% [23]. Notably, there is no recognized defi-
nition of intradialytic hypotension in children. 
Most commonly, it is defined as a decrease of 
intradialytic SBP below the 5th percentile for 
age and gender [24].

The pathophysiology of IDH is complex and 
multifactorial. During dialysis, mobilization of 
fluid from the interstitial to the intravascular 
space, vasoconstriction of capacitance vessels, 
and increase in vascular tone, heart rate, and con-
tractility preserve circulatory adequacy and pre-
vent hypotension [24]. The ability to mobilize 
blood from the splanchnic venous pool is vital for 
preserving the central blood volume. Venous tone 
is affected by vasoactive hormones, sympathetic 
nervous system, and upstream filling pressures. 
During arteriolar constriction, the distending 
pressure to the vein is reduced and blood is 
extruded centrally toward the heart to maintain 
cardiac refilling. Vasoconstriction is mediated by 
an increase in sympathetic activity. In dialysis 
patients, this response can be inadequate due to 
an increased production of vasodilators or 
impaired sympathetic response to hypovolemia. 
It is hypothesized that during a sudden intradia-
lytic hypotension episode, ischemia prevails 
resulting in increased consumption of adenosine 
triphosphate (ATP) and generation of adenosine, 
which is an endogenous vasodilator. It is also 
postulated that conditions associated with 
reduced cardiac refilling pressures such as left 
ventricular hypertrophy and/or diastolic dysfunc-
tion stimulate cardiac stretch receptors and thus 
maladaptively trigger a variant of the Bezold- 
Jarisch reflex resulting in hypotension [24, 25]. 
Importantly, there is increasing evidence that 
IDH leads to subclinical myocardial injury. In 
children and adults, reversible myocardial dys-
function (myocardial stunning) has been demon-
strated by serial echocardiography during 
conventional HD sessions [26]. Stunning within 
myocardial segments correlates with intradialytic 
blood pressure changes and ultrafiltration volume 
and with reductions in myocardial blood flow 
[27, 28]. Thus, the hemodynamic stress of fluid 
removal by HD predisposes to clinically signifi-

cant myocardial ischemia, even in children with 
presumably patent coronary arteries, most likely 
indicating an insufficient microvascular response 
[29, 30].

Risk Factors There are many patient-related 
and dialysis-related risk factors for IDH. Among 
the former ones, large interdialytic weight gain, 
low body weight, food consumption during HD 
sessions, and taking antihypertensives on HD 
days are important predictors of IDH. In a recent 
study in adults, the occurrence of dialysis hypo-
tension was independently strongly associated 
with higher ultrafiltration volume and low body 
weight [20]. Food consumption during dialysis 
promotes hypotension by diverting blood to the 
splanchnic bed. Among dialysis-related risk fac-
tors, sodium dialysate concentration is crucial. 
Dialysate sodium activity is approximately equal 
to 97% of the measured sodium concentration, 
but varies with changes in dialysate temperature, 
pH, and the presence of additional ions, so we 
can achieve isotonic dialysis by correcting the 
blood sodium measured by a Donnan factor of 
0.967. Hyponatremic dialysis promotes osmotic 
fluid shift from the extracellular to the intracel-
lular space, causing IDH, while hypernatremic 
dialysis transfers sodium to the patient, causing 
interstitial edema, increasing thirst, and interdia-
lytic weight gain, which also predisposes to IHD 
[24]. As hypocalcemia depresses myocardial 
activity, low dialysate Ca concentrations 
(1.25 mmol/l), despite being favored by nephrol-
ogists, may contribute to hypotensive episodes 
[31]. Also, the use of acetate-based buffer (nowa-
days mostly replaced by bicarbonate) leads to 
vasodilatation and LV depression, increasing the 
risk of IDH [32]. In younger patients, the volume 
of blood that is required to fill the extracorporeal 
circuit can be a significant proportion of the 
effective circulating volume with resultant 
 hypovolemia. Blood and dialyzer membrane 
inflammatory reactions can result in early decom-
pensation, with evidence suggesting cellulosic 
membranes to be greater offenders in activating 
complement and a number of cytokine systems 
than synthetic membranes. Finally, the choice of 
anticoagulant can be important. Regional citrate 
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is likely to cause hypotension due to its plasma 
calcium chelating effect.

Prevention and Treatment Management of 
IDH includes prevention and acute treatment of 
hypotensive episodes. Preventive interventions 
encompass preventing volume overload by lim-
iting interdialytic weight gain and salt intake, 
accurate dry weight assessment, withholding 
antihypertensive medications on dialysis days, 
and avoiding food consumption during dialysis. 
Modifications of the dialysis prescription 
include acetate buffer replacement, increasing 
dialysate calcium concentration (unless contra-
indicated due to hypercalcemia), blood volume 
monitoring (BVM) during UF, individualized 
dialysis prescription with sodium and ultrafil-
tration (UF) profiling, lowering of dialysate 
temperature to 36–36.5  °C, and a switch to 
online HDF or HF.  Also, extra dialysis ses-
sions, prolonged/nocturnal dialysis, or short 
daily dialysis could be done for volume over-
load. Pharmacological treatments include intra-
venous mannitol, midodrine, and carnitine 
administration.

Identifying a simple measurable index of vol-
ume overload remains challenging. Pre-dialysis 
blood pressure is not a good marker of volume 
control, whereas bioimpedance spectroscopy is 
not accurate enough in pediatric dialysis [33, 34]. 
Despite this, bioimpedance, when used regularly 
and the results trended, can be a useful tool in 
clinical practice to better estimate dry weight. 
Lung ultrasound is a promising technique, but its 
use is still limited [35, 36].

The European Pediatric Hemodialysis 
Guidelines recommend UF rates of 1.5 ± 0.5% of 
body weight per hour and a maximum UF vol-
ume of 5% of the patients dry weight per 3–4 h 
hemodialysis session, without UF or sodium 
ramping and/or cooling dialysate [37]. In most 
cases, such ultrafiltration rates are well tolerated 
by patients. Nevertheless, ultrafiltration tolerance 
is individual, and blood volume monitoring 
(BVM) is currently the most widely used tech-
nique for guiding UF, as most of the newer dialy-
sis machines have built-in BVM devices. BMV 
can be conducted through RBV (relative blood 

volume) or hematocrit (Hct) monitoring. In the 
former, the RBV is set to 100% at dialysis start, 
and all changes are registered according to the 
initial value. Once the RBV decreases below the 
critical relative blood volume (RBVcrit), the con-
trol system adjusts ultrafiltration by decreasing 
its rate and/or increasing the dialysate sodium. 
The RBVcrit is defined as the RBV below which 
the frequency of IDH increases, so it varies 
between patients and has to be established by the 
physician. In the latter, the blood volume is moni-
tored through devices that measure hemoglobin 
or hematocrit concentration. Similarly, when the 
hematocrit rises, meaning that BV has decreased, 
the system automatically decreases UF and/or 
increases the dialysate sodium. A recent prospec-
tive, observational study of 15 children on 
chronic HD confirmed the efficacy of BVM using 
a hematocrit monitoring system in reducing the 
frequency of intradialytic morbid events (nausea, 
vomiting, cramps) and hypotension [38]. In 
another retrospective study by Merouani et  al., 
although there was no difference between BVM 
monitored and unmonitored patients, the UF was 
higher in the BVM group, without affecting 
hypotensive episodes [39]. According to the 
recent recommendation of the Pediatric CRRT 
working group, the blood volume change should 
not exceed 3–5% per hour (up to 8% in first hour) 
with a maximal 16% blood volume change at the 
end of a 4-hour session [40]. The BVM concept 
is not perfect as it assumes a constant circulating 
blood volume and/or hematocrit, depending only 
on fluid removal. Hence, limitations of this 
method are due to other factors influencing blood 
volume, such as oncotic pressure, vascular refill-
ing (due to capillary vasoconstriction), and UF 
rate [41–43].

Recently, numerous studies suggest that refill 
capacity can be used as a more reliable marker of 
volume overload than simple BVM assessment, 
as it characterizes the dynamics of both ultrafil-
tration and vascular refill from the interstitium 
[44–46]. Paglialonga et al. proposed an index of 
pre-HD volume overload, calculated as the ratio 
between the ultrafiltration rate indexed for body 
weight during the first HD hour and the percent 
of blood volume change at the first hour of the 
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treatment. This concept is based on an assump-
tion that in patients with a normal plasma oncotic 
pressure, the refill capacity is proportional to vol-
ume overload. A first hour refill index greater 
than 2 was associated with high left ventricular 
mass and a higher number of antihypertensive 
drugs suggesting fluid overload [44].

As fluid overload is inseparably linked to salt 
overload, adequate fluid and salt homeostasis is 
essential to prevent high interdialytic weight 
gain, which is a risk factor for IDH. Once IDH 
develops during dialysis, treatment by sodium 
administration increases thirst, creating a vicious 
cycle, which further promotes fluid overload. 
Hence, the preventive strategies should include 
dialysis prolongation and/ or sodium ramping. 
Sodium ramping with a higher dialysate sodium 
at dialysis start allows a diffusive sodium influx 
to counterbalance the rapid decline in plasma 
osmolality due to clearance of urea and other 
small molecular weight solutes, thus promoting 
plasma refilling. As the osmolar gradient 
decreases toward the end of the HD session, the 
low sodium concentration promotes the diffusive 
clearance of the accumulated sodium load. 
Sodium ramping can be linear, or stepwise. In the 
linear approach, sodium steadily declines 
throughout the session, while in a stepwise pro-
file the initial sodium concentration remains con-
stant until 30 min prior to the end of HD, when 
the sodium is decreased to the final concentra-
tion. Available clinical data show that stepwise 
profiling is more effective in terms of reducing 
IDH symptoms than other alternatives [46, 47]. 
However, it results in net sodium gain and may be 
associated with increased thirst and intradialytic 
weight gain. UF profiling with a high UF rate at 
the beginning of the session, followed by pro-
gressive reduction, may also be beneficial [44].

Online hemodiafiltration (HDF) is considered 
the most efficient technique in terms of both 
increasing clearances of small and middle molec-
ular weight solutes and providing intradialytic 
hemodynamic stability. In a prospective, random-
ized, multicenter trial comparing convective and 
diffusive treatment modalities in 380 patients fol-
lowed for 24 months, the incidence of IDH was 
much lower in the former group [48]. In patients 

enrolled in the 3H (HDF, Heart, and Height) 
Study, the interdialytic weight gains were signifi-
cantly lower in HDF as compared to HD patients, 
resulting in lower UF rates. A low ultrafiltration 
rate facilitates vascular refilling, reducing the 
propensity for hypotensive episodes, which 
allows better patient tolerance with fewer head-
aches, dizziness, or cramps. Indeed, in the Quality 
of Life Questionnaire, the symptoms related to 
fluid status including headaches, dizziness, and 
cramps were reported less commonly in HDF 
children as compared to the HD group [49].

Interestingly, Donauer et  al. identified blood 
cooling as the main blood pressure-stabilizing 
factor in online HDF in adults [50]. Pediatric data 
on cooling dialysate are limited. While cooling 
dialysate below 36.5 °C in adults increases hemo-
dynamic stability, its usefulness in children might 
be limited by patient comfort and well-being. In 
a pediatric study, cooling dialysate to 35  °C 
showed improved heart rate, UF tolerance, and 
reduced frequency of IHD episodes [40].

Pediatric experience with pharmacological 
treatment of IDH is limited. In one study includ-
ing six children prone to severe IDH, with 399 
dialysis sessions analyzed, intradialytic mannitol 
infusion (1  g/kg/week) or oral midodrine (2.5–
7.5 mg) was effective in increasing UF volume 
and reducing hypotensive episodes [51]. Other 
interventions to prevent IDH including sequential 
dialysis, quotidian dialysis, biofeedback, or UF 
rate adjustment based on body surface area will 
not be described in detail, due to limited evidence 
of usefulness in children.

Acutely, IDH requires immediate action to 
reduce the severity of symptoms and prevent a 
further drop in blood pressure. The acute man-
agement includes temporary suspension of ultra-
filtration, placing the patient in Trendelenburg 
position and administration of isotonic saline 
(5–10 ml/kg bolus) or discontinuation of HD in 
cases resistant to a conservative approach. The 
most recent recommendations on pediatric intra-
dialytic hypotension from the Pediatric 
Continuous Renal Replacement Therapy 
(PCRRT) Workgroup reviews the IDH preventive 
strategies and grades them according to evidence- 
based medicine criteria [40]. Table 25.3 outlines 
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the strategies for prevention and treatment of 
IHD, with grading of the recommendation 
strength and evidence.

 Intradialytic Hypertension
Definition and Pathophysiology Intradialytic 
or paradoxical hypertension (IH) is defined as an 
increase in mean arterial pressure (MAP) of 
more than 15 mmHg or systolic BP of 10 mmHg 
during or immediately after dialysis, which is 
resistant to fluid removal. Estimates of the inci-
dence in adults range from 5% to 15% with no 
pediatric- specific numbers currently available 
[52]. IH may be asymptomatic or associated 
with headache, blurred vision, seizures, or chest 

pain. Sustained hypertension is often due to fail-
ure to achieve an appropriate dry weight [53]. 
However, many patients manifest IH despite 
proper dry weight assessment. The proposed 
pathophysiological mechanism includes activa-
tion of the renin-angiotensin axis due to exces-
sive ultrafiltration during HD.  Additionally, 
patients with IH have been shown to have smaller 
changes in osmolality from pre- to post-dialysis 
compared to other HD patients, which contrib-
utes to increased vascular resistance. Chronic 
endothelial cell dysfunction has also been shown 
in patients prone to IH, and an imbalance 
between endothelin-1 and other endothelial cell–
derived vasoregulators is responsible for 
increased vascular resistance. Finally, a number 
of antihypertensive drugs are removed by dialy-
sis, and their removal over the course of a dialy-
sis session may contribute to IH [52].

Risk Factors Extracellular volume overload is a 
consistent finding among patients with 
IH.  Patients with low BMI, low interdialytic 
weight gain, and those with short dialysis ses-
sions often present with chronic volume over-
load, which promotes IH.  Other risk factors 
include older age and the presence of comorbid-
ity such as heart, lung, or cerebrovascular dis-
ease. It was also demonstrated that IH patients 
have low pre-dialysis creatinine, serum albumin, 
phosphorus, and normalized protein nitrogen 
appearance (nPNA), which further characterizes 
the IH patients as individuals with little dietary 
protein and fluid intake [54].

Prevention and Treatment Preventive manage-
ment includes establishing correct dry weight, 
preservation of residual renal function, fluid and 
salt restriction, and where feasible, augmentation 
of urine output with loop diuretics. Decreasing 
dialysate sodium concentration reduces interdia-
lytic thirst and volume overload, which prevents 
IH. Increased frequency of dialysis or intensified 
regimens may be required to ascertain the correct 
dry weight. Nocturnal and frequent dialysis is 
associated with better BP control with fewer anti-
hypertensives in children [55, 56]. If hyperten-
sion persists despite preventing fluid and salt 

Table 25.3 Prevention and treatment of intradialytic 
hypotension

Prevention

Recommendation 
strength and evidence 
level

General strategy
Avoid excess interdialytic 
weight gain
Minimize salt intake
Accurate dry weight 
assessment
Withhold antihypertensive 
medications on dialysis days
Avoid food intake during 
dialysis sessions
Dialysis-related intervention
BVM-driven UF algorithms
Cooled dialysate
Sodium ramping
Pharmacological 
intervention: mannitol, 
midodrine, carnitine
UF profiling
Bioelectric impedance
Sequential dialysis
Biofeedback
Hemodiafiltration
Hemofiltration
Quotidian hemodialysis

1C
2C
3C
3D

4D
4D
3D
3D
2C
4D
4D

Treatment
Suspension of UF
Saline bolus 5–10 ml/kg
Trendelenburg patient 
positioning
Cessation of dialysis for 
treatment of resistant 
hypotension
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overload, an angiotensin receptor blocker (ARB) 
should be introduced in order to block sympa-
thetic activity.

 Blood and Circuit Component 
Reactions

Patients may experience a multitude of symp-
toms during or shortly after a dialysis session, 
some of which may be related to exposure of 
blood to the foreign material of the extracorpo-
real circuit. Reactions that are more common 
with new, non-reused dialyzers are referred to as 
“first-use” reactions. In 1998, utilizing a previ-
ously reported grading system [57], Daugirdas 
and Ing proposed a classification system for these 
first-use reactions [58] as outlined in Table 25.4. 
Reactions were classified as type A, hypersensi-
tivity reactions with anaphylactic features, and 
type B, reactions with non-specific symptoms 
such as back and chest pain. A definite anaphy-
lactic reaction was defined as 3 major or 2 major 
and 1 minor criteria, while a probable reaction 
was defined as 2 major, 1 major and 2 minor, or 3 
minor criteria. Severity was Grade 1 (mild) if the 
reaction was non-life threatening, no medications 
were required, and the dialysis treatment was 
completed. Grade 2 (severe) reactions required 
medications and/or premature termination of the 
dialysis session. Grade 3 (fatal) reactions resulted 
in death of the patient.

The exact incidence of dialyzer reactions is 
impossible to ascertain in the absence of system-
atic reporting, but it is likely lower now than in 
the early days of dialysis with the widespread use 
of biocompatible membranes and newer steriliza-
tion methods. Older literature suggests an inci-
dence of 3–5 per 100,000 dialysis sessions for 
non-fatal type A reactions and 3–5 per 100 dialy-
sis sessions for type B reactions [57, 58].

 Allergic Reactions
Anaphylactic reactions are severe, potentially 
fatal reactions usually mediated by antigen- 
antibody complex formation. They typically 
occur early in the dialysis session, within minutes 
of dialyzed blood being returned to the patient, 
and are characterized by shortness of breath, 
wheezing, urticaria, headache, and hypotension, 
and may progress to hypoxia, cardiovascular col-
lapse, and death. Allergy to medications infused 
during the treatment is temporally related to their 
administration. Non-specific symptoms are far 
more common than anaphylaxis and may relate 
to allergy or other aspects of the HD treatment.

Patients may have an adverse reaction to any 
component of the extracorporeal circuit as out-
lined below, although membrane reactions are far 
less common in the era of widespread use of bio-
compatible membranes. The dialyzer itself con-
sists of a membrane, the dialyzer housing, the 
potting compound into which the hollow fibers 
are embedded, the manufacturers sterilizing 
agent, and residual reuse chemicals in centers 
that practice reuse. Additionally, the circuit 
includes the tubing and manufacturers’ steriliz-
ing agent, and medications infused during the 
treatment, most commonly heparin, 
 erythrocyte- stimulating agents, and iron [59, 60] 
Potential causes of type A reactions are discussed 
below.

Ethylene Oxide Ethylene oxide (ETO) is a bac-
tericidal gas used as a sterilizing agent in some 
dialyzers and tubing sets. Sensitivity to ETO was 
first recognized in the 1970s, with anaphylaxis 
mediated by IgE anti-ETO antibodies [61–64]. 
Symptoms range from full-blown anaphylactic 
reactions within minutes of dialysis initiation, to 

Table 25.4 Classification of dialyzer reactions

Type A
(Anaphylaxis)

Type B
(Non- 
specific)

Major criteria Minor criteria symptoms
Onset within 
20 min
Shortness of breath
Hot/burning 
sensation at access 
or throughout the 
body
Angioedema

Occurs in 
subsequent dialysis 
sessions with the 
same dialysis 
circuit
Hives and/or itching
Runny nose, watery 
eyes
Abdominal 
cramping

Chest 
pain
Back pain
Nausea
Vomiting
Dyspnea
Fever
General 
malaise
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grumbling non-specific symptoms such as fever, 
malaise, and myalgias. Avoidance of tubing and 
dialyzers sterilized with ETO is the best preven-
tive strategy. When not feasible, dialyzers should 
be well flushed to remove the sterilizing agent. 
The polyurethane potting compound in hollow 
fiber dialyzers is a reservoir for ETO, so circuits 
which sit stagnant after the initial priming should 
be re-primed before use [65]. ETO may also be 
found in fistula needles and continuous renal 
replacement circuits. Alternate methods of dia-
lyzer sterilization such as steam, gamma irradia-
tion, and e-beam are not associated with allergic 
reactions and have therefore largely replaced 
ETO sterilization in recent years.

Membrane Reactions The biocompatibility of 
a dialyzer relates to its propensity to activate the 
complement, coagulation, and kallikrein systems 
and to cause sequestration of leucocytes [66]. 
The development of synthetic biocompatible 
membranes has been one of the major advances 
in dialysis technology.

Polysulfone membranes: Polysulfone is one of 
the most widely used membrane materials. While 
polysulfone is a synthetic biocompatible mem-
brane, anaphylactic reactions have been reported 
[67, 68], and all polysulfone membranes are not 
created equally. Polyvinylpyrrolidone (PVP), a 
known allergen, may be used to hydrophilize 
some polysulfone membranes to prevent platelet 
and plasma protein aggregation on the mem-
brane. Reaction to PVP or the polysulfone-PVP 
complex may result in anaphylaxis, and eosino-
philia and elevated IgE levels have been demon-
strated in patients with recurrent anaphylactic 
reactions to polysulfone. Eosinophilia is rela-
tively common in hemodialysis patients, in keep-
ing with subclinical allergy to a component of the 
circuit [69]. Eosinophilia improved in one series 
of patients switched from a polysulfone to a poly-
flux membrane [70].

AN69 membranes: The association between 
anaphylactic reactions, ACE inhibitor use, and 
dialysis with an AN69 membrane was first recog-
nized in the 1990s [71, 72]. Affected patients had 
elevated levels of bradykinin (BK) leading to the 
hypothesis that BK was generated by the nega-

tively charged membrane, with degradation 
blocked by the ACE inhibitor [73]. Subsequent 
in  vitro studies and clinical experience have 
shown that this “bradykinin release reaction” is a 
pH-dependent phenomenon occurring in acidotic 
patients or those requiring a circuit blood prime, 
even when not receiving ACE inhibitors. This 
reaction can be reduced or avoided by alkaline 
rinsing of the blood and dialysate compartments 
or by increasing the patients’ or circuit pH prior 
to blood-membrane interaction [74, 75]. The pro-
pensity to develop this reaction appears to be a 
complex interaction between increased BK pro-
duction, decreased degradation of BK due to the 
ACE inhibitor, and a genetic predisposition to 
reduced plasma levels of aminopeptidase activity 
[76]. Given the potential severity of this reaction 
and the widespread availability of alternate bio-
compatible dialyzers, common sense dictates that 
AN69 membranes should be avoided in patients 
on ACE inhibitors.

Heparin Inexpensive, effective, readily avail-
able, and with predictable kinetics, unfraction-
ated heparin is the most common anticoagulant 
used during HD worldwide. Unlike low- 
molecular- weight heparins, it can be reversed 
with protamine if excessive anticoagulation 
occurs. Hypersensitivity reactions to heparin are 
rare but have been described [77], and may also 
be a manifestation of heparin-induced thrombo-
cytopenia (HIT) [78]. First described in a pediat-
ric dialysis unit, heparin contaminated with 
oversulfated chondroitin sulfate was the source 
of a widespread outbreak of reactions in multiple 
dialysis units, with symptoms occurring within 
minutes of initiation of dialysis [79], mediated by 
complement activation.

Endotoxin Creation of dialysate involves rigor-
ous treatment of municipal water to remove bac-
teria and chemical contaminants, with standards 
dictated by the Association for Advancement of 
Medical Instrumentation (AAMI) in North 
America and other groups around the world. 
Maximum allowable bacterial and endotoxin 
concentrations are <100 colony forming units 
(CFU)/ml and <0.25 endotoxin unit (EU)/ml, 
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respectively [80]. Standards for ultrapure water, 
a prerequisite for hemodiafiltration, are 
<0.1  CFU/ml bacteria and <0.03 EU/ml endo-
toxin. Ultrapure water is achieved by additional 
filtration of dialysate through filters, which 
retain endotoxin and bacteria just prior to use.

Endotoxins or lipopolysaccharides are large 
molecules found in the outer layer of gram- 
negative bacteria, which may thrive in water and 
alkaline dialysate. They are capable of inducing 
inflammation in humans. Regular testing of dial-
ysate purity and maintenance of the water purifi-
cation system is essential to prevent blood stream 
infections and pyrogenic reactions caused by 
cytokine-inducing endotoxins. Diffusion or back- 
filtration of endotoxin or other bacterial pyrogens 
from the dialysate may be associated with fever, 
chills, rigors, or general malaise. Bacterial endo-
toxins are less able to cross polysulfone and poly-
amide membranes due to adsorption onto the 
membrane [81].

Reuse “First-use” reactions, adverse events 
occurring during dialysis with a new dialyzer, 
were relatively common in the early days of dial-
ysis, and are largely attributable to ETO, bio-
incompatible cellulosic dialyzers, or the 
concomitant use of AN69 membranes and ACE 
inhibitors. Dialyzer reuse as a cost-saving mea-
sure and a means of reducing these “first-use” 
reactions was widely practiced in adult units in 
the 1980s and 1990s, though few, if any pediatric 
centers practiced dialyzer reuse. With the avail-
ability of less expensive biocompatible mem-
branes and non-ETO sterilization, dialyzer reuse 
has fallen out of favor [82]. Reactions of variable 
severity related to dialyzer reprocessing include 
exposure to residual sterilizing agents, espe-
cially formaldehyde and bleach [83]; blood 
stream infections due to suboptimal concentra-
tions of germicide; and pyrogenic reactions 
(fever, chills, and hypotension) due to bacteria or 
endotoxin.

Other Contaminants Contamination of dialyz-
ers with perfluorohydrocarbon has resulted in 
deaths, while outdated, degraded cellulose dialyz-

ers have been associated with scleritis, iritis, acute 
loss of vision and hearing, and death [83, 84].

Thrombocytopenia A transient drop in platelet 
count in the first 1–2  hours of dialysis, with 
recovery by the end of dialysis, is a well- 
recognized phenomenon [85]. Biocompatible 
synthetic membranes are associated with a 7–9% 
reduction in platelet count, unlike the more robust 
reduction in platelet number and function seen 
with the older bioincompatible cellulosic and 
cuprophane membranes. Thrombocytopenia 
(TCP) nowadays is more likely due to medica-
tions, immune-mediated disorders, hematologi-
cal diseases, or sepsis. However, dialyzer 
membrane configuration and sterilization tech-
nique may result in TCP. Widespread TCP with 
small dialyzers with polymethylmethylacrylate 
(PMMA) membranes was seen in pediatric 
patients in the early 1990s leading to discontinu-
ation of their use.

Electron Beam (E-Beam) Sterilization and 
Polysulfone membranes E-beam sterilized 
polysulfone dialyzers were reported to cause a 
7% incidence of TCP, as defined by an absolute 
platelet count <100  ×  103/μL and/or a 15% 
decrease in platelet count post dialysis [86].  
Switching to a non-e-beam sterilized polysulfone 
dialyzer resulted in significant improvement in 
TCP in the affected patients. However, steriliza-
tion technique alone may not be the culprit, as 
TCP is reported to improve when switching from 
one e-beam sterilized polysulfone dialyzer to 
another from another manufacturer, implicating 
the specific polysulfone membrane configuration 
as a contributing factor [87]. The mechanism of 
TCP has not been elucidated.

Heparin-Induced Thrombocytopenia Heparin- 
induced TCP (HIT) is an immune mediated syn-
drome, which typically presents 5–14 days after 
exposure to heparin. It is associated with the 
presence of HIT antibodies. Manifestations 
include TCP, venous thrombotic events, and clot-
ting of vascular access. Skin necrosis at heparin 
injection sites and venous gangrene may also 
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occur. More recently, an acute systemic reaction 
has been reported, occurring 5–30 minutes after 
intravenous injection of unfractionated heparin, 
which may be mistaken for a dialyzer reaction 
[78]. The two clinical presentations are an acute 
inflammatory reaction with fever and chills, or a 
cardiorespiratory event with hypotension, tachy-
cardia, tachypnea, and shortness of breath, simi-
lar to a pulmonary embolism. Symptoms are 
postulated to result from release of interleukin 6 
and von Willebrand factor due to endothelial 
injury. As the TCP may be transient, a CBC 
should be done following any presumed hyper-
sensitivity reaction.

HIT is caused by the development of a heparin- 
platelet factor 4 (PF4) complex, which binds to 
platelets causing their activation. The pretest 
probability of HIT can be estimated using the 
“4T’s” algorithm, which includes the presence of 
TCP, timing of the fall in platelet count, thrombo-
sis, and the presence of other possible causes, 
along with confirmatory testing. Unfortunately, 
functional tests of platelet activation are specific 
and sensitive but not readily available. 
Immunologic assays detecting antibodies to the 
heparin-PF4 complex are sensitive but not spe-
cific. A high clinical suspicion for HIT should 
result in cessation of heparin, including heparin 
for CVL locking or low-molecular- weight hepa-
rins. An alternate anticoagulant such as danapa-
roid, hirudin, or argatroban should be employed 
until the diagnosis is confirmed or refuted.

Treatment of Anaphylaxis During HD The 
response to an anaphylactic reaction on hemodi-
alysis is two pronged: support of the patient fol-
lowed by a systematic attempt to identify the 
possible offending agent [60]. The initial response 
consists of immediate cessation of dialysis with-
out re-transfusion of the circuit blood to prevent 
further exposure to potential allergens. The cir-
cuit should be saved for later examination as the 
differential diagnosis of a serious adverse event 
on HD also includes hemolysis, sepsis or pyro-
genic reaction, and air embolism. Bloodwork 
should be obtained for complete blood count and 
white cell differential, routine electrolytes and 

renal function (Na, K, Cl, TCO2, urea, creatinine, 
Ca, PO4), blood culture, IgE levels, and C3. 
Bloodwork may assist with determination of the 
etiology and will help determine the need for 
urgent re-initiation of dialysis once the patient is 
stabilized.

Supportive care is outlined in Table  25.5. 
Medication choice is determined by the patients’ 
clinical status and response to management 
[88].

In the era of bicarbonate dialysate, biocompat-
ible dialyzers, and non-ETO sterilization meth-
ods, allergic reactions are far less common, but 
may still occur. Clustering of multiple affected 
individuals suffering adverse reactions or TCP in 
a dialysis unit should prompt a systematic inves-
tigation of the root cause, including contaminated 
water source, new dialyzers, or a manufacturing 
issue resulting in corruption of one component of 
the dialysis circuit.

 Air Embolism and Microbubbles
Air Embolism Air embolism (AE) is a rare but 
potentially fatal complication of HD. Exact esti-
mates of frequency are not available, but are 
likely lower in the modern era due to advances in 

Table 25.5 Approach to a serious allergic reaction on 
HD

Immediate 
response Supportive care

Subsequent 
response

Cessation of 
dialysis without 
re-transfusion 
of the circuit

Oxygen: high flow 
>95% O2 via 
rebreather mask 
titrated to O2 
saturation

Inspection of 
the circuit 
for potential 
etiologies of 
the reaction

Bloodwork:
CBC, 
differential
Electrolytes, 
renal function
Blood culture
IgE
C3

Diphenhydramine 
1 mg/kg IV (max 
50 mg)
Hydrocortisone 
5 mg/kg IV
IM Epinephrine: 
1:1000 (1 mg/ml) 
0.01 ml/kg (max 
0.5 mg)
Salbutamol: 1 ml 
(5 mg) in 3 ml 
saline via inhalation

Systematic 
elimination 
of potential 
allergens

Saline bolus 10 ml/
kg if hypotensive
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machine safety features. No pediatric-specific 
data exist. Air can be introduced into the circula-
tion both during a dialysis session and in the 
interdialytic period. AE can also occur during 
both insertion and removal of dialysis lines. The 
latter may be due to the presence of a fibrin 
sheath and highlights the need for proper 
Trendelenburg positioning during CVL removal, 
and firm pressure and the use of an occlusive 
pressure dressing for 24  hours following line 
removal [89–91].

To create an AE requires a source of air, a 
mechanism of entry into the body (CVL or AV 
fistula or graft) and a pressure differential between 
the vasculature and the atmospheric pressure, the 
latter easily achieved during inspiration. Air in the 
systemic venous circulation causes venous AE, 
while air in the pulmonary veins or systemic arte-
rial circulation causes arterial AE.

The clinical consequences of AE depend on 
the volume and location of air and the patient’s 
position at the time of air entry [91]. In the supine 
position, venous air enters the right heart. Large 
emboli may cause obstruction of the right ven-
tricular outflow tract (RVOT) resulting in hypo-

tension and circulatory collapse.  3-5 ml/kg or 
300-500 ml of air delivered at a rate of 100 ml/
sec is the estimated lethal dose in adults. In 
supine patients, or with smaller amounts of air, 
air enters the pulmonary circulation creating a 
cascade of pulmonary hypertension, pulmonary 
vasoconstriction, lowered systemic vascular 
resistance, increased cardiac output, and pulmo-
nary edema with resultant hypoxia.

In the upright position, air entering the 
right heart may ascend into the cerebral ves-
sels. The presentation is neurological, with 
altered level of consciousness, seizures, focal 
neurological deficits, signs of cerebral edema, 
and/or coma.

In the presence of right to left shunts or with 
large volume air emboli, which overwhelm the 
lungs’ absorptive capacity, paradoxical emboli-
zation into the arterial circulation occurs. 
Coronary and cerebral arterial circulations are 
most commonly affected, but paradoxical emboli 
can affect any organ system, resulting in isch-
emic dysfunction.

Table 25.6 outlines the pathophysiology and 
clinical sequalae of the three major types of AE.

Table 25.6 Patterns of air embolism

Type of air 
embolism

Position at time of 
embolism Pathophysiology Clinical presentation

Large venous 
embolism

Supine Right ventricular outflow tract 
obstruction

Hypotension, circulatory 
collapse
Machinery murmur

Small venous 
embolism

Supine Pulmonary artery hypertension and 
vasoconstriction
Reduced systemic vascular resistance
Increased cardiac output

Pulmonary edema
Hypoxia

Retrograde Upright Retrograde ascension of air into 
cerebral vessels

Altered level of consciousness
Seizures
Cerebral edema
Focal deficits
Patient may hear a rushing 
noise in the head

Paradoxical n/a Right to left shunts
Pulmonary AV malformations
Large emboli exceeding pulmonary 
absorption
Coronary and cerebral arteries most 
common target

Cardiac:
  Angina/Myocardial infarct
  Arrhythmias
  Hypotension
CNS:
  Altered level of 

consciousness
  Seizures
  Cerebral edema
  Focal deficits

D. Borzych-Duz. ałka and E. Harvey



449

Treatment of Air Embolism Modern dialysis 
machines have multiple safety features, including 
air detectors to prevent AE [92–94]. They are 
designed to detect air infusion >0.1  ml/kg body 
weight for bolus infusion, or 0.03 ml/kg/minute for 
continuous infusion, but do not detect microbub-
bles. Table  25.7 outlines the sources of AE both 
during and between dialysis sessions. Prevention of 
air emboli is key, requires an understanding of the 
potential sources of air in a dialysis circuit, and 
emphasizes the need for constant vigilance during 
treatment. Although many dialysis patients prefer 
to withdraw under a blanket for their treatment, all 
components of the extracorporeal circuit, particu-
larly the access and connections, should be com-
pletely visible to the dialysis nurse, and regular 
checks of the circuit integrity should be the stan-
dard of nursing care. The use of needle-less con-
nectors such as the Tego™ lessens the risk of AE 
due to line manipulation during connection to and 
disconnection from the dialysis circuit, or from 
accidental line disconnection during HD itself. 
They are an added safety feature, especially in chil-
dren who may be active during dialysis.

Prompt recognition and management of an air 
embolism may lessen the impact to the patient. 

Treatment is both supportive and diagnostic. An 
attempt should be made to locate the source of air 
entry to prevent further AE, and dialysis should 
be terminated immediately. In patients with 
 central venous lines, an attempt can be made to 
withdraw air from the right side of the heart. 
Placing the patient in the Durrant’s position of 
left lateral decubitus is suggested to prevent fur-
ther air entry into the pulmonary circulation. 
Trendelenburg position has been previously rec-
ommended for retrograde or paradoxical cerebral 
emboli, but more recent literature suggests a flat, 
supine position to prevent worsening of cerebral 
edema. The Trendelenburg position may also 
result in lower limb venous obstruction and isch-
emic symptoms.

Supportive care includes administration of 
high concentration oxygen, fluid resuscitation, 
and inotropes when required. Imaging with CT 
or ECHO as dictated by the clinical scenario 
may be helpful, but negative studies do not 
exclude the diagnosis. Hyperbaric oxygen ther-
apy has been used successfully to treat symp-
tomatic HD-associated venous and arterial AE 
[95–97].

Microbubbles Microbubbles are generally 
invisible to the naked eye, although bubble for-
mation may be visualized in the dialyzer “header” 
or venous drip chamber [98]. They are too small 
to trigger the air detector on the dialysis machine 
[93, 99–101]. Newer imaging techniques confirm 
that microbubbles occur routinely during HD 
treatments, and originate within the extracorpo-
real circuit. Sources include residual air in the 
dialysis circuit following dialyzer and line prim-
ing, air leaks at circuit connectors, and de novo 
bubbles created by turbulence at the access site or 
venous drip chamber, especially when there is a 
mismatch between access and prescribed blood 
flow [102–104]. Pre-filled dialyzers are associ-
ated with lower microbubble formation than dry 
dialyzers [105].

Removal of microbubbles in the venous drip 
chamber is influenced by bubble size and blood 
flow, with higher flows contributing to infusion 
of larger bubbles into the patient. Dissolution of 
microbubbles in vivo is influenced by size and 

Table 25.7 Sources of air embolism in dialysis patients

Intradialytic Interdialytic
Venous – 
access 
related

Connection and 
disconnection of 
CVL at start and 
completion of 
dialysis
Line disconnection 
from CVL during 
treatment
AV fistula – 
dislodged arterial 
needle

CVL insertion and 
removal
Accidental CVL 
disconnection
CVL 
misadventure (cap 
disconnection, 
line severance)

Venous – 
circuit 
related

Loose connectors
Defects in tubing
Infusions into the 
circuit
Empty or tilted 
venous drip 
chamber

Arterial Patent foramen 
ovale
Paradoxical venous 
embolism
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configuration, with a range of 1  second for 
microbubbles to 70  days or longer for larger 
cylindrical bubbles. In the body, microbubbles 
travel through the circulation until they are dis-
solved, or lodge in the microvasculature, where 
they may initiate tissue injury through mechani-
cal damage, initiation of an inflammatory 
response, or activation of complement and clot-
ting cascades [92, 102, 106].

The hemodialysis situation is unique in that 
patients are exposed to microbubble infusion 
repeatedly for an extended time. Repeated micro-
bubble exposure may contribute to the develop-
ment of pulmonary hypertension, which occurs 
in 30–40% of HD patients [107, 108]. Venous 
emboli are not generally considered a risk to the 
brain. However, approximately 30% of the popu-
lation have right-to-left shunts through a patent 
foramen ovale (PFO), microbubbles may reach 
the arterial circulation via passage through the 
lungs, and pulmonary hypertension also contrib-
utes to right-to-left shunting. Thus, microbubbles 
may contribute to the brain dysfunction or other 
organ dysfunction seen in patients on chronic HD 
[108–110]. However, at least one study failed to 
show microbubbles in the middle cerebral artery 
in patients with a PFO [111]. These differences 
may relate to different dialysis circuits, micro-
bubble monitoring equipment, or duration of 
monitoring.

Mechanisms to prevent microbubble forma-
tion include lower blood flow rates and mainte-
nance of higher fluid levels in the bubble trap 
[105, 112]. Development of microbubble filters, 
which do not impede blood flow or expose the 
patient to harmful chemicals, is ongoing and 
desirable [113]. The primary treatment for 
microbubble embolization is prevention [92, 
106]. Hyperbaric oxygen has been shown to 
improve neurological outcome in some patients, 
but has not been systematically studied. Heparin, 
routinely given during HD, may contribute to 
the prevention of microbubble disease by inhib-
iting activation of the clotting cascade. The use 
of surfactants or fluorocarbon compounds to 
hasten bubble dissolution is not yet ready for 
clinical use.

 Miscellaneous Complications
Advancements in dialysis machine safety moni-
toring parameters, and stringent dialyzer manu-
facturing and water purification standards have 
reduced the incidence of many complications. 
However, they are most successful when used 
with careful ongoing evaluation of the patient 
and circuit with every treatment, and root analy-
sis cause of adverse events such as those described 
below.

 Blood Leaks The absolute maintenance of two 
separate compartments for blood and dialysate is 
essential for the safety and efficacy of HD. Blood 
leaks occur when there is a disruption in the 
integrity of the dialyzer hollow fibers, allowing 
passage of blood into the dialysate. Stringent 
manufacturing standards, including tests for fiber 
integrity, have reduced the incidence of blood 
leaks. However, fiber disruption can occur as a 
result of manufacturing defects, “misadventure” 
during shipping, storage or handling, during dia-
lyzer processing for reuse, or when the dialyzer is 
subjected to transmembrane pressures (TMP) at 
or exceeding the manufacturers’ maximum TMP, 
which is 600 mmHg for most dialyzers. Damaged 
dialyzers will usually be detected by failure of 
the initial pressure testing during priming, but 
this will not pick up fiber rupture that occurs after 
the start of dialysis.

All hemodialysis machines have a mandatory 
blood leak detector (BLD), which will sound an 
alarm and automatically stop the blood pump. 
The BLD is an optical sensor designed to pick up 
blood leaks of 0.35 ml/min or greater. False posi-
tives may be caused by air bubbles or dirty opti-
cal sensors. False triggering of the BLD can also 
occur with hemolysis during dialysis with high 
flux dialyzers [114]. Free hemoglobin has a 
molecular weight of 64.5 kiloDaltons and can 
trigger the BLD if sufficient free Hb crosses the 
membrane into the dialysate. More recently, 
hydroxocobalamin, used to treat suspected or 
confirmed cyanide toxicity, has been reported to 
interfere with hemodialysis by triggering the 
BLD [115–117]. Hydroxocobalamin stains 
bodily fluids a red/orange color, which may be 
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detected by BLD using photosensors with a dual 
LED array, as opposed to those with a single opti-
cal emitter [115].

Suspected blood leaks should be confirmed by 
inspection of the dialysate for red staining, and if 
the dialysate is clear, testing for hemoglobin in the 
dialysate via dipstick or measurement of free Hb 
in the lab (Table 25.8). Dialysate Hb dipsticks will 
pick up a Hb concentration of 15  mg/L, which 
corresponds to a blood leak of 0.1 ml/min [114].

Management of a confirmed blood leak 
includes immediate cessation of dialysis, testing 
to exclude hemolysis, and restarting dialysis with 
a freshly primed circuit if indicated. The dialysis 
circuit should be retained for inspection to deter-
mine the cause of the leak.

 Hemolysis Hemolysis is an uncommon, but 
potentially life- threatening complication of 
HD. The spectrum of presentation of acute hemo-
lysis ranges from non- specific general malaise, 
with nausea, weakness, abdominal or back pain, 
acute hypertension and sometimes gross hematu-
ria, to arrhythmias and sudden cardiac arrest 
[118, 119]. By contrast, chronic, low-grade 
hemolysis may present with erythropoiesis-stim-
ulating agent (ESA)-resistant chronic anemia. 
The presentation may relate both to the etiology 
of the hemolysis and to the hemolysis itself. 
(Table 25.9).

Diagnosis Clinically, hemolysis is diagnosed by 
an acute fall in plasma hemoglobin, pink plasma, 
elevated free plasma hemoglobin, elevated LDH, 
and low haptoglobin. Plasma bilirubin may be 
elevated, and in dialysis patients, hyperkalemia 
may occur. The dialysis circuit may look brighter 
red and less opaque, the so-called “port wine” 
appearance.

Significant hemolysis may go undetected by 
the dialysis machines’ safety features, highlight-
ing the need for careful observation of the patient 
and machine parameters during every treatment. 
A sustained >25  mmHg drop in arterial and 
venous pressures has been noted during hemoly-
sis due to post-pump tubing kinks [120]. 
Hemolysis may also be detected by the blood 
leak detector when high flux dialyzers are used 
[114]. However, many factors influence the pas-
sage of free hemoglobin into the dialysate com-
partment, and this is not a reliable method for 
diagnosing hemolysis. Finally, blood volume 
monitoring may provide a clue to hemolysis, 
with affected patients showing a falling hemato-
crit, and a rising blood volume due to release of 
water from lysed cells. However, if the change in 
hematocrit is small, the CritLine™ may not be 
sufficiently sensitive to detect it [121].

Etiology The etiology of hemolysis may be classi-
fied as mechanical, dialysate, or dialyzer related, or 
due to an underlying disease process (Table 25.9).

Table 25.8 Blood leak detector alarms

True blood leaks False-positive blood leak Diagnosis of blood leak in dialysate
Fiber rupture
  Manufacturing defect
  Mishandling
  Dialyzer reprocessing
  High TMP

Free hemoglobin (hemolysis)
Hydroxocobalamin
Air bubbles
Dirty blood leak detector

Blood leak detector alarm
Red dialysate
Positive dialysate dipstick for blood
Free hemoglobin in dialysate

Table 25.9 Causes of hemolysis during hemodialysis

Mechanical
Dialysate or 
dialyzer related Underlying disease

Kinking of 
blood lines
Manufacturing 
defects in 
tubing
Mismatch 
between 
access and 
blood flow
Malpositioned 
fistula needles
Blood pump 
trauma

High dialysate 
temperatures
Low dialysate Na
Contaminants – 
copper, zinc, 
chloramine, 
nitrates, 
endotoxin, 
formaldehyde
Dialyzer 
reuse – 
formaldehyde

Hemolytic 
anemia
Atypical 
hemolytic 
uremic syndrome
RBC disorders 
including sickle 
cell, 
spherocytosis
Malignant 
hypertension
Mechanical heart 
valves
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Mechanical Hemolysis may occur due to a 
manufacturing defect in dialysis tubing caus-
ing narrowing of the lumen. A multistate out-
break of hemolysis in 1998, including fatalities, 
was linked to a manufacturing defect in dialy-
sis tubing [122, 123]. Kinking of the blood 
lines, particularly as they come out of the dia-
lyzer, has also been reported and underscores 
the need for  visualization of the entire extra-
corporeal circuit during treatments [124–126], 
especially when introducing new machines or 
circuits.

Mechanical trauma to red blood cells within 
the extracorporeal circuit can occur with exces-
sively negative pre-pump arterial pressures [127], 
in the pump tubing segment, with incorrectly 
placed fistula needles [128], or if there is a mis-
match between the dialysis access and the desired 
blood flow [129]. The latter can be  alleviated by 
the use of larger gauge access [130, 131].

Dialysate Related Both fatal hemolysis and 
non-fatal hemolysis have been described follow-
ing inadvertent overheating of the dialysate to 
50  °C or higher. Experimental studies suggest 
that human erythrocytes will tolerate tempera-
tures of up to 47  °C without morphological 
change, that between 47 and 51  °C there is an 
increasing incidence of morphological change 
and risk of delayed hemolysis, and that above 
51  °C, hemolysis is instantaneous and massive. 
Patients who have been exposed to overheated 
dialysate should thus be monitored for delayed 
hemolysis [132].

Dialysis against a hypotonic solution, with 
osmolality below approximately 250  mOsm/L, 
will also cause hemolysis. Hemolysis has also 
been reported in adults inadvertently dialyzed 
against distilled water as a result of improper 
reconstitution of Normocarb™ during continu-
ous hemodialysis [133].

Contaminants such as copper [134], formalde-
hyde [135, 136], zinc and chloramines [137] in 
dialysate, and formaldehyde incompletely 
removed from the dialyzer during reuse are also 
reported causes of hemolysis.

Management of Hemolysis If hemolysis is 
diagnosed or suspected, the treatment should be 
terminated immediately without re-transfusion of 
the circuit. Bloodwork should be obtained for 
diagnosis and to determine the sequalae includ-
ing severe anemia and hyperkalemia. 
Hyperkalemia must be managed medically if 
present, and a decision made regarding re- 
initiation of dialysis after analysis of, and correc-
tion of, potential causes. Supportive care may 
include blood transfusion. The dialysis circuit 
should be saved for inspection for mechanical 
causes of hemolysis such as manufacturing 
defects in the tubing if the cause is not readily 
apparent. The occurrence of hemolysis in multi-
ple patients in a dialysis unit should prompt a 
thorough investigation into the etiology. The 
review article by Tharmaraj and Kerr contains an 
excellent algorithm for the diagnosis, manage-
ment, investigation, and root cause analysis of 
hemolysis occurring during HD [118].

 Chronic Hemodialysis 
Complications

 Sleep Disorders

Though not specific to HD, sleep disorders merit 
discussion. Up to 60–80% of adults with CKD 
are reported to have a sleep disorder, which may 
contribute to hypertension and blood pressure 
variability [138], increased mortality, reduced 
quality of life [139], and depression [140]. The 
spectrum of sleep disorders includes insomnia, 
sleep-disordered breathing (SDB), restless leg 
syndrome (RLS), periodic limb movements 
(PLM), poor sleep quality, insufficient sleep 
time, and daytime somnolence. Sleep apnea can 
be central or obstructive. Central sleep apnea 
describes the cessation of respiratory effort and 
air flow for at least 20 seconds, or shorter if asso-
ciated with desaturation, arousal, or awakening. 
Obstructive sleep apnea (OSA) is defined as the 
cessation of air flow in the presence of respira-
tory effort for at least 2 breaths. In children, it is 
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most commonly related to adeno-tonsillar hyper-
trophy. Peripheral edema and uremia are known 
risk factors for OSA.

Sleep disorders in children are associated 
with behavioral problems, poor school perfor-
mance, and reduced health-related quality of 
life. The majority of studies of sleep disorders 
in children with CKD have been based on ques-
tionnaires. The first study published in 2005 
reported an 86% incidence of sleep disorders 
characterized by a 46% incidence of sleep-dis-
ordered breathing, 29% RLS/PLM, and 60% 
incidence of excessive daytime sleepiness 
[141]. SDB based on questionnaire data was 
also associated with a reduced health-related 
quality of life score in children and adolescents 
with CKD [142].

Only three studies to date have utilized the 
gold standard of polysomnography (PSG) to 
examine sleep disorders in children with 
CKD. The first was a case-controlled PSG study 
on 25 children on HD. This confirmed markedly 
affected sleep quality in children on HD, with 
excessive daytime sleepiness, nocturnal awaken-
ing, difficult morning arousal, and increased limb 
pains compared to controls [143]. There was dis-
ordered sleep architecture with less slow wave 
sleep, and more sleep-disordered breathing and 
PLM in the HD patients. The second found a 37% 
incidence of SDB in a group of children with 
CKD 3-5, including obstructive sleep apnea, cen-
tral sleep apnea, and hypoventilation [144]. There 
was discordance between the validated sleep 
questionnaire and the PSG, highlighting the limi-
tations of diagnosing SDB in children based on 
questionnaires alone. The third was a study of 
eight children on automated peritoneal dialysis 
[145]. A sleep disorder was diagnosed in five of 
the eight children (62.5%) with four children 
(50%) having OSA and one having increased 
limb movements. Sleep architecture was abnor-
mal with decreased sleep efficiency and sleep 
latency and a marked increase in awake time. 
Again, the sleep questionnaire was discordant 
with the PSG data, in this case underestimating 
the frequency of disordered sleep. Daytime sleep-

iness, headaches, irritability, or decreased atten-
tion may be unrecognized by parents as sequalae 
of a sleep disorder.

Restless leg syndrome is a neurological disor-
der. The 2014 consensus criteria require patients 
to meet five clinical criteria, namely, an urge to 
move the legs often associated with an uncom-
fortable sensation, worsening of the need to 
move the legs during periods of inactivity, par-
tial or complete improvement of symptoms 
associated with leg movement, worse symptoms 
at night, and the absence of an alternate disease 
entity to explain the symptoms [146]. In one 
cohort of children with varying degrees of CKD, 
RLS was found in 35% based on questionnaire 
[147]. A larger case control study of children 
8–18 years with CKD, dialysis, and transplant, 
utilizing a questionnaire designed to eliminate 
mimics of RLS, found a 15% incidence of RLS 
in CKD compared to 6% in the controls [148]. 
RLS was associated with subjectively poor 
sleep quality and the need for sleep-inducing 
medications. A detailed discussion of the treat-
ment of RLS is beyond the scope of this chapter, 
but may include implementation of improved 
sleep hygiene habits, iron supplementation if 
anemic, or the use of clonidine, clonazepam, or 
dopaminergic medications for severely affected 
patients.

The adult literature suggests that objective 
improvement in sleep disorders may be seen 
with intensified dialysis (nocturnal HD or auto-
mated peritoneal dialysis) [149, 150], but no 
such data exist for pediatric patients. SDB has 
been shown to improve or resolve post-trans-
plant in both adults [149, 151] and children 
[144, 152, 153].

The systematic review of the published lit-
erature on sleep disorders in CKD by Stabouli 
et al. included only the HD study utilizing PSG 
[154]. While this review confirmed the 
increased incidence of sleep disturbances in 
children with CKD and the impact on health-
related quality of life, the data are based pri-
marily on questionnaires which likely 
overestimate the incidence of SDB.  Accurate 
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assessment of the incidence, type, and impact 
of sleep disorders will require systematic exam-
ination of large numbers of children with vary-
ing degrees of CKD by PSG.

 Dialysis-Related Amyloidosis

Manifestation of the Disease Amyloidosis 
refers to the extracellular tissue deposition of 
fibrils composed of low-molecular-weight sub-
units of a variety of proteins. These deposits may 
result in a wide range of clinical manifestations 
depending upon their type, location, and the 
amount of deposition. Dialysis-related amyloi-
dosis (DRA) is a serious complication of long-
term dialysis therapy and is characterized by the 
deposition of amyloid fibrils, principally com-
posed of β2 microglobulin (β2M), in the osteoar-
ticular structures and viscera. The frequently 
involved articulations are arm joints, such as 
scapulohumeral and the carpal bones, and the 
cervical neck [155]. Gastrointestinal involve-
ment is rare and generally occurs with pseudo-
obstruction syndrome due to gastric or colonic 
dilatation [156].

Most of the β2M is eliminated through glo-
merular filtration and subsequent reabsorption 
and catabolism by the proximal tubules. As a 
consequence, the serum levels of β2M are 
inversely related to the glomerular filtration rate; 
therefore, in end-stage renal disease patients, 
β2M levels increase up to 60-fold. The incidence 
of DRA is not known; however, some past studies 
have suggested an incidence of >95% in patients 
in the USA who have been on dialysis for 
>15 years, while European experiences have sug-
gested that DRA can be seen in as many as 20% 
of patients after 2–4 years of HD and in 100% of 
patients after 13 years of HD. However, the over-
all incidence and prevalence of β2 microglobulin 
(β2M)-related disease is not clear and there are 
no data in children [157]. In recent times, with 
the wide spread use of high-flux dialyzers and a 
move to longer or more frequent dialysis regi-
mens and HDF, the incidence of DRA is thought 
to be declining.

Risk Factors The most important risk factors 
of DRA include long dialysis vintage, older age 
at HD onset, absence of RRF, and use of low-
flux and bio-incompatible dialysis membranes 
[157–159].

Management Successful renal transplantation 
is the best treatment to prevent and manage 
DRA. If it is not feasible, β2 microglobulin clear-
ance is higher with long daily or nocturnal dialy-
sis, or HDF as compared to short-daily or 
conventional thrice-weekly HD [160–163]. 
High-volume, post-dilution hemodiafiltration 
(HDF) provides clearances of β2M, which are 
approximately twice those obtained with high- 
flux HD, and a reduction of β2M plasma concen-
tration to 25–32% of pre-HD levels is obtained 
[164–166]. Synthetic high-flux membranes allow 
β2M removal not only by convection (highest for 
polysulfone) but also by adsorption to the mem-
brane (highest for AN69, a negatively charged 
membrane) [167]. However, despite substantial 
clearance, there is still considerable retention of 
β2M with thrice-weekly high-flux HD [160, 
168]. This underlines the importance of dialysis 
time, as shown in patients undergoing nocturnal 
long daily HD (48 hours/week) in whom weekly 
β2M mass removal is increased by 78% com-
pared with thrice-weekly high-flux HD [162]. 
Thus, the major determinants of removal of β2M 
in HD are dialyzer clearance, duration and fre-
quency of the sessions, and UF volume.

 Conclusion

Advances in dialysis technology over the last half 
century have improved the safety, efficacy, and 
tolerability of HD. However, many patients con-
tinue to experience symptoms during and after 
their treatments with the most troubling identified 
by adult HD patients undergoing in-center dialy-
sis as insomnia, fatigue, and muscle cramping 
[169]. Elucidating the cause of and ameliorating 
these symptoms, and the prevention of adverse 
short-term and long-term consequences of HD, 
remain a priority in the care of all patients on HD.

D. Borzych-Duz. ałka and E. Harvey



455

References

 1. Kennedy AC, Linton AL, Eaton JC. Urea levels in 
cerebrospinal fluid after haemodialysis. Lancet. 
1962;1(7226):410–1.

 2. Patel N, Dalal P, Panesar M.  Dialysis disequilib-
rium syndrome: a narrative review. Semin Dial. 
2008;21(5):493–8.

 3. Bagshaw SM, Peets AD, Hameed M, Boiteau PJ, 
Laupland KB, Doig CJ. Dialysis disequilibrium syn-
drome: brain death following hemodialysis for meta-
bolic acidosis and acute renal failure--a case report. 
BMC Nephrol. 2004;5:9.

 4. Yee M, Jern Y, Seng C. Dialysis disequilibrium syn-
drome: a preventable fatal acute complication. Med 
J Malaysia. 2016;71(2):91–2.

 5. Harris CP, Townsend JJ.  Dialysis disequilibrium 
syndrome. West J Med. 1989;151(1):52–5.

 6. Zepeda-Orozco D, Quigley R.  Dialysis dis-
equilibrium syndrome. Pediatr Nephrol. 
2012;27(12):2205–11.

 7. William JH, Gilbert AL, Rosas SE.  Keeping an 
eye on dialysis: the association of hemodialy-
sis with intraocular hypertension. Clin Nephrol. 
2015;84(5):307–10.

 8. Lund A, Damholt MB, Strange DG, Kelsen J, 
Moller-Sorensen H, Moller K.  Increased intra-
cranial pressure during hemodialysis in a patient 
with anoxic brain injury. Case Rep Crit Care. 
2017;2017:5378928.

 9. Esnault P, Lacroix G, Cungi PJ, D'Aranda E, Cotte 
J, Goutorbe P. Dialysis disequilibrium syndrome in 
neurointensive care unit: the benefit of intracranial 
pressure monitoring. Crit Care. 2012;16(6):472.

 10. Rosen SM, O'Connor K, Shaldon S. Haemodialysis 
disequilibrium. Br Med J. 1964;2(5410):672–5.

 11. Trinh-Trang-Tan MM, Cartron JP, Bankir 
L.  Molecular basis for the dialysis disequilibrium 
syndrome: altered aquaporin and urea transporter 
expression in the brain. Nephrol Dial Transplant. 
2005;20(9):1984–8.

 12. Tuchman S, Khademian ZP, Mistry K.  Dialysis 
disequilibrium syndrome occurring during con-
tinuous renal replacement therapy. Clin Kidney J. 
2013;6(5):526–9.

 13. Port FK, Johnson WJ, Klass DW.  Prevention of 
dialysis disequilibrium syndrome by use of high 
sodium concentration in the dialysate. Kidney Int. 
1973;3(5):327–33.

 14. Bansal VK, Bansal S.  Nervous system disor-
ders in dialysis patients. Handb Clin Neurol. 
2014;119:395–404.

 15. Chang CH, Hsu KT, Lee CH, Lee YC, Chiou TT, 
Chuang CH, et al. Leukoencephalopathy associated 
with dialysis disequilibrium syndrome. Ren Fail. 
2007;29(5):631–4.

 16. Sengupta P, Biswas S.  Dialysis disequilibrium 
leading to posterior reversible encephalopathy 

syndrome in chronic renal failure. CEN Case Rep. 
2016;5(2):154–7.

 17. Sheth KN, Wu GF, Messé SR, Wolf RL, Kasner 
SE. Dialysis disequilibrium: another reversible pos-
terior leukoencephalopathy syndrome? Clin Neurol 
Neurosurg. 2003;105(4):249–52.

 18. Kooman J, Basci A, Pizzarelli F, Canaud B, Haage P, 
Fouque D, et al. EBPG guideline on haemodynamic 
instability. Nephrol Dial Transplant. 2007;22(Suppl 
2):ii22–44.

 19. Workgroup KD.  K/DOQI clinical practice guide-
lines for cardiovascular disease in dialysis patients. 
Am J Kidney Dis. 2005;45(4 Suppl 3):S1–153.

 20. Kuipers J, Oosterhuis JK, Krijnen WP, Dasselaar JJ, 
Gaillard CA, Westerhuis R, et al. Prevalence of intra-
dialytic hypotension, clinical symptoms and nursing 
interventions--a three-months, prospective study 
of 3818 haemodialysis sessions. BMC Nephrol. 
2016;17:21.

 21. Sands JJ, Usvyat LA, Sullivan T, Segal JH, Zabetakis 
P, Kotanko P, et  al. Intradialytic hypotension: fre-
quency, sources of variation and correlation with 
clinical outcome. Hemodial Int. 2014;18(2):415–22.

 22. Tisler A, Akocsi K, Harshegyi I, Varga G, Ferenczi 
S, Grosz M, et al. Comparison of dialysis and clini-
cal characteristics of patients with frequent and 
occasional hemodialysis-associated hypotension. 
Kidney Blood Press Res. 2002;26:97–102.

 23. Hothi DK, Harvey E, Goia CM, Geary D.  Blood- 
volume monitoring in paediatric haemodialysis. 
Pediatr Nephrol. 2008;23(5):813–20.

 24. Hothi D. An investigation into the mechanisms, con-
sequences and moderators of intradialytic hypoten-
sion in paediatric haemodialysis. London: University 
College London; 2009.

 25. Reeves P, McCausland F.  Mechanisms, clinical 
implications, and treatment of intradialytic hypoten-
sion. Clin J Am Soc Nephrol. 2018;13(8):1297–303.

 26. Chesterton L, McIntyre C. The assessment of baro-
reflex sensitivity in patients with chronic kidney 
disease: implications for vasomotor instability. Curr 
Opin Nephrol Hypertens. 2005;1(4):586–91.

 27. Hothi DK, Rees L, Marek J, Burton J, McIntyre 
CW. Pediatric myocardial stunning underscores the 
cardiac toxicity of conventional hemodialysis treat-
ments. Clin J Am Soc Nephrol. 2009;4(4):790–7.

 28. Burton JO, Jefferies HJ, Selby NM, McIntyre 
CW.  Hemodialysis-induced repetitive myocardial 
injury results in global and segmental reduction in 
systolic cardiac function. Clin J Am Soc Nephrol. 
2009;4(12):1925–31.

 29. McIntyre CW, Burton JO, Selby NM, Leccisotti L, 
Korsheed S, Baker CS, et al. Hemodialysis-induced 
cardiac dysfunction is associated with an acute 
reduction in global and segmental myocardial blood 
flow. Clin J Am Soc Nephrol. 2008;3(1):19–26.

 30. Charytan DM, Skali H, Shah NR, Veeranna V, 
Cheezum MK, Taqueti VR, et  al. Coronary flow 
reserve is predictive of the risk of cardiovascular 

25 Non-infectious Complications of Hemodialysis in Children



456

death regardless of chronic kidney disease stage. 
Kidney Int. 2018;93(2):501–9.

 31. Fellner S, Lang R, Neumann A, Spencer K, 
Bushinsky D, Borow K. Physiological mechanisms 
for calcium-induced changes in systemic arterial 
pressure in stable dialysis patients. Hypertension. 
1989;13:213–8.

 32. Tessitore N, Santoro A, Panzetta GO, Wizemann V, 
Perez-Garcia R, Martinez Ara J, et al. Acetate-free 
biofiltration reduces intradialytic hypotension: a 
European multicenter randomized controlled trial. 
Blood Purif. 2012;34(3–4):354–63.

 33. Zaloszyc A, Schaefer B, Schaefer F, Krid S, 
Salomon R, Niaudet P, et al. Hydration measurement 
by bioimpedance spectroscopy and blood pressure 
management in children on hemodialysis. Pediatr 
Nephrol. 2013;28(11):2169–77.

 34. Milani GP, Groothoff JW, Vianello FA, Fossali EF, 
Paglialonga F, Edefonti A, et al. Bioimpedance and 
fluid status in children and adolescents treated with 
dialysis. Am J Kidney Dis. 2017;69(3):428–35.

 35. Allinovi M, Saleem MA, Burgess O, Armstrong C, 
Hayes W. Finding covert fluid: methods for detect-
ing volume overload in children on dialysis. Pediatr 
Nephrol. 2016;31(12):2327–35.

 36. Allinovi M, Saleem M, Romagnani P, Nazerian P, 
Hayes W.  Lung ultrasound: a novel technique for 
detecting fluid overload in children on dialysis. 
Nephrol Dial Transplant. 2017;32(3):541–7.

 37. Fischbach M, Edefonti A, Schroder C, Watson 
A.  European Pediatric Dialysis Working 
G.  Hemodialysis in children: general practical 
guidelines. Pediatr Nephrol. 2005;20(8):1054–66.

 38. Fadel FI, Makar SH, Eskander AE, Aon 
AH.  Decreasing intra-dialytic morbid events 
and assessment of dry weight in children on 
chronic hemodialysis using non-invasive changes 
in hematocrit. Saudi J Kidney Dis Transpl. 
2014;25(5):1030–7.

 39. Merouani A, Kechaou W, Litalien C, Ducruet T, 
Jouvet P.  Impact of blood volume monitoring on 
fluid removal during intermittent hemodialysis 
of critically ill children with acute kidney injury. 
Nephrol Dial Transplant. 2011;26(10):3315–9.

 40. Raina R, Lam S, Raheja H, Krishnappa V, Hothi 
D, Davenport A, et al. Pediatric intradialytic hypo-
tension: recommendations from the Pediatric 
Continuous Renal Replacement Therapy (PCRRT) 
Workgroup. Pediatr Nephrol. 2019;34(5):925–41.

 41. Dheu C, Terzic J, Menouer S, Fischbach 
M. Importance of the curve shape for interpretation 
of blood volume monitor changes during haemodi-
afiltration. Pediatr Nephrol. 2009;24(7):1419–23.

 42. Candan C, Sever L, Civilibal M, Caliskan S, Arisoy 
N. Blood volume monitoring to adjust dry weight in 
hypertensive pediatric hemodialysis patients. Pediatr 
Nephrol. 2009;24(3):581–7.

 43. Patel HP, Goldstein SL, Mahan JD, Smith B, Fried 
CB, Currier H, et al. A standard, noninvasive moni-
toring of hematocrit algorithm improves blood pres-

sure control in pediatric hemodialysis patients. Clin 
J Am Soc Nephrol. 2007;2(2):252–7.

 44. Paglialonga F, Consolo S, Edefonti A, Montini 
G.  The first hour refill index: a promising marker 
of volume overload in children and young adults 
on chronic hemodialysis. Pediatr Nephrol. 
2018;33(7):1209–14.

 45. Kron S, Schneditz D, Leimbach T, Aign S, Kron 
J.  Vascular refilling is not reduced in dialy-
sis sessions with morbid events. Blood Purif. 
2017;43(4):309–14.

 46. Hothi DK, Harvey E, Goia CM, Geary DF. Evaluating 
methods for improving ultrafiltration in pediatric 
hemodialysis. Pediatr Nephrol. 2008;23(4):631–8.

 47. Dunne N. A meta-analysis of sodium profiling tech-
niques and the impact on intradialytic hypotension. 
Hemodial Int. 2017;21(3):312–22.

 48. Locatelli F, Altieri P, Andrulli S, Sau G, Bolasco P, 
Pedrini LA, et al. Phosphate levels in patients treated 
with low-flux haemodialysis, pre-dilution haemo-
filtration and haemodiafiltration: post hoc analysis 
of a multicentre, randomized and controlled trial. 
Nephrol Dial Transplant. 2014;29(6):1239–46.

 49. Shroff R, Smith C, Ranchin B, Bayazit AK, 
Stefanidis CJ, Askiti V, et al. Effects of hemodiafil-
tration versus conventional hemodialysis in children 
with ESKD: the HDF, heart and height study. J Am 
Soc Nephrol. 2019;30(4):678–91.

 50. Donauer J.  Reduction of hypotensive side effects 
during online-haemodiafiltration and low tem-
perature haemodialysis. Nephrol Dial Transplant. 
2003;18(8):1616–22.

 51. Hothi DK, Harvey E, Goia CM, Geary D. The value 
of sequential dialysis, mannitol and midodrine in 
managing children prone to dialysis failure. Pediatr 
Nephrol. 2009;24(8):1587–91.

 52. Chen J, Gul A, Sarnak M. Management of intradia-
lytic hypertension: the ongoing challenge. Semin 
Dial. 2006;19(2):141–5.

 53. Cirit M, Akcicek F, Terzioglu E, Soydas C, Ok E, 
Ozbasli C, et al. Paradoxical rise in blood pressure 
during ultrafiltration in dialysis patients. Nephrol 
Dial Transplant. 1995;10:1417–20.

 54. Park J, Rhee CM, Sim JJ, Kim YL, Ricks J, Streja 
E, et  al. A comparative effectiveness research 
study of the change in blood pressure during 
hemodialysis treatment and survival. Kidney Int. 
2013;84(4):795–802.

 55. Geary DF, Piva E, Tyrrell J, Gajaria MJ, Picone G, 
Keating LE, et al. Home nocturnal hemodialysis in 
children. J Pediatr. 2005;147(3):383–7.

 56. Warady BA, Fischbach M, Geary D, Goldstein 
SL. Frequent hemodialysis in children. Adv Chronic 
Kidney Dis. 2007;14(3):297–303.

 57. Villarroel F, Ciarkowski AA.  A survey on hyper-
sensitivity reactions in hemodialysis. Artif Organs. 
1985;9(3):231–8.

 58. Daugirdas JT, Ing TS.  First-use reactions during 
hemodialysis: a definition of subtypes. Kidney Int. 
1988;33(Suppl 24):S37–43.

D. Borzych-Duz. ałka and E. Harvey



457

 59. Salem M, Ivanovich PT, Ing TS, Daugirdas 
JT.  Adverse effects of dialyzers manifesting dur-
ing the dialysis session. Nephrol Dial Transplant. 
1994;9(Suppl 2):127–37.

 60. Ebo DG, Bosmans JL, Couttenye MM, Stevens 
WJ. Haemodialysis-associated anaphylactic and ana-
phylactoid reactions. Allergy. 2006;61(2):211–20.

 61. Lemke HD. Mediation of hypersensitivity reactions 
during hemodialysis by IgE antibodies against ethyl-
ene oxide. Artif Organs. 1987;11(2):104–10.

 62. Nicholls A.  Ethylene oxide and anaphylaxis dur-
ing haemodialysis. Br Med J (Clin Res Ed). 
1986;292(6530):1221–2.

 63. Caruana RJ, Hamilton RW, Pearson FC.  Dialyzer 
hypersensitivity syndrome: possible role of allergy 
to ethylene oxide. Report of 4 cases and review of 
one literature. Am J Nephrol. 1985;5(4):271–4.

 64. Pearson F, Bruszer G, Lee W, Sagona M, Sargent H, 
Woods E, et al. Ethylene oxide sensitivity in hemo-
dialysis patients. Artif Organs. 1987;11(2):100–3.

 65. Ansorge W, Pelger M, Dietrich W, Baurmeister 
U. Ethylene oxide in dialyzer rinsing fluid: effect of 
rinsing technique, dialyzer storage time, and potting 
compound. Artif Organs. 1987;11(2):118–22.

 66. Kokubo K, Kurihara Y, Kobayashi K, Tsukao H, 
Kobayashi H. Evaluation of the biocompatibility of 
dialysis membranes. Blood Purif. 2015;40(4):293–7.

 67. Bacelar Marques ID, Pinheiro KF, de Freitas do 
Carmo LP, Costa MC, Abensur H.  Anaphylactic 
reaction induced by a polysulfone/polyvinylpyr-
rolidone membrane in the 10th session of hemo-
dialysis with the same dialyzer. Hemodial Int. 
2011;15(3):399–403.

 68. Sayeed K, Murdakes C, Spec A, Gashti 
C. Anaphylactic shock at the beginning of hemodi-
alysis. Semin Dial. 2016;29(1):81–4.

 69. Hildebrand S, Corbett R, Duncan N, Ashby 
D. Increased prevalence of eosinophilia in a hemodi-
alysis population: longitudinal and case control stud-
ies. Hemodial Int. 2016;20:414.

 70. Li Z, Ma L, Zhao S. Effect of polyflux membranes on 
the improvement of hemodialysis-associated eosino-
philia: a case series. Ren Fail. 2016;38(1):65–9.

 71. Tielemans C, Madhoun P, Lenaers M, Schandene 
L, Goldman M, Vanherweghem JL.  Anaphylactoid 
reactions during hemodialysis on AN69 membranes 
in patients receiving ACE inhibitors. Kidney Int. 
1990;38(5):982–4.

 72. Parnes EL, Shapiro WB.  Anaphylactoid reactions 
in hemodialysis patients treated with the AN69 dia-
lyzer. Kidney Int. 1991;40(6):1148–52.

 73. Verresen L, Fink E, Lemke HD, Vanrenterghem 
Y. Bradykinin is a mediator of anaphylactoid reac-
tions during hemodialysis with AN69 membranes. 
Kidney Int. 1994;45(5):1497–503.

 74. Coppo R, Amore A, Cirina P, Scelfo B, Giacchino F, 
Comune L, et al. Bradykinin and nitric oxide genera-
tion by dialysis membranes can be blunted by alka-
line rinsing solutions. Kidney Int. 2000;58(2):881–8.

 75. Brophy PD, Mottes TA, Kudelka TL, McBryde KD, 
Gardner JJ, Maxvold NJ, et  al. AN-69 membrane 
reactions are pH-dependent and preventable. Am J 
Kidney Dis. 2001;38(1):173–8.

 76. Molinaro G, Duan QL, Chagnon M, Moreau ME, 
Simon P, Clavel P, et  al. Kinin-dependent hyper-
sensitivity reactions in hemodialysis: metabolic and 
genetic factors. Kidney Int. 2006;70(10):1823–31.

 77. Berkun Y, Haviv YS, Schwartz LB, Shalit 
M. Heparin-induced recurrent anaphylaxis. Clin Exp 
Allergy. 2004;34(12):1916–8.

 78. Syed S, Reilly RF.  Heparin-induced thrombocy-
topenia: a renal perspective. Nat Rev Nephrol. 
2009;5(9):501–11.

 79. Blossom DB, Kallen AJ, Patel PR, Elward A, 
Robinson L, Gao G, et al. Outbreak of adverse reac-
tions associated with contaminated heparin. N Engl 
J Med. 2008;359(25):2674–84.

 80. Upadhyay A, Jaber BL.  We use impure water to 
make dialysate for hemodialysis. Semin Dial. 
2016;29(4):297–9.

 81. Ward RA.  Ultrapure dialysate. Semin Dial. 
2004;17(6):489–97.

 82. Upadhyay A, Sosa MA, Jaber BL. Single-use versus 
reusable dialyzers: the known unknowns. Clin J Am 
Soc Nephrol. 2007;2(5):1079–86.

 83. Twardowski ZJ. Dialyzer reuse - part II: advantages 
and disadvantages. Semin Dial. 2006;19(3):41–53.

 84. Canaud B, Aljama P, Tielemans C, Gasparovic V, 
Gutierrez A, Locatelli F. Pathochemical toxicity of 
perfluorocarbon-5070, a liquid test performance 
fluid previously used in dialyzer manufacturing, 
confirmed in animal experiment. J Am Soc Nephrol. 
2005;16(6):1819–23.

 85. Daugirdas JT, Bernardo AA.  Hemodialysis 
effect on platelet count and function and 
 hemodialysis- associated thrombocytopenia. Kidney 
Int. 2012;82(2):147–57.

 86. Kiaii M, Djurdjev O, Farah M, Levin A, Jung B, 
MacRae J.  Use of electron-beam sterilized hemo-
dialysis membranes and risk of thrombocytopenia. 
JAMA. 2011;306(15):1679–87.

 87. De Prada L, Lee J, Gillespie A, Benjamin 
J.  Thrombocytopenia associated with one type of 
polysulfone hemodialysis membrane: a report of 5 
cases. Am J Kidney Dis. 2013;61(1):131–3.

 88. Muraro A, Roberts G, Clark A, Eigenmann PA, 
Halken S, Lack G, et al. The management of anaphy-
laxis in childhood: position paper of the European 
academy of allergy and clinical immunology. 
Allergy. 2007;62(8):857–71.

 89. Capozzoli G, Schenk C, Vezzali N.  Cerebral air 
embolism after central dialysis line removal: the 
role of the fibrin sheath as portal (mechanism) of air 
entry. J Vasc Access. 2012;13(4):516–9.

 90. Sahutoglu T, Sakaci T, Hasbal NB, Kara E, 
Ahbap E, Sevinc M, et al. Air embolism following 
removal of hemodialysis catheter. Hemodial Int. 
2017;21(1):29–34.

25 Non-infectious Complications of Hemodialysis in Children



458

 91. Wong SS, Kwaan HC, Ing TS.  Venous air embo-
lism related to the use of central catheters revisited: 
with emphasis on dialysis catheters. Clin Kidney J. 
2017;10(6):797–803.

 92. Stegmayr B.  Air contamination during hemo-
dialysis should be minimized. Hemodial Int. 
2017;21(2):168–72.

 93. Stegmayr B, Forsberg U, Jonsson P, Stegmayr 
C. The sensor in the venous chamber does not pre-
vent passage of air bubbles during hemodialysis. 
Artif Organs. 2007;31(2):162–6.

 94. Ward M, Shadforth M, Hill A, Kerr D. Air embolism 
during haemodialysis. Br Med J. 1971;3(5766):74–8.

 95. Baskin S, Wozniak R. Hyperbaric oxygenation in the 
treatment of hemodialysis-associated air embolism. 
N Engl J Med. 1975;293(4):184–5.

 96. Dunbar E, Fox R, Watson B, Akrill P. Successful late 
treatment of venous air embolism with hyperbaric 
oxygen. Postgrad Med J. 1990;66(776):469–70.

 97. Lau L, London K.  Cortical blindness and altered 
mental status following routine hemodialysis, a 
case of iatrogenic cerebral air embolism. Case Rep 
Emerg Med. 2018;2018:9496818.

 98. Jonsson P, Lindmark L, Axelsson J, Karlsson L, 
Lundberg L, Stegmayr B. Formation of blood foam 
in the air trap during hemodialysis due to insuffi-
cient automatic priming of dialyzers. Artif Organs. 
2018;42(5):533–9.

 99. Jonsson P, Karlsson L, Forsberg U, Gref M, 
Stegmayr C, Stegmayr B. Air bubbles pass the secu-
rity system of the dialysis device without alarming. 
Artif Organs. 2007;31(2):132–9.

 100. Keshavarzi G, Barber TJ, Yeoh G, Simmons A, 
Reizes JA.  Two-dimensional computational analy-
sis of microbubbles in hemodialysis. Artif Organs. 
2013;37(8):E139–44.

 101. Keshavarzi G, Simmons A, Yeoh G, Barber 
T.  Effectiveness of microbubble removal in an 
airtrap with a free surface interface. J Biomech. 
2015;48(7):1237–40.

 102. Barak M, Nakhoul F, Katz Y. Pathophysiology and 
clinical implications of microbubbles during hemo-
dialysis. Semin Dial. 2008;21(3):232–8.

 103. Polaschegg H.  Hemodialysis machine air detec-
tors need not detect microbubbles. Artif Organs. 
2007;31(12):911–2.

 104. Wagner S, Rode C, Wojke R, Canaud B. Observation 
of microbubbles during standard dialysis treatments. 
Clin Kidney J. 2015;8(4):400–4.

 105. Forsberg U, Jonsson P, Stegmayr C, Jonsson F, 
Nilsson B, Nilsson Ekdahl K, et  al. A high blood 
level in the venous chamber and a wet-stored dia-
lyzer help to reduce exposure for microemboli dur-
ing hemodialysis. Hemodial Int. 2013;17(4):612–7.

 106. Stegmayr BG.  Sources of mortality on dialysis 
with an emphasis on microemboli. Semin Dial. 
2016;29(6):442–6.

 107. Kosmadakis G, Aguilera D, Carceles O, Da Costa 
Correia E, Boletis I.  Pulmonary hypertension in 
dialysis patients. Ren Fail. 2013;35(4):514–20.

 108. Stegmayr B, Brannstrom T, Forsberg U, Jonson P, 
Stegmayr C, Hultdin J.  Microbubbles of air may 
occur in the organs of hemodialysis patients. ASAIO 
J. 2012;58(2):177–9.

 109. Madero M, Sarnak MJ. Does hemodialysis hurt the 
brain? Semin Dial. 2011;24(3):266–8.

 110. Forsberg U, Jonsson P, Stegmayr C, Stegmayr 
B.  Microemboli, developed during haemodialy-
sis, pass the lung barrier and may cause ischaemic 
lesions in organs such as the brain. Nephrol Dial 
Transplant. 2010;25(8):2691–5.

 111. George S, Holt S, Hildick-Smith D. Patent foramen 
ovale, dialysis and microembolization. Nephrology. 
2012;17(6):569–74.

 112. Forsberg U, Jonsson P, Stegmayr C, Stegmayr 
B.  A high blood level in the air trap reduces 
microemboli during hemodialysis. Artif Organs. 
2012;36(6):525–9.

 113. Palanchon P, Birmele B, Tranquart F.  Acoustical 
bubble trapper applied to hemodialysis. Ultrasound 
Med Biol. 2008;34(4):681–4.

 114. Lindley E, Finney D, Jones P, Lewington A, 
O'Reagan A, Webb G. Unexpected triggering of the 
dialysate blood leak detector by haemolysis. Acta 
Clin Belg. 2015;70(3):226–9.

 115. Avila J, Prasad D, Weisberg L, Kasama R. Pseudo- 
blood leak? A hemodialysis mystery. J Clin Nephrol. 
2013;79(4):323–5.

 116. Lim K, Heher E, Steele D, Fenves A, Tucker J, 
Thadhani R, et al. Hemodialysis failure secondary to 
hydroxyocobalamin exposure. Proc (Bayl Univ Med 
Cent). 2017;30(2):167–8.

 117. Gizaw A, Kidd JM.  All that leaks is not blood. 
Kidney Int. 2015;88(3):645.

 118. Tharmaraj D, Kerr PG. Haemolysis in haemodialy-
sis. Nephrology. 2017;22(11):838–47.

 119. Kirsch AH, Pollheimer MJ, Troppan K, Horina 
JH, Rosenkranz AR, Eller K. The case | acute kid-
ney injury and hemolysis in a 58-year-old woman. 
Kidney Int. 2017;91(4):993–4.

 120. Malinauskas R.  Decreased hemodialysis circuit 
pressures indicating postpump tubing kinks: a retro-
spective investigation of hemolysis in five patients. 
Hemodial Int. 2008;12(3):383–93.

 121. Paluszkiewicz A, Kellner J, Elshehabi M, Schneditz 
D. Effect of hemolysis and free hemoglobin on opti-
cal hematocrit measurements in the extracorporeal 
circulation. ASAIO J. 2008;54(2):181–4.

 122. (CDC) CfDCaP.  Multistate outbreak of hemo-
lysis in hemodialysis patients  - Nebraska and 
Maryland. MMWR Morb Mortal Wkly Rep. 
1998;47(23):483–4.

 123. Duffy R, Tomashek K, Spangenberg M, Spry 
L, Dwyer D, Safranek TJ, et  al. Multistate out-
break of hemolysis in hemodialysis patients 
traced to faulty blood tubing sets. Kidney Int. 
2000;57(4):1668–74.

 124. Abtahi M, Uzan M, Souid M.  Hemolysis-induced 
acute pancreatitis secondary to kinked hemodialysis 
blood lines. Hemodial Int. 2007;11(1):38–41.

D. Borzych-Duz. ałka and E. Harvey



459

 125. Gault M, Duffett S, Purchase L, Murphy 
J. Hemodialysis intravascular hemolysis and kinked 
blood lines. Nephron. 1992;62(3):267–71.

 126. Sweet S, McCarthy S, Steingart R, Callahan 
T.  Hemolytic reactions mechanically induced 
by kinked hemodialysis lines. Am J Kidney Dis. 
1996;27(2):262–6.

 127. Shibata E, Nagai K, Takeuchi R, Noda Y, Makino 
T, Chikata Y, et  al. Re-evaluation of pre-pump 
arterial pressure to avoid inadequate dialysis and 
hemolysis: importance of prepump arterial pressure 
monitoring in hemodialysis patients. Artif Organs. 
2015;39(7):627–34.

 128. Yoon J, Thapa S, Chow R, Jaar B. Hemolysis as a 
rare but potentially life-threatening complication 
of hemodialysis: a case report. BMC Res Notes. 
2014;7:475.

 129. Polaschegg HD. Red blood cell damage from extra-
corporeal circulation in hemodialysis. Semin Dial. 
2009;22(5):524–31.

 130. Techert F, Techert S, Woo L, Beck W, Lebsanft H, 
Wizemann V.  High blood flow rates with adjust-
ment of needle diameter do not increase hemoly-
sis during hemodialysis treatment. J Vasc Access. 
2007;8(4):252–7.

 131. Mehta HK, Deabreu D, McDougall JG, Goldstein 
MB. Correction of discrepancy between prescribed 
and actual blood flow rates in chronic hemodialy-
sis patients with use of larger gauge needles. Am J 
Kidney Dis. 2002;39(6):1231–5.

 132. Berkes S, Kahn S, Chazan J, Garella S. Prolonged 
hemolysis from overheated dialysate. Ann Intern 
Med. 1975;83(3):363.

 133. Pendergrast JM, Hladunewich MA, Richardson 
RM.  Hemolysis due to inadvertent hemodialysis 
against distilled water: perils of bedside dialysate 
preparation. Crit Care Med. 2006;34(10):2666–73.

 134. Matter B, Pederson J, Psimenos G, Lindeman 
R. Lethal copper intoxication in hemodialysis. Trans 
Am Soc Artif Intern Organs. 1969;15:309–15.

 135. Orringer E, Mattern W.  Formaldehyde-induced 
hemolysis during chronic hemodialysis. N Engl J 
Med. 1976;294(26):1416–20.

 136. Punn K, Yeung C, Chen T. Acute intravascular hemo-
lysis due to accidental formalin intoxication during 
hemodialysis. Clin Nephrol. 1984;21(3):188–90.

 137. de Oliveira RM, de los Santos CA, Antonello I, 
d'Avila D. Warning: an anemia outbreak due to chlo-
ramine exposure in a clean hemodialysis unit--an 
issue to be revisited. Ren Fail. 2009;31(1):81–3.

 138. Pengo MF, Ioratti D, Bisogni V, Ravarotto V, 
Rossi B, Bonfante L, et al. In patients with chronic 
kidney disease short term blood pressure vari-
ability is associated with the presence and sever-
ity of sleep disorders. Kidney Blood Press Res. 
2017;42(5):804–15.

 139. Scherer JS, Combs SA, Brennan F. Sleep disorders, 
restless legs syndrome, and uremic pruritus: diagno-
sis and treatment of common symptoms in dialysis 
patients. Am J Kidney Dis. 2017;69(1):117–28.

 140. Gerogianni G, Kouzoupis A, Grapsa E.  A holis-
tic approach to factors affecting depression 
in haemodialysis patients. Int Urol Nephrol. 
2018;50(8):1467–76.

 141. Davis ID, Baron J, O'Riordan MA, Rosen CL. Sleep 
disturbances in pediatric dialysis patients. Pediatr 
Nephrol. 2005;20(1):69–75.

 142. Davis ID, Greenbaum LA, Gipson D, Wu LL, Sinha 
R, Matsuda-Abedini M, et al. Prevalence of sleep dis-
turbances in children and adolescents with chronic 
kidney disease. Pediatr Nephrol. 2012;27(3):451–9.

 143. El-Refaey A, Elsayed R, Sarhan A, Bakr A, Hammad 
A, Elmougy A, et al. Sleep quality assessment using 
polysomnography in children on regular hemodialy-
sis. Saudi J Kidney Dis Transpl. 2013;24(4):714–8.

 144. Amin R, Sharma N, Al-Mokali K, Sayal P, Al-Saleh 
S, Narang I, et al. Sleep-disordered breathing in chil-
dren with chronic kidney disease. Pediatr Nephrol. 
2015;30(12):2135–43.

 145. Gomes C, Oliveira L, Ferreira R, Simao C.  Sleep 
disturbance in pediatric patients on automated peri-
toneal dialysis. Sleep Med. 2017;32:87–91.

 146. Allen RP, Picchietti DL, Garcia-Borreguero D, Ondo 
WG, Walters AS, Winkelman JW, et al. Restless legs 
syndrome/Willis-Ekbom disease diagnostic crite-
ria: updated International Restless Legs Syndrome 
Study Group (IRLSSG) consensus criteria--history, 
rationale, description, and significance. Sleep Med. 
2014;15(8):860–73.

 147. Applebee GA, Guillot AP, Schuman CC, Teddy 
S, Attarian HP.  Restless legs syndrome in pediat-
ric patients with chronic kidney disease. Pediatr 
Nephrol. 2009;24(3):545–8.

 148. Riar SK, Leu RM, Turner-Green TC, Rye DB, 
Kendrick-Allwood SR, McCracken C, et al. Restless 
legs syndrome in children with chronic kidney dis-
ease. Pediatr Nephrol. 2013;28(5):773–95.

 149. Kennedy C, Ryan SA, Kane T, Costello RW, Conlon 
PJ.  The impact of change of renal replacement 
therapy modality on sleep quality in patients with 
end-stage renal disease: a systematic review and 
meta-analysis. J Nephrol. 2018;31(1):61–70.

 150. Li L, Tang X, Kim S, Zhang Y, Li Y, Fu P.  Effect 
of nocturnal hemodialysis on sleep parameters 
in patients with end-stage renal disease: a sys-
tematic review and meta-analysis. PLoS One. 
2018;13(9):e0203710.

 151. Brekke FB, Waldum-Grevbo B, von der Lippe N, 
Os I.  The effect of renal transplantation on qual-
ity of sleep in former dialysis patients. Transpl Int. 
2017;30(1):49–56.

 152. Ball E, Kara T, McNamara D, Edwards 
EA.  Resolution of sleep-disordered breathing in a 
dialysis-dependent child post-renal transplantation. 
Pediatr Nephrol. 2010;25(1):173–7.

 153. Sharma N, Harvey E, Amin R.  Sleep-disordered 
breathing in 2 pediatric patients on peritoneal dialy-
sis. Perit Dial Int. 2016;36(1):109–12.

 154. Stabouli S, Papadimitriou E, Printza N, Dotis 
J, Papachristou F.  Sleep disorders in pediatric 

25 Non-infectious Complications of Hemodialysis in Children



460

chronic kidney disease patients. Pediatr Nephrol. 
2016;31(8):1221–9.

 155. Fenves A, Emmett M, White M, Greenway G, 
Michaels D. Carpal tunnel syndrome with cystic bone 
lesions secondary to amyloidosis in chronic hemodi-
alysis patients. Am J Kidney Dis. 1986;7(2):130–4.

 156. Dulgheru EC, Balos LL, Baer AN. Gastrointestinal 
complications of beta2-microglobulin amyloidosis: 
a case report and review of the literature. Arthritis 
Rheum. 2005;53(1):142–5.

 157. Jadoul M, Garbar C, Noël H, Sennesael J, Vanholder 
R, Bernaert P, et  al. Histological prevalence of 
β2-microglobulin amyloidosis in hemodialy-
sis: a prospective post-mortem study. Kidney Int. 
1997;51(6):1928–32.

 158. van Ypersele de Strihou C, Jadoul M, Malghem J, 
Maldague B, Jamart J. Effect of dialysis membrane 
and patient's age on signs of dialysis-related amyloi-
dosis. The Working Party on Dialysis Amyloidosis. 
Kidney Int. 1991;39(5):1012–9.

 159. McCarthy J, Williams A, Johnson W.  Serum beta 
2-microglobulin concentration in dialysis patients: 
importance of intrinsic renal function. J Lab Clin 
Med. 1994;123(4):495–505.

 160. Dember L, Jaber B.  Dialysis-related amyloido-
sis: late finding or hidden epidemic? Semin Dial. 
2006;19(2):105–9.

 161. Robindranath K, Strippoli G, Daly C, Roderick P, 
Wallace S, MacLeod A. Haemodiafiltration, haemo-
filtration and haemodialysis for end-stage kidney 
disease (Review). Cochrane Database Syst Rev. 
2006;4:1–93.

 162. Raj D, Ouwendyk M, Francoeur R, Pierratos A. 
b2-microglobulin kinetics in nocturnal haemodialy-
sis. Nephrol Dial Transplant. 2000;15:58–64.

 163. Schiffl H, D'Agostini B, Held E.  Removal of beta 
2-microglobulin by hemodialysis and hemofiltra-
tion: a four year follow up. Biomater Artif Cell 
Immobil Biotechnol. 1992;20(5):1223–32.

 164. Lornoy W, Becaus I, Billiouw J, Sierens L, van 
Malderen P, D'Haenens P.  On-line haemodiafiltra-
tion. Remarkable removel of b2-microglobulin. 
Long-term clinical observations. Nephrol Dial 
Transplant. 2000;15(1):49–54.

 165. van Ypersele de Strihou C. b2-Microglobulin amy-
loidosis: effect of ESRF treatment modality and 
dialysis membrane type. Nephrol Dial Transplant. 
1996;11(2):147–9.

 166. Ward RA, Greene T, Hartmann B, Samtleben 
W. Resistance to intercompartmental mass transfer 
limits beta2-microglobulin removal by post-dilution 
hemodiafiltration. Kidney Int. 2006;69(8):1431–7.

 167. van Ypersele de Strihou C, Floege J, Jadoul M, Koch 
K.  Amyloidosis and its relationship to different 
dialysers. Nephrol Dial Transplant. 1994;9(Suppl 
2):156–61.

 168. Drueke TB, Massy ZA. Beta2-microglobulin. Semin 
Dial. 2009;22(4):378–80.

 169. Flythe JE, Hilliard T, Castillo G, Ikeler K, Orazi 
J, Abdel-Rahman E, et  al. Symptom prioritization 
among adults receiving in-center hemodialysis: 
a mixed methods study. Clin J Am Soc Nephrol. 
2018;13(5):735–45.

D. Borzych-Duz. ałka and E. Harvey



Part V

Management of Secondary Complications 
of Chronic Dialysis



463© Springer Nature Switzerland AG 2021 
B. A. Warady et al. (eds.), Pediatric Dialysis, https://doi.org/10.1007/978-3-030-66861-7_26

Nutritional Assessment 
and Prescription for Children 
Receiving Maintenance Dialysis

Christina L. Nelms, Nonnie Polderman, 
and Rosanne J. Woloschuk

 Introduction and Overview

Among the many priorities for the child receiving 
maintenance dialysis, attaining an optimal nutri-
tional status is paramount and forms the foundation 
for a number of positive patient outcomes ranging 
from clinical status and biochemical control to 
quality of life and psychological well-being.

Adequate nutritional intake, especially in the 
early years of life, optimizes long-term growth 
[1]. Neurocognitive development and final adult 
height outcomes, which are established in the 
early years of life, are negatively impacted by 
poor nutritional intake in a child nearing or reach-
ing end-stage kidney disease (ESKD) [2]. 
Historically, the focus of nutrition intervention 
has been to improve upon inadequate nutrition; 
however, the rising incidence of obesity is refo-
cusing nutrition goals toward providing adequate, 
but not excessive, nutrition in order to reduce 
long-term obesity-related health concerns [3, 4].

Nutritional management, in concert with other 
medical management such as pharmacology, fluid 
balance, and dialysis prescription plays a key role 
in the achievement of electrolyte and biochemical 
control [5]. Each child on dialysis is unique, and 
each nutrition care plan must be individualized 
accordingly. Management of unique formula pre-
scriptions and determination of best delivery route 
increase management complexity [6]. The multi-
disciplinary team caring for infants, children, and 
adolescents on dialysis must include a skilled 
clinical nutrition expert, such as a pediatric renal 
dietitian, who specializes in both pediatric and 
dialysis-specific nutrition management [7].

 Nutrition Overview 
for Hemodialysis

A classic “sodium-, potassium-, and phosphorus- 
controlled diet” is the usual nutrition prescription 
for the pediatric hemodialysis (HD) patient. The 
typical thrice-weekly HD regimen does not pro-
vide adequate reduction of solutes to allow for 
complete diet liberalization. Post-dialysis treat-
ment side effects impair appetite. While children 
with greater urine output enjoy more liberal fluid 
allowances, most children require some degree of 
fluid restriction. The use of HD in infants is rare, 
but in these patients, strict fluid management is 
imperative given the small size of the young child 
and concern for blood volume shifts during treat-
ment [5, 8, 9].
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Less than 2% of all North American dialysis 
patients receive home hemodialysis [10] with the 
numbers of pediatric recipients unknown. One 
advantage of home HD is flexibility in providing 
intensified dialysis regimens in the form of 
shorter sessions of daily dialysis or nocturnal 
dialysis [11]. Patients undergoing nocturnal dial-
ysis typically achieve excellent solute removal; 
supplementation of phosphorus, calcium, and 
vitamin D may be required. Although fluid and 
diet restrictions may be discontinued, electro-
lytes must be closely monitored to avoid subopti-
mal levels [12–14]. Patients receiving frequent 
daily dialysis do not enjoy the same dietary free-
doms as those on nocturnal hemodialysis, but do 
report improved mental affect and quality of life, 
liberalized fluid allowances, and improved appe-
tites [11, 15].

 Nutrition Overview for Peritoneal 
Dialysis

Peritoneal dialysis (PD) is the most common 
modality of dialysis in pediatric patients world-
wide [7]. The use of PD therapy requires in-depth 
assessment of factors related to PD to individual-
ize the nutrition prescription. The National 
Kidney Foundation (NKF) Kidney Disease 
Outcomes Quality Initiative (KDOQI) pediatric 
nutrition care guidelines [5] identify higher pro-
tein needs for PD patients compared to HD 
patients because of protein losses associated with 
PD (Tables 26.1 and 26.2). Ad lib eaters includ-
ing children on PD typically consume adequate 
protein, but children receiving formula may 
require additional protein [16, 17].

The transport capacity of the peritoneum 
also impacts dietary needs (Table 26.1). High 
transporters have higher protein needs and 
greater peritoneal losses of other nutrients and 
will occasionally need potassium supplemen-
tation [18, 19]. Children who are low trans-
porters have fewer nutrient losses, but 
potentially suffer from greater uremic affects 
resulting from relatively low solute removal, 
which can have a negative impact on appetite 
and gastrointestinal symptoms. Glucose 

absorption from the dextrose- containing dialy-
sate is greater in high transporters and may 
alter the recommended nutrition prescription 
and biochemical status [5, 7]. For the young 
child with an underlying renal tubular disorder 
who is managed on PD, increased sodium sup-
plementation and tighter potassium control 
may be required to offset an increased loss of 
sodium in the dialysis effluent and urine and 
associated potassium retention [5].

 Growth

Suboptimal growth is a complication of CKD 
unique to children. Growth failure or “short stat-
ure” occurs at all stages of reduced kidney func-
tion, worsening with the progressive decline in 
kidney function [20, 21]. For each standard devi-
ation score (SDS) decline in growth velocity, 
there is a reported 12–14% increase in mortality. 
Short stature is also associated with increased 
hospitalizations and infections, suggesting that 
linear growth is not just a cosmetic issue [21, 22]. 
Patients who receive a kidney transplant and who 
have very short stature have, on average, reduced 
allograft survival [20]. Lastly, final adult height 
impacts the education level and employment out-
comes and thus overall quality of life [22, 23].

Early reports on growth from the North 
American Pediatric Renal Trials and 
Collaborative Studies (NAPTRCS) found that in 
the years leading up to 2004, 37% of pre-dialysis 
children fell below a height standard deviation 
score (HtSDS) of −1.88. While improvements to 
linear growth are being realized, recent reports 
from the Chronic Kidney Disease in Children 
(CKiD) study (2014) suggest that growth retar-
dation remains prevalent with 12% of children 
with moderate CKD exhibiting a HtSDS of ≤ 
−1.88. Data suggests that for each drop in esti-
mated glomerular filtration rate (eGFR) of 
10 ml/min/1.73 m2, height is expected to drop 
by 0.14 SDS [24]. A child at or below the 
3rd%ile, which is equivalent to a HtSDS of 
−1.88, or with a height velocity of −2 SDS, war-
rants further evaluation of factors which may be 
contributing to the poor growth and may ulti-
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mately be a  candidate for recombinant growth 
hormone therapy [5].

Growth is multifactorial. Growth in children 
with CKD may be influenced by non-modifiable 
factors such as primary kidney disease, the age of 
onset of CKD, severity of renal insufficiency, as 
well as genetic factors. Ethnicity and socioeco-
nomic status also impact growth outcomes [25, 
26]. Modifiable factors impacting growth include 
metabolic acidosis, altered fluid status and elec-
trolyte abnormalities, poor nutritional intake, 
renal osteodystrophy, and abnormalities in the 
growth hormone/insulin-like growth factor axis 
[27, 28]. When modifiable factors such as nutri-
tional intake, dialysis prescription, acidosis, and 

Table 26.1 Nutrition Guidelines by dialysis modality

Conventional HD

Intensified HD (short 
daily, nocturnal, or 
increased duration)

PD (low transport 
status) PD (high transport status)

Energy Same as healthy children
Consider comorbid conditions and alter needs

Protein Goal for 
age + 0.1 g/kg

Minimum goal for 
age + 0.1 g/kg
May need increase 
above standard HD 
recommendations

Goal for age + 0.2–
0.3 g/kg

Goal for age + 0.2–
0.3 g/kg

Carbohydrate 
and fat

Use AMDR as guide
Incorporate complex carbohydrates and healthy fats
Adjust for dyslipidemia

Limit simple sugars
Fluid total fluid 
intake (TFI)

Match TFI to urine 
output plus 
insensible losses

Match TFI to urine 
output plus insensible 
losses, more liberal with 
increased dialysis

TFI depends on urine output plus insensible 
losses plus fluid removal by ultrafiltration 
(varies with % dextrose concentration)

Potassium Restrict to control 
serum level

Restrict to control 
serum level
May be more liberal 
than conventional HD

Restrict in most 
patients

Liberalize intake to 
control serum level
Supplementation may 
be required

Sodium Limit in most patients Limit unless supplementing to replace losses 
due to polyuria

Vitamins Supplementation of water-soluble vitamins based on intake adequacy
Supplement fat-soluble vitamins ONLY if evidence of deficiency or increased need

Minerals Avoid heavy metals and highly protein-bound minerals
Assess trace minerals individually

May have increased 
losses of trace minerals

Elevated magnesium 
more likely

May have increased 
losses of trace minerals

Additional 
considerations

Tighter dietary and 
fluid management 
typical; acidosis 
can be treated 
through HD

Nocturnal dialysis may 
allow for more liberal 
dietary intake than 
shorter daily dialysis

“Low-average” 
transporters will 
have similar issues 
to low transporters 
but to a lesser extent

“High-average” 
transporters will have 
similar issues to high 
transporters but to a 
lesser extent

References [5, 7–19]

Table 26.2 Recommended protein intake by age in chil-
dren receiving maintenance dialysis

Age
DRI for age 
(g/k/d)

Hemodialysis 
(g/k/d)a

Peritoneal 
dialysis (g/k/d)b

0–6 m 1.5 1.6 1.8
7–12 m 1.2 1.3 1.5
1–3 y 1.05 1.15 1.3
4–13 y 0.95 1.05 1.1
14–18 y 0.85 0.95 1.0

Adapted from the KDOQI Pediatric Nutrition Guidelines 
[5], http://www.ihi.org/resources/Pages/OtherWebsites/
InstituteofMedicine.aspx [74], and https://www.canada.
ca/en/health- canada/services/food- nutrition/healthy- 
eating/dietary- reference- intakes/tables.html [78]
aDRI + 0.1 g/k/d to replace dialytic losses
bDRI  +  0.15–0.3  g/k/d (depending on patient age) to 
replace peritoneal losses

26 Nutritional Assessment and Prescription for Children Receiving Maintenance Dialysis
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anemia have been addressed and corrected, eval-
uation for growth hormone therapy can, and 
should, be pursued [3, 28–32].

 Nutrition Assessment

There is no single marker of nutritional adequacy. 
An accurate and thorough assessment of anthro-
pometric measures, biochemical indices, and 
dietary intake information, within the context of 
a patient’s presentation, are required to best 
determine nutrition needs [5].

 Anthropometric Evaluation

The standard growth measurements (weight, 
linear growth, BMI, and head circumference) 
used to assess healthy children are also utilized 
to evaluate the nutritional status and estimate 
nutritional needs for children receiving mainte-
nance dialysis therapy. KDOQI [5] recommends 
that younger children and those with more 
severe disease be assessed more frequently than 
children who are older or have less advanced 
CKD (Table  26.3). One study determined that 
children under the age of 5  years required at 
least twice as many dietetic contacts as older 
children [33]. Very young children may need to 
be evaluated as often as weekly [5]. When 
patients are not physically present, ongoing sur-
veillance via telephone may be used to address 
weight gain, formula volume and tolerance 
issues, and feeding challenges.

Weight Determining a child’s euvolemic or 
“dry” weight is complicated by changing urine 
output, severe oliguria/anuria, the presence of 
edema, and intradialytic weight changes [5]. The 
young child with a renal tubular disorder and 
associated polyuria is at risk of dehydration and 
volume depletion, potentially leading to under-
reporting of actual weight. Expected weight gain 
and growth, or unanticipated weight loss, neces-
sitate the regular review and identification of this 
regularly changing value [9].

Blood pressure (BP) monitoring is useful in 
the determination of euvolemic weight. 
Hypertension may be due to the presence of 
excess fluid volume, but the BP response may 
adapt to excess fluid or lag behind improvement 
in the management of the fluid status. Edema, a 
potential marker of an altered fluid status, may 
not manifest until significant extra fluid is present 
[34]. Noninvasive hematocrit monitoring during 
HD treatments provides important clues as to 
whether children on HD have reached dry weight 
and whether additional fluid removal is needed 
[35, 36]. Bioimpedance analysis (BIA) may aid 
in the assessment of euvolemic weight and will 
be discussed later in this section.

Attention to expected age-appropriate weight 
gain is critical when evaluating a child’s growth 
trends. The World Health Organization (WHO) 
growth charts detail the expected daily rates of 
weight gain in children up to 2 years. Evaluating 
growth trends using daily weight gain as a guide 
allow for early detection of faltering growth [37, 
38] (Table 26.4).

Linear Growth Despite non-modifiable disease- 
related factors such as uremia and pubertal delay, 
continuous age-appropriate height gain is 

Table 26.3 Minimum frequency (months) for evaluation 
of anthropometric measures for children on maintenance 
dialysis

Measure
Age
0- < 1 years

Age
1–3 years

Age
>3 years

Dietary intake 0.5–2 1–3 3–4
Height or length/age 
percentile or SDS

0.5–1 1 1–3

Height or length 
velocity for age 
percentile or SDS

0.5–1 1–2 6

Estimated dry 
weight

0.25–1 0.5–1 1–3

Weight for age 
percentile or SDS

0.25–1 0.5–1 1–3

BMI for height age 
percentile or SDS

0.5–1 1 1–3

Head circumference 
for age percentile or 
SDS

0.5–1 1–2 N/A

nPCR N/A N/A 1

Adapted from the KDOQI Pediatric Nutrition Guidelines [5]
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desired. Recumbent length, as a measure of lin-
ear growth, is most accurately measured using a 
length board. For children over 2 years, standing 
height should be measured using a stadiometer; 
however, a recumbent length may be used until 
age 3 [5, 39]. When measurement of a standing 
height is not possible, trending surrogate anthro-
pometric measures (arm span, demi-span, or 
ulna length) aid in determining adequacy of lin-
ear growth [40, 41].

Midparental height is used to determine linear 
growth potential and to guide final height 
expectations.

• Boy: Inches: (Father’s Height  +  Mother’s 
Height + 5) / 2.

• Centimeters: (Father’s Height  +  Mother’s 
Height + 13) / 2.

• Girl: Inches: (Father’s Height – 5 + Mother’s 
Height) / 2.

• Centimeters: (Father’s Height – 13 + Mother’s 
Height) / 2.

For example, the child of very short parents 
may not reach a natural height considered “aver-
age” for peers. Conversely, a child of very tall 
parents whose height is tracking just above the 
3rd%ile (SDS, –1.88) is not meeting his growth 
potential [5, 42].

Body Mass Index KDOQI recommends that 
BMI be calculated using “height age” until the 
child has reached final development (Tanner 
stage 5) or final adult height [5] (Table  26.3). 
Height age is the age at which the child’s current 
height falls at the 50th%ile. The use of height age 
prevents underestimation of BMI since many 
children with CKD have delayed physical matu-
ration [43].

Despite limitations, BMI is the most practical 
measure available for determining nutritional 

inadequacy or adiposity. Children with CKD 
have poor musculature compared to body fat 
composition, and muscle-to-fat ratio decreases 
with progression to ESKD. Children with kidney 
disease also have elevated central adiposity [44–
46]. Recent literature supports the use of waist- 
to- height ratio (WHr) for anthropometric 
evaluation of adiposity. A WHr of >0.49 suggests 
obesity is a function of excess fat mass [47].

Head Circumference Head circumference may 
be altered by comorbidities such as genetic dis-
orders, prematurity, or hydrocephaly. In the 
absence of comorbid conditions, a reduced head 
circumference, or a decline in head growth 
velocity, can indicate chronic inadequate nutri-
tional intake. Head circumference should be 
measured monthly until a child is 3 years of age 
[5] (Table 26.3).

 Plotting Growth

Evaluation of growth via growth charts is essential 
to properly assess growth adequacy. The WHO 
growth standards, which represent expected growth 
for infants and young children provided with opti-
mal nutrition, should be used for all children below 
the age of 2 years. After the age of 2 years, country- 
or region-specific growth charts can be used to bet-
ter assess population- specific growth patterns [5]. 
Disease-specific growth charts provide more accu-
rate growth expectation for certain populations 
with additional medical conditions [48, 49]. The 
Royal College of Paediatrics and Child Health [50] 
recommends the use of adjusted growth charts 
through 1  year of chronological age for children 
who were born at 32–36 weeks of gestation and 
until age 2 chronologically for those born at 
<32 weeks of gestation. The clinician should con-
currently evaluate the child’s growth on a non-
adjusted growth chart to better capture the progress 
of catch-up growth [51].

Table 26.4 Expected weight gain (g) per day by age for children < 2 years

Premie < 2 kg Premie > 2 kg 0–4 months 4–8 months 8–12 months 12–16 months 16–24 months
15–20 g/kg/d 20–30 g/day 23–34 g/day 10–16 g/day 6–11 g/day 5–9 g/day 4–9 g/day

Adapted from Beer et al. [38]
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 Other Measures

Additional tools have been evaluated for their 
validity in the clinical nutrition assessment in 
pediatric CKD.  Current recommendations 
regarding BIA or bioimpedance spectroscopy 
(BIS) strongly suggest that serial measurements 
be completed by a trained clinician [52]. BIS 
may be more helpful for trending fluid status and 
determining euvolemic weight [53]. Mid-Upper 
Arm Circumference (MUAC) has been validated 
as a marker of nutritional status in the general 
pediatric population [54, 55] and is frequently 
cited in literature to describe the nutritional status 
of pediatric patients with kidney disease [46, 56–
59]. However, MUAC has not been indepen-
dently evaluated for pediatric CKD or dialysis 
patients. As discussed later, physical exam of the 
patient may provide additional insight for deter-
mination of actual weight, body composition, 
and overall nutritional status [60, 61].

 Dietary Evaluation

An accurate dietary assessment provides valu-
able data about nutrient deficits or excesses con-
tributing to biochemical abnormalities and offers 
information needed in the determination of 
euvolemic weight [5]. Obtaining an accurate 
dietary intake history for evaluation may prove 
challenging as recording intake can be tedious 
for both patients and families [62]. The most 
accurate dietary intake assessment tool is a 3- or 
more-day food record requiring the patient or 
family to record all food and beverages con-
sumed as the patient eats. Accurate portion sizes 
and food descriptions are critical [63]. 
Completing a 3-day food intake record is time-
consuming and if not completed in real time 
includes a potential risk of errors and omissions 
[62]. Digital technology allows the patient and 
family to capture intake information by photo-
graphing pre- and post-consuming foods and 
beverages [64]. In the case of an adolescent who 
is less inclined to complete the record-keeping 
task, a minimum 3-day food recall conducted by 
a clinician is recommended [5]. Using food 
models as visual aids helps increase accuracy. 

Analysis of usual food patterns, frequently con-
sumed foods, or general dietary information 
contributes positively to the assessment of the 
patient’s clinical picture [65].

Food insecurity (FI), defined as “the inability 
to acquire or consume an adequate diet quality or 
sufficient quantity of food in socially acceptable 
ways, or the uncertainty that one will be able to 
do so”, is a common problem associated with 
both poor health outcomes and increased health-
care costs. Families living with FI are less likely 
to have access to the necessary foods required by 
their children who have chronic diseases and are 
prescribed restricted diets [66].

The food insecurity screening tool can be used 
in the clinic setting. Answering “yes” to either of 
the validated 2-item food insecurity screen state-
ments quickly identifies households with young 
children and adolescents at risk:

 1. “within the past 12 months, we worried 
whether our food would run out before we got 
money to buy more”

 2. “within the past 12 months, the food we 
bought just didn’t last and we didn’t have 
enough money to get more” [66, 67]

 Nutrition-Focused Physical Exam

In addition to growth and biochemical measures, 
KDOQI [5] recommends the development and 
validation of a Subjective Global Assessment 
(SGA) tool for use in children with CKD. Several 
SGA tools have been used in the CKD popula-
tion [68]; a 7-point SGA tool has been validated 
for use in adults on HD [61]. The SGA method 
adapted for study and later validated in children 
is the Subjective Global Nutritional Assessment 
(SGNA) [60]. The SGNA adds linear growth and 
weight relative to length/height to the medical 
history review and limits the nutrition-focused 
physical review to loss of subcutaneous fat, mus-
cle wasting, and the presence of edema [60, 69–
73]. There is some evidence that the SGNA 
associates well with most objective measures of 
nutritional status (but not albumin) and is a valid 
tool for assessing nutritional status of children 
with CKD [70].

C. L. Nelms et al.



469

Assessment for nutrient deficiencies can be 
achieved through completion of a thorough 
nutrition- focused physical exam (NFPE) using 
visual inspection and palpitation along with 
auscultation and percussion [71–73]. A compre-
hensive exam may include assessing the patient 
for changes in appearance of the skin, hair, 
facial features, mouth, neck, and nails and eval-
uation of the gastrointestinal, skeletal, and ner-
vous systems [73].

 Prescribing Nutrition

 Energy and Macronutrient Needs

Requirements for energy and nutrients change 
throughout the life cycle with needs increasing 
during growth and cell division in infancy, early 
childhood, and adolescence [74]. Deficits in lin-
ear growth and development, acquired during 
infancy as a result of inadequate nutrition, may 
not be fully correctable [75]. Resting Energy 
Expenditure (REE) of children with CKD does 
not differ significantly from healthy subjects 
[76]. Calculation of caloric prescriptions for chil-
dren with chronic kidney disease should follow 
the same principles used for healthy children [77] 
(Tables 26.1 and 26.5).

Acceptable macronutrient distribution 
ranges (AMDRs), expressed as a percentage of 
total energy, have been established based on 
epidemiological evidence for reducing the risk 
of chronic diseases [74, 78]. KDOQI [5] rec-
ommends the use of AMDRs to guide macronu-
trient prescriptions in pediatric CKD 
(Table 26.6). As macro- and micronutrients are 
manipulated to meet the special needs due to 
kidney disease, careful consideration must be 
paid to the impact of these adjustments on the 
overall AMDR. For example, lowering protein 
to reduce uremia will impact the percentage of 
fat and carbohydrate calories required to make 
up total energy. Likewise, lowering overall fat 
content to address dyslipidemia will necessitate 
calories from additional protein and carbohy-
drate to make up total energy. Due to the risk of 
uremia, increased protein is not always clini-
cally appropriate.

Table 26.5 Equations for estimating energy require-
ments (kcal/d) by age for children

Age

Estimated energy requirement (EER) = Total 
Energy Expenditure (TEE) + Energy 
Depositiona

0–3 m All EER = [89 × weight 
(kg) – 100]

+175
4–6 m +56
7–12 m +22
13–
35 m

+20

3–8 y Boys EER = 88.5–61.9 × 
age (y) + PA × [26.7 
× weight (kg) + 903 × 
height (m)]

+20
9–18 y +25

3–8 y Girls EER = 135.3–30.8 × 
age (y) + PA × [10 x 
weight (kg) + 934 × 
height (m)]

+20
9–18 y +25

Estimated total energy expenditure for 
children who are overweightb

3–18 y Boys TEE = 114 – [50.9 × age 
(y)] + PA × [19.5 × weight 
(kg) + 1161.4 × height(m)]

Girls TEE = 389 – [41.2 × age 
(y)] + PA × [15.0 × weight 
(kg) + 701.6 × height(m)]

Adapted from the KDOQI Pediatric Nutrition Guidelines 
[5], http://www.ihi.org/resources/Pages/OtherWebsites/
InstituteofMedicine.aspx [74], and https://www.canada.
ca/en/health- canada/services/food- nutrition/healthy- 
eating/dietary- reference- intakes/tables.html [78]
aEstimating energy requirements for children at healthy 
weights
bEstimating total energy expenditure for weight mainte-
nance for children who are overweight

Table 26.6 Acceptable macronutrient distribution ranges 
by age

Acceptable macronutrient distribution ranges for 
children by age (expressed as %)
Macronutrient < than 1 y 1–3 y 4–18 y
Protein 5–20 5–20 10–30
Fat 30–40 25–35 25–35
Carbohydrate 45–55 45–65 45–65
Added sugarsa ≤25% of 

total 
energy

Adapted from the KDOQI Pediatric Nutrition Guidelines 
[5], http://www.ihi.org/resources/Pages/OtherWebsites/
InstituteofMedicine.aspx [74], https://www.canada.ca/en/
health- canada/services/food- nutrition/healthy- eating/
dietary- reference- intakes/tables.html [78], https://health.
gov/dietaryguidelines/2015/guidelines/appendix- 7/ [179], 
and http://www.nationalacademies.org/hmd/~/media/Files/
A c t i v i t y % 2 0 F i l e s / N u t r i t i o n / D R I -  Ta b l e s / 8 _
Macronutrient%20Summary.pdf [180]
aAdded sugars are defined as sugars and syrups that are 
added to foods during processing or preparation
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 Protein
Children require protein in adequate amounts to 
ensure growth and prevent protein malnutrition. 
Dietary protein restriction in children on dialysis 
is contraindicated and may lead to malnutrition, 
impaired growth, and subsequent protein energy 
wasting [79]. Excessive protein intake negatively 
impacts acid-base balance and potentially 
increases serum phosphorus, potassium, and ure-
mic toxins. Protein prescriptions must be adjusted 
based on an individual’s biochemical response 
(Tables 26.1 and 26.2). For infants and children 
receiving dialysis, careful consideration should 
be paid to the amount and quality of protein in the 
context of overall energy intake. Adequate pro-
tein in the absence of adequate energy will lead to 
the body utilizing protein or lean tissue as energy. 
Provision of adequate protein should take into 
consideration issues such as the presence of 
infection, inflammation, catabolism, and protein 
lost through dialysis therapies (Tables 26.1 and 
26.2). With newer high-flux dialyzers and more 
effective dialysis therapies, protein losses may be 
greater than previously reported [80].

 Carbohydrate and Fat
Carbohydrates should provide 45–65% of total 
caloric intake [74, 78] with consideration given 
to the type and sources of carbohydrate for chil-
dren on dialysis and with an emphasis on adding 
complex carbohydrates and the associated fiber. 
Previous recommendations limited complex car-
bohydrates due to their phosphorus content, but 
current research no longer supports this dietary 
modification [81]. Early and frequent efforts 
should be made to encourage children, teens, and 
their families to adopt a healthy intake early in 
the journey of chronic kidney disease. A founda-
tion of healthful eating behaviors, which includes 
more plant-based foods, will serve patients well 
post transplantation when the focus on diet shifts 
toward reducing the risk of developing other 
chronic diseases [82].

Adjusting the oral intake of carbohydrate to 
account for additional glucose from PD solutions 
may prove challenging for the ad lib eater and the 
formula-fed child. Limiting the use of modular 
carbohydrates, sugary beverages, and juices may 
be a solution.

Dietary fat plays an important role in the body, 
but excessive fat intake should be avoided. 
Cardiovascular complications arise early in the 
course of CKD and persist after transplantation. 
Dyslipidemia is more common and severe in 
patients with glomerular disease and proteinuria, 
and in ESKD [83]. Elevated triglycerides and 
non-high-density lipoprotein (non-HDL) choles-
terol have been reported in 44% of children with 
CKD stages 2–4. As GFR declines, both triglyc-
eride and cholesterol levels increase [84]. Diet 
and activity modifications are first-line treat-
ments. Adjustments to the type and amount of fat 
impact elevated lipid levels and long-term cardio-
vascular health. The American Heart Association 
(AHA) and Heart and Stroke Foundation guide-
lines recommend that calories from fat make up 
no more than 35% of energy intake and more 
poly- and mono-unsaturated fats be included 
with a corresponding reduction in the amounts of 
saturated fats [85, 86].

 Micronutrient Needs

 Electrolyte Management

Electrolyte management is an important multi-
disciplinary objective. Dietary manipulation 
plays an essential role in maintaining electrolytes 
within safe ranges.

Limiting overall sodium intake is important 
in CKD.  CKiD data reports that the average 
daily sodium intakes of children with CKD were 
in excess of the KDOQI recommendation of 
1500–2400 mg/day [5, 87]. These findings can 
likely be extrapolated to dialysis patients given 
that excessive sodium intake is a worldwide 
problem [88, 89]. Limiting dietary sodium aids 
in preventing excess thirst and improving fluid 
control for the patient with limited or no urine 
output. Sodium reduction may also prevent 
hypertension, as well as reduce the risk for car-
diovascular disease and left ventricular hypertro-
phy [5]. Infants and children with renal tubular 
disorders, such as renal dysplasia or obstructive 
uropathies, have inappropriate ion exchange 
resulting in the loss of large amounts of fluid and 
sodium [90]. These children continue to have 
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high urine output, and, as a result, sodium sup-
plementation may be necessary. Most infant for-
mulas and breast milk are low in sodium. One 
study, which used diluted formula to provide 
adequate fluid for children with polyuria, advised 
providing 2–4 mEq of sodium supplementation 
per 100 mL of formula [91]. Higher sodium for-
mulas may decrease or eliminate the need for 
supplementation. The DRI for sodium should be 
met to help prevent neurological damage, poor 
growth, or blindness during infancy [5, 7]. The 
need for sodium supplementation will often 
resolve with age and as children begin consum-
ing solid foods.

Very high or low serum levels of potassium, 
another key electrolyte, can cause serious car-
diac outcomes. Most patients with anuria require 
potassium restriction [5]. Data from CKiD indi-
cates that oral potassium intake is actually quite 
low and very few children exceed recommended 
intakes [92]. This finding can likely be extrapo-
lated to children on dialysis in whom fruit and 
vegetable consumption is low. When hyperkale-
mia persists, non-dietary causes such as tissue 
breakdown, protein energy wasting, constipa-
tion, or medications (such as ACE inhibitors or 
ARBs) should also be considered as possible 
etiologies [93].

In small children with renal tubular disorders, 
potassium allowances may be very limited. A 
guideline of 1–3  mmol/kg or 40–120  mg/kg of 
potassium has been suggested. In the case of a 
5-kg infant, the potassium allowance would be 
only 200–600  mg of potassium daily [5]. One 
approach to reduce potassium intake is by the 
pre-treatment of feeds with sodium or calcium 
ion exchange resins. There are noted risks with 
this practice, including alteration of other vitamin 
and mineral levels, and development of poten-
tially serious biochemical derangements [94, 95]. 
Another option for limiting potassium intake is to 
use a very low potassium pediatric renal formula, 
which when combined with a standard formula, 
decreases potassium load. Feeds should be 
titrated to meet individual potassium needs [7]. 
Potassium restriction is not often indicated for 
PD patients who are high transporters, and in 
some cases potassium supplementation is indi-
cated. Conversely, a low transporter may need to 

tightly limit dietary potassium [5, 18, 19] 
(Table 26.1).

Managing bicarbonate levels in CKD is also 
important. Excretion of an acid load is impaired, 
and the resulting acidosis causes poor growth, 
elevated potassium levels, increased risk of sec-
ondary hyperparathyroidism, and the progression 
of CKD to ESKD [3, 5, 94, 96]. Alkali supple-
mentation in the form of sodium bicarbonate is 
typically used to increase CO2 levels to above 
22 mmol/L as per KDOQI recommendations [5]. 
The use of low chloride formulas may also 
improve acidosis.

 Bone Mineral Management

Chronic kidney disease- mineral and bone disor-
der (CKD-MBD) is a complication involving 
abnormalities in calcium, phosphorus, PTH or 
vitamin D regulation, variation in the bone itself, 
or extra-skeletal abnormalities such as soft tissue 
damage [97]. Early nutrition intervention is key 
to addressing this phenomenon [98, 99]. 
Complications due to elevated phosphorus have 
been shown to present well before the need for 
dialysis, with bone mineral changes taking place 
as early as CKD stage 2 [99].

Phosphorus is abundant in today’s food supply 
and easily consumed in excess. Western diets, 
characterized by increased intake of processed 
and fast foods containing phosphorus-based food 
additives, pose a challenge to the management of 
serum phosphate levels [100]. Eighty-eight 
 percent of adolescents in one HD unit had ele-
vated serum phosphorus levels despite reporting 
adherence to dietary guidelines [101]. Another 
study of the typical American diet found addi-
tives alone may contribute 1000 mg of phospho-
rus per day over and above what is naturally 
found in food [102]. In addition to avoiding 
excess intake of dairy and meats that are natu-
rally high in phosphorus, the primary interven-
tion should be limiting foods processed with 
inorganic phosphorus. Phosphorus from nuts, 
beans, and other plant proteins may be less well 
absorbed than previously believed due to their 
high phytate contents. These plant-based sources 
of phosphorus, which were previously restricted, 
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are now recommended as part of a healthful 
intake [81]. It is imperative that the patient receiv-
ing dialysis be counseled to limit dietary phos-
phate intake and take associated 
phosphate-binding medications [5] (Table 26.7). 
Excessive phosphate intake leads to an eventual 
rise in PTH, while a reduction of dietary phos-
phorus intake helps correct elevated PTH levels. 
The effects of elevated phosphorus levels are dra-
matic and can include cardiovascular disease, 
poor transplant outcomes, and severe bone dam-
age. Even when PTH and serum phosphorus are 
controlled with medication, excessive phospho-
rus intake may cause high levels of FGF-23, an 
early phosphorus- modulating precursor, and 
damaging bone and organ effects may be taking 
place [103, 104].

Calcium plays an important role in bone 
health. Unlike adult dialysis patients, children 
need calcium for optimal bone accrual and should 
achieve intakes of 100–200% of the DRI for cal-
cium [5, 98] (Table  26.7). Excessive calcium, 
whether from diet or calcium-based phosphate 
binders, should be avoided. An early study 
showed that adolescents and young adults con-
suming calcium-based phosphate binders in 
excess of the maximum recommended calcium 
intake had cardiovascular damage and calcifica-
tion by the mid-20s [105]. When hypercalcemia 
is present, calcium intake should be limited. 
Excess serum phosphorus draws calcium into the 
bloodstream, making it available for calcification 

of soft tissue, leading to bone disease and cardio-
vascular damage [5].

Vitamin D is another component of bone min-
eral management. When phosphorus is elevated, 
PTH increases, and its effectiveness is reduced, 
in turn reducing serum calcium and active vita-
min D. In CKD, activation of vitamin D by the 
kidney is reduced [106] (see discussion in other 
chapters in this text). Adequate active vitamin D 
will help prevent hyperparathyroidism and may 
reduce the risks of other chronic diseases. The 
ESPN native vitamin D therapy clinical practice 
guidelines recommend the use of active vitamin 
D as first-line treatment of secondary hyperpara-
thyroidism [107]. Children on dialysis routinely 
receive active vitamin D (1,25-OH) through oral 
intake or supplementation.

 Vitamins

Serum retinol levels are elevated in as many as 
77% of children in CKD stages 2–5 and 94% of 
pediatric dialysis patients [108–110]. Elevated 
retinol levels are common even when children are 
not meeting recommended intakes of vitamin A 
for healthy children. KDOQI recommends 
against supplementation with vitamin A to reduce 
the long-term risks such as liver damage since 
vitamin A is not well-cleared through dialysis 
[5]. Recent work has also implicated elevated 
serum retinol levels in hypercalcemia [109] as 

Table 26.7 Recommended calcium and phosphorus intake by age in children receiving maintenance dialysis

Recommended calcium intake (mg/d) Recommended phosphorus intake (mg/d)

Age DRI (mg/d)
Upper limit for CKD 
stages 2–5, 5Da

DRI (mg/d) Normal phosphorus 
and high PTHb

High phosphorus and high 
PTHc

0–6 m 210 ≤420 100 ≤100 ≤80
7–12 m 270 ≤540 275 ≤275 ≤220
1–3 y 500 ≤1000 460 ≤460 ≤370
4–8 y 800 ≤1600 500 ≤500 ≤400
9–18 y 1300 ≤2500 1250 ≤1250 ≤1000

Adapted from the KDOQI Pediatric Nutrition Guidelines [5], http://www.ihi.org/resources/Pages/OtherWebsites/
InstituteofMedicine.aspx [74], https://www.canada.ca/en/health- canada/services/food- nutrition/healthy- eating/dietary- 
reference- intakes/tables.html [78], and https://health.gov/dietaryguidelines/2015/guidelines/appendix- 7/ [179]
a200% of the DRI to maximum of 2500 mg elemental calcium, from diet and phosphorus binders
b≤100% of the DRI
c≤80% of the DRI
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elevated retinol levels promote osteoclastic action 
and inhibit osteoblastic action in bone. If serum 
calcium levels are high due to an unknown etiol-
ogy, retinol levels should be assessed. Dietary 
vitamin A content may be difficult to adjust in an 
oral eater with a mixed diet; however, modifica-
tions to formula and enteral feed prescriptions 
may be warranted as a greater number of formula- 
fed infants with higher vitamin A intake have 
higher retinol and calcium levels [109]. 
Multivitamin preparations containing vitamin A 
are contraindicated to prevent any additional 
intake of vitamin A beyond normal dietary intake.

When kidney function is impaired, fat-soluble 
vitamins E and K are not well-cleared. While 
information on these vitamins specific to  pediatric 
dialysis patients is limited, and there is no indica-
tion to regularly evaluate or supplement vitamin 
K, evidence from the general pediatric popula-
tion suggests that vitamin K is depleted with 
excess antibiotic use [111]. Given that children 
receiving dialysis are routinely prescribed antibi-
otics for treatment of infections (e.g., peritonitis, 
catheter infections), it is prudent to be aware of 
side effects (bruising and abnormal coagulation 
studies) related to inadequate vitamin K.  Joyce 
[110] found vitamin E levels were elevated in 
87% of children receiving dialysis. Yet, there is 
also evidence that vitamin E supplementation 
improves oxidative stress which consequently 
improves erythropoietin-resistant anemia [112, 
113]. Concern with serum levels not reflecting 
clinical and intracellular deficiency adds to the 
challenge of managing vitamin E [113]. There is 
currently insufficient evidence to recommend 
vitamin E supplementation.

Levels of 500–1000 mg of supplemental vita-
min C intakes have been shown to increase serum 
oxalate levels, increasing the risk for kidney 
stones in adult renal patients [114]. However, 
100–300 mg vitamin C can be lost during a single 
dialysis treatment, with plasma levels decreasing 
about 50% with standard hemodialysis [115]. 
Young children on PD receiving fortified formula 
with a moderate supplement were shown to 
maintain positive vitamin C balances [116]. 
Daily supplementation with 250 mg of vitamin C 
showed improved intima media thickness and 

cardiovascular status in a small study of children 
with CKD [117], and another study of dialysis 
patients demonstrated improved lipid profiles 
likely related to vitamin C-induced reductions in 
uric acid [118]. While supplemental vitamin C 
needs for the pediatric dialysis patient remain 
unclear, excess vitamin C should be avoided.

To address the vitamin needs of children with 
CKD, KDOQI recommends a standard water- 
soluble vitamin supplement be given to dialysis 
patients due to potential dialysate losses and 
inadequate dietary intakes. While excessive 
intakes of water-soluble vitamins are unlikely to 
cause harm, serum levels of B vitamins should be 
assessed on occasion [5], as some deficiencies, 
such as riboflavin, folate, and vitamin B12, may 
contribute to anemia. The B vitamin content of 
select standard supplements may exceed needs, 
as evidenced by rates of elevated levels in one 
patient population study [110]. Currently, no 
pediatric-specific renal vitamin supplement is 
available. In practice, reduced doses of adult 
renal vitamin preparations are used to match age- 
appropriate needs. While vitamin doses may not 
perfectly align with the varying pediatric goals, 
supplementation is superior to inadequate water- 
soluble vitamin intake. Patient-specific estimates 
of vitamin and mineral requirements must take 
into account factors such as age, oral intake, and 
frequency of dialysis [5]. It is suspected that PD 
transport status also affects vitamin and mineral 
needs [110] as is demonstrated by higher potas-
sium losses in those who are higher transporters 
[18].

 Minerals

Minerals more tightly bound to plasma proteins 
are typically not removed during dialysis and 
may accumulate in excess. In contrast, minerals 
more weakly bound to proteins are removed 
more readily with low serum levels being more 
common [119]. Elevated serum magnesium has 
been reported in patients receiving dialysis [56]. 
Case reports indicate that very elevated magne-
sium levels that can contribute to symptoms are 
of concern, but mildly elevated magnesium lev-
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els seem to have less clinical significance. 
Elements such as chromium, manganese, lead, 
arsenic, aluminum, and vanadium are potentially 
toxic, especially with environmental or water 
contamination; therefore, supplementation is not 
advised [119, 120]. Fluoride supplementation is 
also contraindicated in the pediatric dialysis 
patient. Decreased frequency of standard dental 
fluoride treatments in children with CKD may be 
prudent as fluoride is poorly cleared with 
decreased kidney function [121].

There is evidence that copper may have a role 
in the reduction of oxidative stress. While there 
are reports of both elevated and depressed copper 
levels in pediatric dialysis patients, no clear rec-
ommendations for supplementation exist [113, 
119, 120, 122]. Low copper levels, which can be 
a manifestation of increased zinc exposure, can 
result in ESA-resistant anemia. In turn, periodic 
evaluation of the zinc status [122] is suggested 
given zinc’s important role in many body func-
tions including growth, immune function, and 
taste and smell. Zinc is commonly reported to be 
below normal ranges in children receiving dialy-
sis [56, 113, 119, 120, 122]; yet children on dial-
ysis receiving standard supplementation were 
found to have varying serum levels [108]. 
Selenium levels are commonly low in the pediat-
ric dialysis patients [113, 119, 120, 122, 123]. 
Accurate body selenium levels are more difficult 
to assess than zinc values [121]. Variable levels 
for these minerals reported within the same study 
indicate the importance of individualization of 
micronutrient prescription.

Iron status is affected by decreasing kidney 
function, abnormal hepcidin level, and varying 
intake/tolerance of iron supplementation. Iron 
status has a significant impact on anemia man-
agement, as discussed in Chap. 32.

 Fluid Management

Fluid control is pivotal in the management of 
children receiving dialysis to reduce complica-
tions such as hypertension and left ventricular 
hypertrophy that are associated with long-term 
cardiovascular risk. Daily fluid requirements 

depend on the primary disease, corresponding 
urine output and the amount of fluid removed 
during dialysis [124]. Patients with little or no 
urine output, or who achieve minimal fluid 
removal through dialysis, will require fluid 
restrictions. Careful attention to sodium intake is 
essential as it greatly impacts thirst and fluid 
intake and ultimately the ability for patients to 
successfully manage daily fluid restrictions 
[125].

Infants and children with polyuria require sup-
plemental fluid intake over and above the usual 
intake goals, while restriction of fluid is indicated 
when patients become oliguric or anuric. Both 
high and low fluid goals make meeting nutri-
tional requirements more challenging [5]. 
Patients with high fluid needs often forgo calories 
in favor of drinking large volumes of water in an 
attempt to normalize serum sodium levels. 
Although rare in the setting of chronic dialysis, 
some patients who require additional fluid are 
unable to achieve daily fluid requirements.

 Age-Based Considerations

 Infants and Young Children

Children under the age of 5 years are most at risk 
for inadequate weight gain and growth and spon-
taneously consume less than their required energy 
needs [3, 126, 127]. Anorexia and vomiting are 
common features of infants with CKD. Changes 
to taste perception can also occur early on in 
CKD and tend to worsen as renal function 
decreases. Increased circulating cytokines that 
impact appetite and satiety result in reduced oral 
intake [128]. The need for multiple and distaste-
ful medications along with increased fluid 
requirements can cause oral aversions. While 
young children have poor growth at the initiation 
of dialysis, they are most likely to have improved 
growth with adequate nutrition. This may be due 
to the fact that the youngest children are the most 
likely to receive supplemental formula feedings, 
often via a tube, to achieve total intake [129]. 
Children who graduate to an “all-oral” diet may 
consume foods that are high in calories, sugar, 

C. L. Nelms et al.



475

and fat. CKiD data indicates that children who 
receive 500 or more calories from oral intake 
daily have calorie-dense diets which may include 
“empty calorie” items such as fast food, snacks 
foods and sugary foods, and beverages [16]; 
however, this may not be the case in regions of 
the world not consuming a “western” diet [130]. 
Children with CKD also commonly suffer from 
severe reflux [131], delayed gastric emptying, 
uremia, and other issues that decrease appetite 
[126, 127], and this may have a more pronounced 
effect in the youngest children who, in the 
absence of foods with a high savory value, may 
consume inadequate nutrition.

 Enteral and Oral Formula or Breast Milk 
Feeding
There is currently no one commercially available 
formula that will “fit all” needs. Enteral product 
selection and prescriptions should be tailored for 
positive long-term growth goals. Feed prescrip-
tions vary widely and change often, requiring 
dietitians to manipulate complex nutrient 
profiles.

Breast milk is the optimal choice for feeding 
most infants. Human breast milk provides ideal 
nutrition, is associated with a low incidence of 
diarrhea, lowers infection rates, improves immu-
nity, and has been felt to be a contributing factor 
to a lower risk of obesity in some populations 
[132]. Breast milk’s bioavailability allows for 
ideal protein and nutrient intake, and its whey 
content is easily digestible making it a good 
choice for babies with kidney disease who are 
prone to delayed gastric emptying [133]. 
Whenever expressed breast milk (EBM) is avail-
able, it should ideally be used as a component of 
the feed, and avoiding EBM waste should be pri-
oritized [94]. When breast milk is not available or 
no longer satisfies the nutrition needs of an infant 
with kidney disease, commercially available for-
mula preparations should be considered, either as 
supplementation to breast milk or as the primary 
source of nutrition. While feeding orally is ideal, 
the majority of infants receiving dialysis will 
need enteral feeding support [5]. Tube feedings 
provide an average of 61% of total caloric needs 
in children with gastrostomies, suggesting the 

need for nutrition support via supplemental feed-
ing in this population [134]. Furthermore, up to a 
third of feedings may be lost due to emesis, 
increasing the need for ongoing surveillance and 
diet adjustment [135].

Once oral intake is evaluated for adequacy, 
enteral supplementation can be tailored to meet 
the total nutritional requirements. Prescribing 
feeds to achieve biochemical stability is a priority 
as electrolyte derangements can have serious and 
sometimes deadly outcomes [5]. Individualizing 
potassium content is required for children on 
dialysis who have inappropriate sodium and 
potassium ion exchange due to renal tubular dis-
orders. Phosphorus restrictions are not com-
monly needed for the infant or younger child, and 
most infant formulas are not high in phosphorus. 
The use of a low-phosphorus product may actu-
ally necessitate supplementation. In contrast, as 
oral intake increases, phosphorus restriction may 
be indicated.

Managing fluid volume is important in enteral 
feeding. Abdominal fullness resulting from 
indwelling dialysate in the PD patient may make 
it challenging for the patient with polyuria to 
meet the increased fluid needs. Increased intra- 
abdominal pressure with PD treatments can also 
lead to suboptimal formula/food intake. For the 
patient whose fluids are restricted, feeds can be 
concentrated in a step-wise fashion with the goal 
of establishing feed tolerance and optimizing 
intake while minimizing the symptoms of poor 
gastric emptying, frequent emesis, and/or vomit-
ing that may result from feeds with increased 
osmolarity. Additional calories can be added via 
powdered low electrolyte and mineral modular 
products. Protein modules can be titrated to indi-
vidual protein needs. While some renal-specific 
or nutrient-modified formulas are incomplete and 
therefore cannot be used as a sole source of nutri-
tion, these formulas can be combined with other 
standard formulas to meet nutrient needs and to 
control potassium and phosphorus intakes. Total 
osmolarity must be kept in mind in terms of renal 
solute load and tolerance.

Other approaches to control electrolyte and 
mineral intakes from commercial pediatric for-
mula include pre-treatment of formula with 
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exchange resins and the use of adult renal formu-
lations. Adult renal formulations are energy 
dense (1.8 or 2.0 kcal/ml) and have reduced elec-
trolyte and mineral contents [136]. While both 
these approaches achieve reduction of potassium, 
the resulting mineral and electrolyte profiles are 
altered, requiring close monitoring of biochemi-
cal indices and vitamin and mineral intakes [94, 
95, 136, 137]. Additionally, adult renal prepara-
tions are casein-based formulas and may be less 
well tolerated than whey-based alternates. As the 
number of formula components and preparation 
steps increases, so does the chance for errors in 
preparation [138]. An increasing number of par-
ents and caregivers are expressing a desire to feed 
their children with “more real food” and home- 
prepared blenderized tube feeds (BTF). BTF may 
be better tolerated than commercial formulas 
resulting in less reflux and constipation and an 
improved gut microbiome. Successful use of 
BTF in medically complex children requires sig-
nificant parental commitment and education 
regarding preparation techniques, food safety 
principles, and management of infection risk 
[139]. The clinician must balance the most 
important priorities and specific needs in the for-
mula choice [140].

 Transition to Oral Feeding
Children with CKD often experience delays in 
normal childhood development which may be 
evident in their progression with oral feeding. 
Introduction of solids at age-appropriate times 
(e.g., 6 months for term infants) is recommended; 
however, the child with CKD may struggle with 
this goal [141, 142]. Many young children with 
CKD cannot take any feeds orally. Some may 
struggle with solids when coarser textures are 
introduced. It is in turn common for toddlers who 
are well past 1 year of age to need supplemental 
tube feeding. When a child has consistently dem-
onstrated failure with oral feeding or advance-
ment of solids, it is appropriate to refer the child 
for therapy. A behavioral psychologist trained in 
feeding therapy along with a speech language 
pathologist or an occupational therapist can pro-
vide strategies for improving feeding skills [141, 
142]. Caregivers may be easily discouraged by 

the challenges presented when feeding the child 
with CKD and may benefit from professional 
support. Progression to age-appropriate feeding, 
especially post-transplant, is more rapid when the 
child has had exposure to normal feeding prac-
tices at developmentally appropriate times. The 
use of gastrostomy tubes for feeding is associated 
with better oral outcomes compared to nasogas-
tric feedings in which a feeding tube may irritate 
the throat or nose and create negative associa-
tions with things near or in the mouth [142–144]. 
A team approach to managing gastroesophageal 
reflux, delayed gastric emptying, or other gastro-
intestinal comorbidities with medication and 
feeding adjustments helps remove barriers and 
improves the likelihood of oral feeding advance-
ment. It is important to determine which feeding 
plan may be most effective for the individual 
patient. Nocturnal, continuous feeds allow hun-
ger to develop during the day, while daytime 
bolus feeds emulate physiological feeding pat-
terns. In practice, a combination of daytime and 
nocturnal feeding may best meet the patient’s 
needs [5, 141, 142].

Reducing stress around mealtimes and feed-
ing in a relaxed environment may promote 
improved intake. Allowing children to self-feed 
or dipping a pacifier in texture-appropriate foods 
may also help some children develop their feed-
ing skills. Promoting nonnutritive oral stimula-
tion can provide a positive oral experience for the 
child with delayed oral intake. If structural issues 
are suspected, immediate referral for evaluation 
prior to any further feeding therapy is recom-
mended [141].

 Childhood

Children of school age attend school to continue 
their social, emotional, and cognitive develop-
ment. Children with chronic illnesses may face 
challenges that negatively affect their school 
experience. Those children with CKD are 
recorded to have some of the highest rates of 
absenteeism [145].

Entering school coincides with a stage during 
which children are developing “eating compe-
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tency” which is defined as “being positive, com-
fortable, and flexible with eating, as well as 
matter-of-fact and reliable about getting enough 
to eat of enjoyable and nourishing food” [146]. 
Dependence on supportive gastrostomy feedings 
and altered taste perceptions, together with diet 
and fluid restrictions, prevents children from 
gaining independence and eating competency in 
the same way that their healthy peers do. 
Members of the healthcare team (e.g., dietitian, 
social worker, psychologist) can support the child 
with special feeding needs by collaborating 
closely with schools to develop and provide con-
sistent supportive strategies [145].

 Adolescents and Young Adults

The adolescent poses unique challenges for the 
clinician. Energy needs may decline once the 
pubertal growth spurt occurs and growth is com-
pleted. Emerging independence and psychosocial 
challenges are major considerations for this 
population.

Adolescence is a time of growth driven pri-
marily by the sex hormones, as opposed to nutri-
tion as seen in early childhood. High calorie 
needs, especially in teen males or athletes, 
increase the risk of inadequate calorie intake or 
protein energy wasting (PEW) [147]. Puberty is 
often delayed in children with CKD, and linear 
growth may be delayed compared to healthy chil-
dren [148]. Adequate nutrition is essential for 
achieving full height potential [148].

Overweight and obesity are prevalent in chil-
dren and adolescents with CKD [149]. Those 
consuming an oral diet, especially one high in 
processed and fast foods, are likely to take in 
excess calories, fat, and sugar [92]. Tube feeding 
and enteral supplements are not commonly used 
in adolescents. When the growth spurt ends and 
needs are decreased, teens may not transition 
from the high-energy diet to which they are 
accustomed resulting in unwanted weight gain 
from excess calories. The latter is especially 
prevalent in females for whom this growth ends 
sooner [3, 148].

The social dynamics of adolescents are also an 
important consideration. Teenagers, more than 
children in any other age group, prefer to spend 
time with peers in social situations involving 
food. More school and social activities are enjoyed 
away from home, increasing the possibility of 
nonideal food consumption [150]. To complicate 
matters, children with CKD have, on average, 
lower IQs than healthy peers and demonstrate 
poorer executive functioning and higher impulsiv-
ity. Decision-making skills, including those 
regarding health, are often impaired [151]. Even 
in healthy individuals, development of the brain’s 
frontal lobe, the center that controls cognitive 
skills like problem-solving and judgment, is not 
complete until approximately 25  years of age. 
This has important implications and may lead to 
increased risks as a result of poor decision- making 
in this population [152]. Nonetheless, adolescents 
often resent juvenilization and will reject patron-
izing discussions pertaining to medical or nutri-
tional needs. The healthcare professional must 
find new ways to first present and then reinforce 
information frequently to optimize learning while 
at the same time maintaining the independence 
and individuality of the teenage patient.

 Nutrition Considerations 
for Preparation of Transfer to Adult- 
Focused Facilities
The newly transferred young adult may feel as 
though they have limited support after moving 
from the pediatric unit where high clinician-to- 
patient ratios are common. In view of this, the 
pediatric dialysis team has an obligation to appro-
priately prepare the pediatric patient for the tran-
sition and transfer process [153]. Acquiring and 
demonstrating nutrition knowledge and skills is 
an integral aspect of the transition process. 
Patients must understand how dietary intake 
affects health and health risks. Some of the many 
skills that patients need for successful transfer 
are understanding the importance of nutrition- 
related medications, such as phosphorus binders 
and vitamin supplements; having the ability to 
manage and track intake of fluids and other nutri-
ents such as sodium, phosphorus, and potassium; 
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and being able to demonstrate appropriate food 
choices, decision-making in meal planning, res-
taurant choices, and navigating meals with 
friends. Skill demonstration may involve food 
preparation, verbalizing plans for obtaining and 
scheduling nutrition-related medications, and 
menu planning [153–155] (Table 26.8).

 Special Considerations

 Prematurity

ESKD in the NICU remains relatively rare [156]. 
However, renal conditions diagnosed in utero or in 
the NICU often progress quickly to ESKD. Renal-

specific diet principles need to be layered upon the 
fundamental nutrition needs of prematurity when 
the premature infant receives chronic dialysis 
[156, 157].

In general, nutrient needs are higher for pre-
mature compared to term infants and nutrition 
goals focused on providing nutrients in quantities 
that meet the needs based on the infant’s gesta-
tional age. The use of concentrated feeds and 
fluid restrictions may be required to address 
respiratory needs; semi-elemental and elemental 
formulas along with TPN may be prescribed to 
address higher caloric and protein needs when 
gut injury occurs. Calcium and phosphorus con-
tent of standard infant formulas may not meet the 
needs of the premature infant, and low serum 
phosphorus and high alkaline phosphatase levels 
can be associated with the development of osteo-
penia [156].

Nutrition care of the newborn with ESKD 
should address sodium and fluid levels, as well as 
BUN [158]. Term and premature infants undergo 
a 10–20% loss of extracellular fluid immediately 
after birth, which is accompanied by sodium loss. 
In premature infants, sodium losses may be 
greater and more prolonged. With renal failure, 
sodium supplementation needs may be higher, 
especially if the renal tubules are affected. 
Maintenance fluids are approximately 100 ml/kg/
day, with additional requirements as caloric 
intake increases. Fluid restriction, necessitating 
concentration of formula and TPN, is indicated 
for infants who are oliguric or anuric (60–80 ml/
kg/day), while fluid needs may be increased for 
the infant with polyuria (up to 200 ml/kg/day). In 
case of hyponatremia, fluid restriction or sodium 
supplementation is indicated and can be achieved 
through TPN alterations or supplemental sodium 
chloride added to formula. Hyperkalemia is com-
mon and its content in formula or TPN should be 
adjusted.

Interpretation of BUN levels should consider 
hydration status, amino acid oxidation, renal 
function, energy intake, and degree of illness 
[158]. In the absence of adequate guidelines for 
the needs of the preterm infant with CKD, the 
nutrition plan should provide adequate protein 
for age and degree of renal function, with careful 
monitoring of intake [159].

Table 26.8 Nutritional challenges and priorities by age 
group

Infants and young 
children

School-aged 
children

Adolescents and 
young adults

Adequate intake 
and growth

Picky eating Increasing 
independence

Establishing 
healthy eating 
behaviors

Establishing 
healthy eating 
behaviors

Maintaining 
healthy eating 
behaviors

Gastrointestinal 
issues (reflux, 
delayed gastric 
emptying)

Early 
participation in 
self-care

Prioritization of 
social needs 
over healthcare 
needs

Special nutrition 
needs associated 
with prematurity 
and catch-up 
growth

School issues 
including 
school lunch

Developmental 
disabilities 
affecting ability 
to provide 
self-care

Weaning from 
breast milk, 
tolerating 
formulas, and 
enteral feeds

Promoting oral 
diet

Multiple 
approaches for 
nutrition 
education

Progression of 
oral diet and 
physiologic skill 
development

Balancing oral 
intake with 
dependence on 
supplemental 
tube feeding

Transition to 
adult care

Parental barriers 
(multiple 
caregivers, 
complex feeding 
plans)
Polyuria, salt 
wasting, 
potassium 
retention

References [3, 16, 61, 93, 124–153]
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Accommodation must be made for the physi-
ologic higher serum phosphorus range in infants. 
However, if hyperphosphatemia occurs and per-
sists, the use of lower phosphorus formula or 
breast milk may be indicated. Liquid calcium 
carbonate can also be added to formula to bind 
phosphorus. If serum phosphorus levels decrease 
when dialysis is initiated, a reduction of calcium 
carbonate as a binder or the addition of supple-
mental phosphorus may be required [156].

 Protein Energy Wasting/Uremic 
Failure to Thrive

PEW is defined by the International Society of 
Renal Nutrition and Metabolism (ISRNM) as 
“the loss of body protein mass and fuel reserves”. 
The diagnosis of PEW in adults requires the pres-
ence of three criteria: reduced muscle mass, 
reduced body mass with reduced intake, and 
depressed albumin, transthyretin, or cholesterol. 
PEW is also highly associated with inflammation 
[160]. PEW in pediatrics, also termed uremic 
failure to thrive, alludes to the complexity that 
growth adds to underlying malnutrition in this 
population [161]. The link between inflammation 
and malnutrition has not been well defined in the 
pediatric population [162].

The only pediatric data on PEW comes from 
the pediatric CKD population [163]. Using a 
modified definition, which included poor linear 
growth, 7–20% of children with CKD exhibited 
PEW.  As CKD progresses to dialysis, appetite 
decreases, weight loss is common, and uremia 
increases; it is in turn likely that PEW is more 
common in the dialysis population than in chil-
dren with CKD [164, 165]. PEW creates a hor-
monal milieu in which the body is unable to 
utilize adipose stores and instead breaks down 
lean mass [166]. Mak [166] notes that relative 
obesity may result from an overly aggressive 
nutrition plan that ultimately does not reverse the 
abnormalities in body composition. Even when 
they are not meeting the true definition of PEW, 
children who are overweight or obese may pres-
ent with a PEW-like picture [166].

The greater the number of diagnostic criteria 
for PEW met, the greater is the risk of malnutri-

tion. Two of the three biochemical markers used 
to identify PEW in adults, reduced transthyretin 
and cholesterol levels, have not be seen in pediat-
ric CKD [163]. It is unknown if children on dial-
ysis have altered levels of the biochemical 
markers associated with PEW.  In addition to 
adult biochemical values, an elevated CRP is 
included in pediatric diagnostic criteria. Reduced 
body mass is defined as <5th%ile for height age 
or a decrease in BMI of greater than 10%. 
Reduced muscle mass is defined as a MUAC for 
height age < 5th%ile or a decrease in MUAC of 
greater than 10%. Reporting of a “fair,” “poor,” or 
“very poor” appetite is used as a surrogate for 
reduced intake. An important additional measure 
for PEW in children is that of growth, defined as 
a stature of <3rd%ile height for age or a decrease 
in growth velocity of more than 10%.

Treatment of PEW requires provision of ade-
quate, but not excessive, calories to avoid excess 
fat deposition while sparing protein [166].

 Overweight and Obesity

In recent years, the focus of nutritional assess-
ment and intervention in pediatric renal patients 
has expanded to address the growing concern of 
overweight and obesity. The recent International 
Pediatric Peritoneal Dialysis Network (IPPN) 
data demonstrates both underweight and obesity 
as worldwide problems. The identification of 
children as underweight when starting chronic 
PD is more prevalent in South and Southeast 
Asia, Central Europe, and Turkey, while the 
highest rates of overweight and obesity are pres-
ent in the Middle East (40%) and the United 
States (33%). Overall, the prevalence of under-
weight in the IPPN data was 8.9% and over-
weight and obesity 19.7%. Higher gross national 
income was associated with an increased likeli-
hood of overweight and obesity [167]. Abnormal 
BMIs encompassing either problem are more 
common in children starting PD than in healthy 
populations.

Obesity and dyslipidemia are common and 
modifiable factors that contribute to the complex 
picture of cardiovascular risk in CKD and 
ESKD.  Wong [25] demonstrated that there is a 
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U-shaped association between BMI and risk of 
death in the pediatric dialysis population. Obese 
ESKD patients are less likely to receive a kidney 
transplant, with a lower odds of receiving a living 
donor transplant [165].

The causes of overweight and obesity in the 
dialysis population are multifactorial. Pediatric 
renal dietitians routinely recommend supplemen-
tation to optimize caloric intake in the young 
child. Some have suggested obesity may be 
 perceived as more acceptable by family and pro-
viders, since poor appetite and growth failure are 
common concerns in children with CKD [165]. 
Approximately 92% of younger children aged 
2–3 years, and 57–59% of those 9–13 years, in 
the CKiD cohort had reported intakes in excess 
of the KDOQI recommendations [87]. The 
authors estimated that a 50% decrease in the 
intake of several commonly consumed empty- 
calorie foods would realize an 11% reduction in 
energy consumption and may assist these patients 
in avoiding obesity.

Pediatric dialysis patients are also known to 
engage in less physical activity, spending as little 
as 10% of nonschool hours participating in phys-
ical exercise and greater than 1000 hours per year 
in sedentary activity related to dialysis treatments 
[168, 169]. According to a report from CKiD, 
only 13% of study participants met the recom-
mended goal of 1 hour of daily physical activity, 
while 98% exceeded the maximum recom-
mended entertainment screen time of 2 hours per 
day [170]. Previously discussed diet interven-
tions (fewer simple carbohydrates and less satu-
rated fats), careful and close monitoring and 
weaning of supplemental tube feedings, together 
with more effective promotion of physical activ-
ity and reduced screen time, are just a few of the 
strategies designed to mitigate this problem.

 Parenteral Nutrition/IDPN

Many children with ESKD are challenged with 
adherence to a prescribed oral diet and oral sup-
plementation [171]. Meeting the unique nutri-
tional requirements of these children often 
requires nutritional supplementation via the 
enteral or parenteral route. Intradialytic paren-

teral nutrition (IDPN) may be considered as an 
adjunct therapy to provide the additional protein 
and energy required to prevent or reverse malnu-
trition in children undergoing HD who have addi-
tional nutritional needs [16].

Parenteral nutrition (PN) may include protein, 
carbohydrate, fat, minerals and electrolytes, vita-
mins, and other trace elements. PN is utilized to 
achieve and maintain an optimal nutrition status 
of patients who cannot eat or absorb adequate 
nutrition by mouth or through tube feeding. 
Whereas standard PN is used infrequently in 
maintenance dialysis, intradialytic parenteral 
nutrition (IDPN) is a noninvasive method of pro-
viding nutrition to malnourished patients via the 
HD access during the HD treatment. IDPN pro-
vides additional protein and energy to prevent or 
reverse malnutrition and is accomplished through 
the provision of fluid volumes that can be 
removed with ultrafiltration during HD.

Improvement in nutritional status may require 
6 weeks to 6 months of IDPN therapy, the goal of 
which is continued weight maintenance and/or 
growth once therapy is discontinued. Frequent 
monitoring of patients receiving IDPN should 
incorporate biochemical reviews routinely used 
for patients receiving PN and for those at risk for 
refeeding syndrome [172].

A recent study examined the use of intralipid 
(IL) alone as an adjunct therapy to other forms of 
nutritional supplementation during hemodialysis 
sessions [16]. The authors explored if IL therapy 
would spare protein degradation and promote 
positive nitrogen balance. When used in combi-
nation with other forms of nutrition support, the 
provision of IL was found to be well tolerated, 
relatively inexpensive, and associated with a pos-
itive effect on the nutritional status of pediatric 
HD patients. However, additional research is 
needed before IL can be recommended as a stan-
dard approach to nutritional rehabilitation.

 Nutrition Counseling Strategies

The KDOQI guidelines [5] recommend that 
nutritional counseling, based on an individual-
ized assessment and plan of care, be considered 
for all children with CKD and on dialysis. 
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Intensive counseling should occur at the time of 
initial presentation and throughout the course of 
management. Dietary counseling should be posi-
tive, with a focus on dietary allowances rather 
than restrictions. A diet that incorporates per-
sonal preferences, cultural and ethnic foods, and 
provides a degree of pleasure may improve long- 
term adherence. It is important that dietary 
 intervention takes into account the educational 
level of both the child and the primary caregivers. 
Written materials should also be presented in the 
patient’s preferred language of communication 
and developed at a grade level that can be easily 
understood. A recent report from the CKiD 
cohort indicated that 33% of subjects demon-
strated low academic achievement, primarily in 
the mathematics domain [173]. Clinicians’ inter-
actions with patients about their medical man-
agement routinely include mathematical 
concepts, a number of portions and amount of 
feed, volumes of fluid, lab test results, and num-
ber of pills to take. It is unclear if and how a low 
academic ability in mathematics might impact a 
child’s understanding and accommodation of 
nutrition recommendations.

During patient education sessions, the teach- 
back method puts the onus of effective communi-
cation on the educator rather than the patient. The 
practitioner provides information to the patient 
and then asks the patient to repeat the informa-
tion in their own words to ascertain whether com-
munication was clear and the patient has the 
knowledge required to make the desired changes. 
This method of communication [174] may be 
particularly useful in situations in which a task is 
being described (e.g., how to prepare a specific 
renal formula for an infant’s oral or tube feeding 
plan).

During motivational interviewing, which is 
designed to provide patient ownership of their 
care, the dietitian works with the patient and/or 
caregivers in a client-centered style. The goal of 
motivational interviewing is to help the patient 
explore and resolve ambivalence to change and 
elicit behavior change in a manner that shifts the 
responsibility for identifying solutions from the 
clinician to the patient [175].

Most importantly, the task of the pediatric 
renal dietitian is to provide nutritional education 

or counseling in a style that takes into account 
each child and family’s learning style, level of 
health literacy, and specific nutrition needs.

 Nutrition Considerations 
in Preparation for Transplant

Patients and their families may mistakenly see 
transplant as the end of all diet limitations. In 
reality, healthful nutrition and lifestyle choices 
aid with allograft longevity and prevention of 
chronic disease [5, 176].

Nutrition education may focus on the impor-
tance of adequate fluid intake for kidney perfu-
sion [5, 176], limitation of sodium (80% of 
transplant recipients experience hypertension in 
the first year post transplant) [4], as well as the 
importance of adequate calcium and vitamin D 
for bone health [5]. The medication-related side 
effects of dyslipidemia, hyperglycemia, and 
hyperkalemia which are commonly observed 
especially when medication doses are highest 
[177] can be addressed through nutrition inter-
ventions. Excess weight gain is common post- 
transplant, and pre-transplant nutrition 
education should include plans for mitigation of 
this potential outcome [45]. Transplant recipi-
ents are more susceptible to foodborne illness 
and also have lengthier hospitalizations, risk of 
allograft loss, and increased risk of mortality 
[178]. Therefore, preparing families for the 
more stringent food safety requirements during 
meal preparation is necessary for immunosup-
pressed patients. Early introduction to and regu-
lar review of post- transplant nutrition goals will 
better prepare the patient and reduce the chances 
of false expectations regarding post-transplant 
dietary management.

 Summary

Frequent assessment of the pediatric dialysis 
patient informs accurate and effective nutrition 
prescription. Each age group under the pediatric 
umbrella has unique needs. Furthermore, the spe-
cific dialysis modality the child is receiving will 
impact the nutrition prescription. Along with the 
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fundamentals of nutrition, the skilled dietitian 
will bring a keen understanding of the various 
medical and psychosocial factors that impact the 
achievement of optimal nutrition care. In short, 
nutrition care of the pediatric dialysis patient is a 
unique specialty and a complex craft that must be 
tailored to the individual patient.
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 Introduction

Growth retardation is common among children 
with chronic kidney disease (CKD). As a result, 
adequacy of nutritional intake is a frequent pre-
occupation of professionals caring for these chil-
dren. While optimized oral intake is preferred, 
this is not always feasible. When oral intake is 
insufficient to meet requirements for normal 
growth and development, enteral or, less com-
monly, parenteral nutritional supplementation is 
needed. Enteral nutrition, via nasogastric or gas-
trostomy tube, is always preferred over the paren-
teral route.

This chapter will review the rationale for 
nutritional supplementation in pediatric CKD, 
causes of inadequate intake, indications for 
enteral and parenteral nutritional supplements, 
and evidence for the benefits of each method of 
supplementation. We will also consider the 
advantages and disadvantages of nasogastric ver-
sus gastrostomy tube feeding, highlight the 
potential complications of each, and review the 

challenges of transitioning to full oral feeding 
after a period of tube feeding.

 Rationale for Nutritional 
Supplementation in Pediatric CKD

Growth impairment, defined as a height-for-age 
or height velocity-for-age standard deviation 
score (SDS) of less than −1.88, [1, 2], is a com-
mon complication of pediatric CKD.  In the 
period 1992–2001, 40.5% of children undergoing 
kidney transplant had a height more than 2.0 SD 
below the average for children of the same age 
and sex. Although this percentage dropped to 
32.8% in the interval 2002–2011, growth restric-
tion remains very prevalent [3]. Severe (height- 
for- age SDS  <  −3.0) and moderate 
(−3.0 > height-for-age SDS < −2.0) growth fail-
ure are associated with an increased risk of mor-
tality [4] and poorer quality of life [5]. Children 
starting dialysis with a height-for-age less than 
the first percentile (SDS < −2.5) had a twofold 
higher risk of death compared to those with a 
height-for-age greater than −2.5 SDS [6].

The severity of growth failure is correlated 
with the degree of renal impairment and is most 
pronounced once the GFR falls below 25  ml/
min/1.73m2 [7–9]. A report from the North 
American Pediatric Renal Trials and Collaborative 
Studies (NAPRTCS), including more than 5000 
children, showed that over 35% of children with 
a creatinine clearance <75 ml/min/1.73m2 had a 
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height below the third percentile at the time of 
enrollment into the study [7, 10]. The proportion 
of children with a height SDS < -1.88 was higher 
when GFR was lower: height SDS was <−1.88 in 
31.1% of children with GFR >25 ml/min/1.73m2, 
47.2% of those with GFR between 10 and 25 ml/
min/1.73m2 and 68.4% of those with GFR 
<10 ml/min/1.73m2. Growth failure is also more 
severe at younger ages: the average height SDS 
in infants aged 0–1  years at registry entry was 
−2.30 and in young children between 2 and 
5  years was −1.69, whereas in adolescents 
(>12  years), it was −0.96 [7]. Additionally, 
infants born with CKD were found to have lower 
height SDS compared to those with acquired dis-
eases [7, 11]. Infancy is a particularly high-risk 
interval given that one third of total postnatal 
growth occurs during this period [12].

Inadequate calorie intake is one among many 
factors contributing to growth failure in CKD and 
is the dominant contributor in infants and very 
young children [8, 13–15]. Anorexia is common 
[13–15]; a number of factors may lead to anorexia 
including gastroesophageal reflux, delayed gas-
tric emptying, altered taste, and increased levels 
of cytokines such as leptin, IL-1, IL-6, and TNF-α 
[14, 16–19]. Disruption in the levels of appetite- 
regulating hormones such as leptin and ghrelin 
leads to both a lack of appetite and early satiety 
[14, 18–21]. Other reasons for inadequate intake 
include fluid and dietary restrictions and frequent 
vomiting [22, 23]. Children with polyuric CKD 
may favor water consumption over intake of 
food. Those on PD may have diminished appetite 
due to a sense of abdominal fullness.

While nutrition is important throughout 
childhood, the contribution of nutritional intake 
to growth depends heavily on the phase of 
growth [24–26]. Normal postnatal growth can 
be divided into infantile, childhood, and puber-
tal phases. Growth during the infantile phase is 
driven primarily by nutritional intake. Therefore, 
inadequate intake in infancy manifests with 
growth failure. Routine calorie supplementation 
in infants with CKD has been shown to improve 
growth [27–30]. Healthy infants transition from 
the infantile to the childhood growth phase 
between 6 and 12 months. However, the child-

hood phase may be delayed until 2–3 years in 
children with CKD [14, 31]. During the child-
hood phase, growth depends mainly on growth 
hormone. The pubertal phase of growth, which 
in CKD is often delayed and of shorter duration 
than normal [32, 33], is driven by both growth 
hormone and sex hormone [13, 34]. Outside 
infancy, energy intake among children with 
CKD is usually appropriate relative to body size 
[2, 35]; there is no good evidence that nutri-
tional supplements enhance growth in older 
children.

Weight loss is another important indication for 
nutritional supplementation in children with 
CKD [2]. Wasting, defined as low weight-for- 
height, was initially thought to be due exclusively 
to inadequate nutritional intake or malnutrition 
[36, 37]. However, there is now evidence that 
other factors such as systemic inflammation, 
abnormal neuropeptide signaling, and endocrine 
perturbations may contribute to wasting in the 
context of CKD [36, 38, 39]. Children with 
cachexia/wasting syndrome may have an 
increased metabolic rate or anorexia with altered 
body composition (reduced muscle mass and 
body weight, with normal or increased fat mass); 
therefore, increasing food consumption or alter-
ing the diet may not help children with cachexia. 
In contrast, malnutrition can be corrected by sup-
plying more food or improving the diet [36, 40].

Neurocognitive dysfunction, including mem-
ory deficits, academic difficulties, and deficits in 
executive functioning, may also be a consequence 
of CKD and ESRD [41–44]. Because infancy is a 
period of rapid neurodevelopment, infants are at 
greatest risk for neurodevelopmental disorders. 
Earlier reports [45–48] found developmental 
delay in up to 60–85% of infants with severe 
renal insufficiency. However, these reports pre-
date recognition of the roles of aluminum expo-
sure and malnutrition in neurodevelopmental 
disturbances. Subsequent small observational 
studies showed superior developmental outcomes 
associated with early intervention including 
aggressive nutrition and dialysis [48, 49]. 
Nutritional intervention has the potential to have 
an important positive impact on neurodevelop-
ment during infancy [14].
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 Indications for Supplemental 
Nutritional Support

The 2008 Kidney Disease Outcomes Quality 
Initiatives (KDOQI) nutrition guidelines recom-
mend: Supplemental nutritional support should 
be considered when the usual intake of a child 
with CKD stages 2–5 or 5D fails to meet his or 
her energy requirements and the child is not 
achieving expected rates of weight gain and/or 
growth for age. (Evidence Grade B) Oral intake 
of an energy-dense diet and commercial nutri-
tional supplements should be considered the pre-
ferred route for supplemental nutritional support 
for children with CKD stages 2–5 and 5D. 
(Evidence Grade B) When energy requirements 
cannot be met with oral supplementation, tube 
feeding should be considered [2] (Evidence 
Grade B).

It is important to remember that a normal rate 
of weight gain for age depends on a normal rate 
of linear growth. Outside infancy, a child with 
growth failure should not be subjected to a long 
trial of nutritional support before starting growth 
hormone therapy.

 Indications for Tube Feeding

Most infants and toddlers with moderate to 
severe CKD show substantially decreased spon-
taneous oral intake [50, 51], and the majority 
require tube feeding. Dietary intake should be 
regularly monitored in infants and toddlers with 
CKD.  Tube feeding should be considered for 
children unable to meet their estimated energy 
requirements (EER) orally who are either under-
weight, are growth restricted (weight-for-age or 
length-for- height SDS less than −1.88), or are 
failing to maintain normal weight gain or growth 
[2]. Early intervention, with a goal of preventing 
growth retardation, is a key principle of nutri-
tional management in infants and toddlers with 
CKD.  Height potential lost during infancy is 
extremely difficult to catch up later, and even 
short periods of poor growth during infancy may 
result in substantial loss of height potential. 
Evidence of stunting is not required to justify 

intervention. Greater final height is achieved in 
children in whom tube feedings are started 
before important height deficits are noted [52]. 
Catch-up growth is most likely during infancy 
[13]. The goal of tube feeding is to ensure intake 
of at least 100% of the EER; greater energy 
intake is required for catch-up growth. This may 
be challenging especially for those who have 
volume restrictions, delayed gastric emptying, 
frequent emesis, or gastroesophageal reflux [5].

Tube feeding is rarely required for older chil-
dren with CKD, in whom intakes are usually 
normal relative to body size [35]. It is possible 
that poor intake is a consequence of the poor 
growth, rather than the cause. A study of 33 
children with CKD showed an almost 12% 
increase in spontaneous calorie intake during 
treatment with recombinant human growth hor-
mone [53]. Older children with CKD should 
have dietary intake monitored regularly [2]. If 
intake is found to be inadequate, an underlying 
reason should be sought. Causes of poor nutri-
tional intake among older children include pro-
gressive uremia, gastrointestinal disorders, and 
eating disorders. Progressive uremia may 
require initiation or intensification of dialysis 
[54]. Growth hormone therapy may promote 
greater oral intake by stimulating metabolic 
demand. If nutritional supplements are deemed 
necessary, the oral route should be the first 
choice. Tube feedings should be limited to chil-
dren with progressive weight loss or growth 
failure who are unable to take adequate calories 
orally [2].

 Evidence for Benefits of Tube 
Feeding: Infants

The literature on tube feeding in children with 
CKD is difficult to interpret. There have been 
no randomized trials assessing the impact of 
tube feeding on growth or other outcomes. In 
addition, confounding factors including sever-
ity of CKD, type and intensity of renal replace-
ment therapy, and age of the child  – all of 
which may independently influence growth 
and/or response to nutritional supplementa-
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tion – make comparisons between studies chal-
lenging. Numerous studies of infants with 
CKD showed significant increases in height 
velocity following NG or gastrostomy tube 
feeding [12, 27–29, 52, 55–57]. In studies 
including both infants and older children, 
growth benefits due to tube feeding were evi-
dent among infants when the outcomes of older 
children were separated from those of infants 
[29, 58, 59]. Results of studies published in 
2000 onward are summarized in Table  27.1. 
The largest study to date included 153 infants 
under the age of 24 months maintained on peri-
toneal dialysis (PD), 55% of whom received 
gastrostomy or NG tube feeds [12]. BMI- and 
height-for-age SDS were significantly higher 
in children receiving gastrostomy feeds com-
pared to those who received NG feeds or no 
tube feeding. Catch-up growth occurred only 
in those receiving gastrostomy tube feeding.

Tube feeding is also an important means of 
delivering sodium and fluid supplements to 
infants with high urinary sodium and water losses 
due to polyuric CKD [27, 28, 52], and to infants 
treated with PD, who may also experience large 
sodium losses through the dialysate [13]. These 
high fluid volumes and large doses of sodium are 
rarely taken orally. Linear growth is impaired by 
a negative sodium balance [60]. Furthermore, 
volume depletion due to sodium and water losses 
has also been reported to result in neurologic 
injury [2].

While there had been initial concerns that 
children (specifically infants) who received 
enteral tube feeds may have disproportionate 
gains in weight compared to height [29, 58] and 
thus may be predisposed to becoming over-
weight after having their gastrostomy removed, 
a later study demonstrated otherwise. Sienna 
et al. [61] found that while children with CKD 
who received tube feeds for a median of 
2.9 years, starting at a median age of 1.7 years, 
had increases in weight- and BMI-for-age 
Z-scores, these did not continue to increase sig-
nificantly up to 5 years after having their gas-
trostomy removed.

 Evidence for Benefits of Tube 
Feeding: Older Children

There is no strong evidence supporting the benefit 
of tube feeding in promoting growth in older chil-
dren and adolescents with CKD.  Although ade-
quate nutrition is certainly necessary to support 
normal growth in older children, CKD- related dis-
turbances in the effects of growth hormone and in 
normal puberty are more important drivers of poor 
growth than inadequate nutrition in this age group 
[34, 62–64]. Indeed, undernutrition is increasingly 
uncommon, while obesity is a problem of increas-
ing prevalence among older children with end-
stage renal disease (ESRD) [65]. A recent study of 
over 4000 children and adolescents with ESRD 
across 25 European countries found that 40.8% of 
children 12–15  years old were overweight or 
obese, while only 1.4% were underweight. In con-
trast, only 9% of children under 1 year of age were 
overweight or obese, and 15.8% were underweight 
[66].

Selected older children who are observed to 
have inadequate intake and are unable to tolerate 
oral supplements may benefit from supplemental 
tube feeding [2]. However, this represents the 
minority of older children with CKD. Therapies 
with proven benefit in improving growth, such as 
growth hormone [67], should not be delayed by 
prolonged trials of supplemental calories.

 Nasogastric (NG) Versus 
Gastrostomy Tube Feeding

Home tube feeding either with a NG tube or gas-
trostomy has been used successfully in infants 
discharged from the neonatal intensive care unit 
[68] and has been found to promote growth and 
decrease the length of hospital stay [68–70].

There are two methods for delivering enteral 
tube feeds: nasogastric or gastrostomy.

Nasogastric tube feeding The use of NG feed-
ing in children with CKD began in the 1980s [71, 
72]. NG tube feeding is suitable to provide nutri-
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Table 27.1 Summary of studies assessing the use of enteral feeding among children with CKD in association with 
growth

Study year 
published Population Study design Intervention Duration Outcome
Kari et al. 
[28] 2000

N = 81
Age: 0.7* (0 to 
4.5) years
GFR: <20 ml/
min/1.73m2

Group 1: 
Conservative 
therapy: N = 25
Group 2: 
Preemptive 
transplant: 
N = 20
Group 3: 
Dialysis N = 36

Case series Tube feeds: 
N = 66
100% estimated 
average 
requirement for 
calories
Conservative: 
Tube feeds 
N = 20
Preemptive 
transplant:
Tube feeds 
N = 14
Dialysis: Tube 
feeds N = 32

1.9* (0.1 to 6.8) 
years

The study demonstrated 
catch-up growth among 
infants and young 
children treated with 
tube feeding

Ledermann 
et al. [55] 
2000

N = 20
Age: 0.34 (0.02 
to 1) years
All on 
peritoneal 
dialysis

Case series Tube feeds: 
N = 18
NG: N = 9
G-tube: N = 8
NG and G-tube: 
N = 1
Two did not 
receive tube feeds
Goal 
RDA > 100% for 
calories

Follow up 1 and 
2 years from the 
start of 
peritoneal 
dialysis

Mean height-for-age 
SDS at the start was 
−1.8 ± 1.1 
and − 1.1 ± 1.2 at 
1 year (p = 0.046) and 
−0.8 ± 1.4 at 2 years 
(p = 0.06)
Mean weight-for-age 
SDS at the start of PD 
was −1.6 ± 1.5, 
0.3 ± 1.5 at 1 year 
(p = 0.008) and 
0.3 ± 1.8 at 2 years 
(p = 0.008)

Ellis et al. 
[115] 2001

N = 137
Age: All 
<6 years at the 
start of dialysis
<3 months: 
N = 51
3–23 months: 
N = 52
2–5 years: 
N = 34
Peritoneal 
dialysis: 
N = 126
Hemodialysis: 
N = 8

Cohort study 
using data from 
North 
American 
Pediatric Renal 
Transplant 
Cooperative 
Study

Supplemental 
feeds received in 
N = 96
NG only: N = 52
G-tube only: 
N = 27
NG and G-tube: 
N = 8
NG + othera: 
N = 3
Others: N = 5
The rest received 
no supplemental 
feeds
Did not report 
caloric intake

30 days, 
6 months, and 
1 year post 
dialysis 
initiation

No significant 
difference in height-for- 
age SDS in those who 
received supplemental 
feeding at the start of 
dialysis compared to 
those who did not
Change in height-for- 
age SDS was 
−0.69 ± 0.68 in those 
receiving enteral feeds 
versus −0.63 ± 0.66 in 
those who did not

(continued)
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Table 27.1 (continued)

Study year 
published Population Study design Intervention Duration Outcome
Parekh 
et al. [52] 
2001

N = 24
GFR: <65 ml/
min/1.73m2

Age not 
reported
Dialysis: N = 7
Transplant: 
N = 0
No renal 
replacement 
therapy: N = 17

Cohort
Controls from:
1. USRDS 
pediatric 
growth study 
[116] (N = 42)
2. Abitbol 
[117] (N = 12)

G tube: N = 15
Oral and NG or 
G-tube: N = 3
Oral: N = 6
≥100% RDA for 
calories
Supplemented 
with sodium

1 and 2 year 
follow-up

Net increase in 
height-for-age SDS of 
+0.15 over 2 years in 
the treatment group
Treatment group had a 
1.37 greater increase in 
height-for-age SDS at 
1 year compared to 
untreated patients in the 
USRDS [116] p = 0.017 
and a 1.83 greater 
increase in height-for- 
age SDS at 2 years 
compared to Abitbol 
[117] controls p = 0.003

Waller 
et al. [57] 
2003

N = 99
Age: 1.6 (0.4 to 
6.0)
GFR: <41 mL/
min/1.73m2 
(median 22)
All received 
conservative 
therapy

Cohort study Tube feeds (NG 
and G-tube): 
N = 41
The rest of the 
participants were 
fed orally

3.6 (1.8 to 4.9) 
years

Overall height-for-age 
SDS increased by 0.09 
per year; however no 
significant difference in 
change in height among 
those receiving tube 
feeds versus not 
(change in height-for- 
age SDS/year of 0.13 
versus 0.05) p = 0.16
Weight- and BMI-for- 
age SDS increased 
significantly in those 
receiving enteral feeds 
vesus not receiving
Change in weight SDS/
year 0.47 versus 0.22 
p = 0.005) and change 
in BMI-for-age SDS/
year 0.56 versus 0.24 
p = 0.002

Waller 
et al. [118] 
2005

N = 162
Age: 9.9* (0.3 
to 17.1) years
GFR: <60 ml/
min
Conservative: 
N = 96
Hemodialysis: 
N = 7
Peritoneal 
dialysis: N = 19
Transplanted: 
N = 40

Cohort study G-tube: N = 28
The rest of the 
participants were 
fed normally

1.1* (0.15 to 
1.7) years

Overall patients grew 
normally (i.e., change 
in height-for-age SDS 
per year and change in 
weight SDS per year 
were not different 
compared to an 
expected mean change 
of 0)
There was no 
significant difference in 
growth in those fed via 
G-tube compared to 
those fed normally
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Table 27.1 (continued)

Study year 
published Population Study design Intervention Duration Outcome
Cansick 
et al. [56] 
2007

N = 35
Age: 2.8 (0.25 
to 8.90) years
Peritoneal 
dialysis: N = 14
Hemodialysis: 
N = 4
Both: N = 17

Case series Tube feeds: 
N = 32
By G-tube and/or 
NG
≥100% RDA for 
calories
Study does not 
specify what the 
remaining three 
received

Until 10 years 
of age, 
transplanted or 
started growth 
hormone

Children <2 years 
showed catch-up 
growth in the first year 
on dialysis (height-for- 
age SDS 0.31* (−0.78 
to 3.13).
No catch-up growth in 
older children

Hijazi et al. 
[119] 2009

N = 52
Age: 4.4 ± 5.3, 
(0.5–18) 
months
Peritoneal 
dialysis: N = 50
Hemodialysis: 
N = 2

Cohort study 
comparing 
growth in two 
different eras
Era 1: Born 
1983–1995 
N = 23
Era 2: Born 
1996–2008 
N = 29

G-tube: N = 20
NG: N = 32
≥100% RDA for 
calories
21 patients were 
on growth 
hormone

25 years of 
follow-up

Height-for-age SDS at 
most recent encounter 
in children from era 2 
(−1.4 ± 0.9) was higher 
than that in era 1 
(−3.0 ± 1.5); p = 0.001

Sienna 
et al. [61] 
2010

N = 20
Age: 1.7* (0.9 
to 15.6) years
GFR: 13.8*(3.9 
to 61.8) ml/
min/1.73m2

Hemodialysis: 
N = 2
Peritoneal 
dialysis: N = 6
CKD: N = 11
Unknown: 
N = 1
Comparison 
group: N = 82
Age: 
9.2 ± 3.1 years
GFR: 45.3*(7.4 
to 140.1) ml/
min/1.73m2

Hemodialysis: 
N = 3
Peritoneal 
dialysis: N = 3

Cohort study G-tube fed 
(N = 20)
≥100% RDA
9/20 were on 
growth hormone
Comparison 
group included 
children with 
CKD who did not 
have a G-tube 
during the study 
period (N = 82)

2.9* (0.9 to 
11.8) years

Mean height-for-age 
Z-score at G-tube 
insertion was 
−2.35 ± 1.86 and at 
removal was 
−1.51 ± 0.99 this was a 
nonsignificant increase 
and was not 
significantly different 
from comparison 
population
Mean BMI-for-age 
Z-score increased in 
those receiving G-tube 
feeds: At G-tube 
insertion, it was 
−1.22 ± 1.68 and at 
removal was 
0.43 ± 0.86 p < 0.05
No significant increase 
in the comparison group

(continued)
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tional support for a short period of time and is the 
preferred method for infants weighing less than 4 
kilograms [73]. A variety of flexible NG tubes 
with different external diameters are commer-
cially available. Polyvinyl chloride tubes have a 

life span ranging between 5 and 7 days, whereas 
silk tubes may last up to 4–6 weeks. NG tubes are 
easily placed at the bedside. The NG tube is 
inserted through the nostril and passed though 
the oropharynx and into the stomach. Placement 

Table 27.1 (continued)

Study year 
published Population Study design Intervention Duration Outcome
Rees et al. 
[12] 2011

N = 153
Age: 
<24 months
All: 3.1* (0.1 to 
5.8) months
NG: 1.73* (0.1 
to 5.4)
G-tube: 2.2* 
(0.2 to 7.96)
Peritoneal 
dialysis: 
N = 153

Cohort study 
using data from 
the 
International 
Pediatric 
Peritoneal 
Dialysis 
Network 
registry

NG: N = 54
G-tube: N = 33
Demand fed: 
N = 66

6, 12, 18, and 
24 months

Length improved with 
G-tube feeding: Change 
in height-for-age SDS 
for demand feeding was 
−1.35/year, −0.72/year 
for NG tube feeding 
and − 0.50/year for 
G-tube feeding
(p < 0.05 for g-tube 
versus demand)
BMI improved in both 
NG and G-tube fed 
compared to demand 
fed: Change in 
BMI-for-age 
SDS -0.54/year for 
demand feeding versus 
+0.97/year for NG and 
+1.24/year for G-tube 
(p < 0.05)

Rees et al. 
[20] 2013

N = 18
Age: 7.1 (2.1 to 
13.3) years
GFR: 16 mL/
min/1.73m2

On dialysis at 
start of feeds: 
N = 9
Started dialysis 
1 year after 
feeds initiated: 
N = 4
Transplanted: 
N = 5

Case series All received tube 
feeds but does 
not specify route

12 and 
24 months

Height-for-age SDS at 
the start was −2.61 and 
after 1 year −2.38 (NS) 
and −2.20 after 
24 months (NS)

Prestidge 
et al. [120]
2015

N = 17
Age: 7.2* years 
(10 weeks to 
17.2 years)
Peritoneal 
dialysis: N = 17

Case series G-tube: N = 17 1 year post 
G-tube insertion 
(n = 9)
Followed until 
transplantation 
(n = 5)
Two patients 
died and one 
was not 
accounted for

Height-for-age SDS 
pre-enteral feeds −1.2 
[−2.7,1.4] and post 
was −1.1 [−3.4,0.9]
Height-for-age 
SDS -1.1 [−1.9,-0.4] 
to −0.8 [−1.8,-0.5]
P-values not provided

Data in this table is limited to the studies which were published in 2000 and after
Results presented as mean ± standard deviation, mean (range), median [interquartile range], or *median with range
NG nasogastric, G-tube gastrostomy, RDA recommended daily allowance, USRDS US renal data system
aOther denotes oral gastric tube, transpyloric tube, gastrojejunostomy tube, parenteral, or a combination of these
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must be checked prior to use. Methods used to 
verify placement include auscultation for air 
insufflation with a stethoscope or aspirating con-
tents from the tube and assessing the color and 
pH with a litmus paper, which should turn red if 
acidic stomach secretions are present [31, 74, 
75]. NG tubes require daily care in order to pre-
vent blockage. This includes flushing before and 
after every feed or medication or every 8 hours if 
the tube is not being used.

NG tubes have the advantages of placement 
without the need for surgery and a lack of perito-
nitis risk for the children who are on PD. However, 
NG tube use may be complicated by pulmonary 
aspiration, nasoseptal erosion, sinusitis, and otitis 
media. Additional disadvantages include an 
increased gag reflex, an increased risk of reflux 
and vomiting, and discomfort at the back of the 
throat which may lead to aversion to oral intake. 
The need for repeated replacement of the tube 
following vomiting may further contribute to oral 
aversion. Finally, the altered cosmetic appear-
ance of an NG tube may have a negative psycho-
logical impact on both caregivers and the child 
him or herself [5, 12, 76–78].

Gastrostomy Tube Feeding When nutritional 
support is anticipated for more than 6  weeks, a 
gastrostomy should be considered [79]. 
Gastrostomies can be placed endoscopically or by 
an open procedure. Percutaneous gastrostomy is 
less invasive than open and may be inserted under 
endoscopic guidance (PEG) and laparoscopic or 
radiologic assistance. Percutaneous gastrostomy 
has the benefit of a faster recovery time compared 
to an open gastrostomy [79]. In the open tech-
nique, a small incision is made and the stomach is 
brought anteriorly and sutured to the abdominal 
wall. If a tube is used, it may be changed to a but-
ton device after 3–4 weeks [76]. The advantage of 
gastrostomy button devices over tubes is that they 
are smaller and more discreet. There are different 
types of buttons: the Bard and the MIC-KEY. Each 
type has a stem which inserts into the abdominal 
wall as well as a valve in the lumen to prevent 
leakage of stomach contents. With the MIC-KEY 
the valve is located closer to the skin, whereas 

with the Bard it is in the more distal portion [76]. 
The Bard device lasts longer than the MIC-KEY, 
but the MIC- KEY is easier to change. Both gas-
trostomy tubes and buttons may be left in place 
for months to years. The main advantages of gas-
trostomy over NG tubes are the potential for 
improvement in reflux symptoms, avoidance of 
the potential upper airway complications of NG 
tubes, a better cosmetic profile, and the potential 
avoidance of oral aversion sometimes associated 
with NG tubes.

However, gastrostomies are not free of com-
plications. Complications are reported to be 
minor in 10–15% of cases and major in 3–5% 
[52, 76, 80–85]. Complications include tube 
blockage, tube displacement, balloon rupture, 
closure of the tract, leakage around the gastros-
tomy exit site with skin irritation, granulation or 
enlarged stoma site, exit site infection, gastrocu-
taneous or colocutaneous fistula, hemorrhage, 
and worsening of gastroesophageal reflux due to 
distortion of gastric anatomy. Complications spe-
cific to PEG tubes include intra-abdominal leak-
age, peritonitis for those also on PD, and 
gastrocolic fistula [76].

Ricciuto et  al. [85] compared prolonged NG 
and gastrostomy use in a retrospective chart 
review of 166 children who were a median of 
5.3  months old at the start of tube feeding. 
Underlying disease varied from neurologic/
genetic causes to prematurity, and median tube 
feeding duration was 24.9 months. The incidence 
of oral food refusal was higher in those fed by 
NG than gastrostomy (especially if for longer 
than 3  months). Furthermore, the proportion of 
children who were wasted (defined as a BMI-for- 
age (if older than 2 years) or weight-for-age (if 
less than 2 years) below the third percentile) did 
not change in those fed by NG, whereas it 
decreased among those receiving gastrostomy 
feeds. However, the complication rate for gas-
trostomy was almost double that for NG (80% vs 
46%). Most gastrostomy-related complications 
were fairly minor, including granulation tissue, 
skin irritation, tube displacement, and cellulitis. 
NG-related complications included feeding  
intolerance, facial irritation, and epistaxis. 
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Complications requiring hospital visits occurred 
at a greater rate in gastrostomy-fed infants (2.2 
visits per 1000 days) than in those fed by NG (0.7 
visits per 1000 days) [85]. The reported compli-
cation rate was much higher than that previously 
published, which may reflect the relatively large 
proportion of neurologically impaired and criti-
cally ill children in the study. Similarly, Khalil 
et  al. [84] found the incidence of tube-related 
complications requiring an emergency room visit 
to be significantly higher among those receiving 
gastrostomy (33.6%) versus NG (9.5%) feeds 
among 322 infants discharged from the neonatal 
intensive care unit. The most common gastros-
tomy-related complications were inadvertent 
tube displacement or removal (39.1%) and gas-
trostomy site issues (21.4%).

Gastrostomies in Peritoneal Dialysis 
Patients The 2012 International Society of 
Peritoneal Dialysis guidelines provided specific 
recommendations for the placement and care of 
gastrostomies [86]. They recommended that a 
gastrostomy tube be inserted prior to or at the 
same time as the PD catheter insertion. This can 
be done either by open surgical technique or lap-
aroscopically (Evidence Grade 1C). For those 
children already on PD, an open surgical approach 
is recommended. An open technique may limit 
contamination of the peritoneal cavity as the 
stomach is secured to the abdominal wall [86, 
87]. In order to lower the risk of peritonitis, pro-
phylactic antibiotics (a single dose of parenteral 
cefazolin prior to the procedure) is recommended 
for either open surgical or PEG tube placement 
[86, 88]. A meta-analysis including ten random-
ized controlled trials with over 1000 patients 
found that those who received prophylactic anti-
biotics had a significantly lower risk of peristo-
mal infection compared to those who did not 
receive prophylactic antibiotics [88]. There are 
reports of a higher risk of fungal infection among 
those who have “advanced malnutrition” [89], 
and therefore it is recommended that these 
patients undergo a period of NG feeding to 
improve their nutritional status prior to gastros-
tomy insertion; antifungal prophylaxis at the time 
of the procedure is also suggested [86]. Lastly it 

is suggested that PD be withheld for a period of 
time after gastrostomy placement regardless of 
the placement technique used. The ideal duration 
that PD should be withheld is not known; how-
ever between 1 and 4  days has been suggested 
[87]. It is then important to restart dialysis with a 
low exchange volume and gradually increase.

 Practical Aspects of Enteral Tube 
Feeding

Enteral tube feeding may be used to either sup-
plement a child’s insufficient oral intake or to 
provide all of their nutritional requirements [90]. 
This can be accomplished through the use of a 
feeding pump at night or manually, by syringe. 
The method of tube feed delivery as boluses or 
continuous infusion will depend on a variety of 
factors including the child’s age, the volume to be 
provided, nutrient requirements, presence of 
recurrent emesis, and the comfort level of the 
caregiver [2]. Some children may only require 
intermittent bolus feeds or “top-ups” if oral 
intake is inadequate, while others may need all 
nutrition be provided by tube as a combination of 
overnight feeding with additional daytime 
boluses [5, 31]. In older children, enteral tube 
feeds may be supplied mainly during the night in 
order to optimize hunger and encourage oral 
intake during the day. This approach also allows 
the child to participate in normal daytime activi-
ties and socialize without being “tied down” to 
their feeding tube [2, 5, 90]. Nutrition options 
used for tube feeding include breast milk, infant 
formula, or specialized infant or pediatric formu-
las for younger children and high calorie or pro-
tein supplements for older children [90]. Another 
way to increase calorie intake is to deliver con-
centrated formula with a higher caloric density 
per unit volume than standard formula. However, 
this can be challenging given the additional elec-
trolytes and renal solute load delivered in con-
centrated formula; close monitoring for 
intolerance is necessary [5, 91].

Table 27.2, reproduced from the 2008 KDOQI 
guidelines [2], provides suggested rates for both 
boluses and continuous infusions. In order to 
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ensure the feeds are well tolerated, children 
should be monitored for complications such as 
vomiting or diarrhea when changes to either the 
hourly infusion rate or caloric density of the feed 
are made [31, 91].

 Gastrointestinal Disturbances 
in Children with CKD

Children with CKD often have recurrent vomit-
ing [92]. Vomiting may occur secondary to gas-
troesophageal reflux, increased intra-abdominal 
pressure from dialysate during PD, delayed gas-
tric emptying, and inadequate clearance of poly-
peptide hormones such as gastrin [20, 76]. In a 
study of 12 infants with CKD who presented with 
decreased oral intake and vomiting, gastroesoph-
ageal reflux was found to be present in 8/12 
(67%) and delayed gastric emptying and gastric 
dysrhythmia in 55% [93]. Another study of 22 
infants with CKD and poor oral intake found gas-
troesophageal reflux in over 70% [94]. Other 
causes for vomiting may be related to the formula 
composition or method of feeding. These include 
formula that is too concentrated, excessive vol-
ume or rate of administration, or an intolerance to 
the formula [31].

 Impaired Oromotor Development

As many infants with CKD receive a large por-
tion, if not all, of their feeds via a feeding tube, 
the age at which feeding skills develop and prog-
ress is often delayed due to a lack of feeding 
experience [23]. Voluntary oral intake decreases 
in infants with CKD as renal disease progresses 
[15]. Children who receive tube feeds for a pro-
longed period of time, especially for greater than 
1  year, need help learning to feed orally [77]. 
Common problems include difficulty latching to 
the nipple while bottle feeding, poor coordination 
with sucking and swallowing, gagging with bot-
tle feeds, and feeding aversion which presents as 
completely refusing the bottle or self-induced 
gagging when offered oral feeds [23, 77].

Children who received primarily NG feeds are 
at risk of oral hypersensitivity, a hyperactive gag 
reflex, and poor oromotor coordination [95]. All 
children who receive tube feeding should be 
encouraged to continue with some oral intake or 
oral stimulation such as sucking and tasting food, 
because limited practice with oral feeding may 
impair oral motor skill development [2]. In a 
study of preterm infants (without CKD), those 
who received oral stimulation while tube fed 
were able to transition to oral feeding sooner than 

Table 27.2 Suggested rates for initiating and advancing tube feeds 2008 KDOQI Nutrition guidelines [2]

Age (years) Initial hourly infusion Daily increases Goala

Continuous feedings
0–1 10–20 mL/h or 1–2 mL/hr./kg 5–10 ml/8 h or 1 ml/kg/h 21–54 ml/h or 6 ml/kg/h
1–6 20–30 ml/h or 2–3 ml/kg/h 10–15 ml/8 h or 1 ml/kg/h 71–92 ml/h or 4–5 ml/

kg/h
6–14 30–40 ml/h or 3–4 ml/kg/h 15–20 ml/8 h or 0.5 ml/kg/h 108–130 ml/h or 3–4 ml/

kg/h
>14 50 ml/h or 5 ml/kg/h 25 ml/8 h or 0.4–0.5 ml/kg/h 125 ml/h
Bolus feedings
0–1 60–80 ml q4h or 10–15 ml/kg 

q feed
20–40 ml q 4 h 80–240 ml q4h or 

20–30 ml/kg/feed
1–6 80–120 ml q4h or 5–10 ml/kg 

q feed
40–60 ml q 4 h 280–375 ml q4h or 

15–20 ml/kg/feed
6–14 120–160 ml q4h or 3–5 ml/kg 

q feed
60–80 ml q 4 h 430–520 ml q4h or 

10–20 ml/kg/feed
>14 200 ml q4h or 3 ml/kg q feed 100 ml q 4 h 500 ml q4h or 10 ml/kg/

feed

Note: Calculating rates based on age and per kilogram body weight is useful for small-for-age patients
aGoal is expected maximum that child will tolerate; individual children may tolerate higher rates or volumes. Proceed 
cautiously for jejunal feedings. Goals for individual children should be based on energy requirements and energy den-
sity of feeding and therefore may be lower than expected maximum
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those who did not [96]. Participating in family 
meals, even if only to play with food and observe 
others eating, may also be beneficial.

 Transition to Oral Feeding

Transitioning from tube feeds to an exclusively 
oral diet should be the goal after kidney trans-
plantation [5]. Almost all patients across 
numerous studies were able to switch to exclu-
sive oral feeding within a median of 2 to 
10 months post- transplant [28, 59, 77, 97, 98] 
(Table  27.3). The largest study [28], which 
included 66 children who had been tube fed a 
median of 1.9  years, reported 64/66 (96.7%) 
were able to transition off enteral feeds within 
6 months post kidney transplantation. Reasons 
for a longer transition to oral feeds, or an inabil-
ity to stop tube feeds, included cognitive 
impairments or other significant comorbidities 
[23, 28, 77, 98]. Younger age at initiation of NG 
feeds, particularly initiation at under 1 year of 
age, was also associated with greater difficulty 
in transitioning to oral feeding [97]. To help 
with the transition to oral feeding, Warady et al. 
[77] recommend a multidisciplinary approach 
including support from a renal dietician and a 
clinical psychologist. Feeding support groups 

may be helpful to encourage and support par-
ents through the process [98].

 Intradialytic Parenteral Nutrition 
(IDPN) and Intraperitoneal 
Nutritional Supplementation

As CKD progresses in severity, anorexia often 
worsens, leading to inability to maintain adequate 
oral nutritional intake [2]. While enteral supple-
mentation is the preferred method, barriers such 
as strict fluid restrictions may prevent nutritional 
goals from being met [99]. In such instances, 
intradialytic parenteral nutrition (IDPN) may be 
considered for those on hemodialysis [100]. 
IDPN is a noninvasive method of providing nutri-
tion to hemodialysis patients. IDPN usually 
includes a mixture of amino acids, dextrose, and 
lipid emulsion and is administered during each 
dialysis session [101] through the venous limb; 
extra volume can be removed with ultrafiltration 
[102]. IDPN is only able to provide a small per-
centage of daily caloric needs, and thus it must be 
considered a supplement [102, 103].

IDPN has the following advantages: it pro-
vides a significant amount of protein in a short 
period of time; can be administered during sched-
uled hemodialysis sessions, minimizing effort 

Table 27.3 Summary of studies assessing transitioning to oral feeding post-transplantation

Study year 
published

Size of 
cohort

Age at 
initiation of 
tube feeding

Length of time tube 
feeding

Time to transition to 
oral feeds post kidney 
transplant

Outcome proportion 
transitioned to full 
oral feeds 
post-transplantation

Warady et al. 
[77] 1990

N = 8 0–1 month 19.8 ± 13.5 months 2* (1 to 18) months 6/8

Dello Strologo 
et al. [97] 1997

N = 12 6.5* (0.16 to 
48) months

18.4 ± 8 months 6* (0 to 24) months 12/12

Coleman et al. 
[59] 1998

N = 22 2.3* (0.2 to 
10.3) years

14.5 (2.5 to 56) 
months

2.8 (0.8 to 8.3) 
months

13/22

Kari et al. [28] 
2000

N = 66 0.7* (0 to 4.5) 
years

1.9* (0.1 to 6.8) years Within 6 months 
after transplantation

64/66

Pugh et al. [98] 
2006

N = 22 1.7* (0.25 to 
4.25) years

2.9* (1.0 to 5.58) 
years in those <2 years
1.7* (0.5 to 6.0) in 
those 2–5 years

Within 10 months 
after transplantation

18/22

This table was adapted from Samaan et al. [23]
Results presented as mean ± standard deviation or * median with range
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required by the patient or family; and requires no 
separate access. Complications of IDPN include 
hyperglycemia [104], hyperlipidemia (defined as 
a 50% increase in baseline triglyceride levels), 
hypersensitivity (egg allergy), and symptoms of 
refeeding syndrome such as hypokalemia and 
hypophosphatemia [102]. Nausea, vomiting, 
chest pain, and headaches have also been reported 
[104–107]. The high cost is also a disadvantage 
[101, 102].

KDOQI recommends a trial of IDPN in mal-
nourished children, defined as BMI-for-height- 
age  <  fifth percentile, who are receiving 
maintenance dialysis and are unable to meet 
their nutritional requirements through oral and 
tube feeds [2] (Grade C evidence).

Studies on the use of IDPN [99, 105–108] as 
a means of improving weight or BMI were all 
limited by small sample sizes (range 3–15 
patients) and were mainly restricted to older 
children and young adults (median age range 
12.5–20  years) (Table  27.4). Only one study 
[105] showed a significant increase in weight 
and BMI.  Goldstein et  al. [105] reported a 
reversal in weight loss with progressive weight 
gain within 6 weeks of initiating IDPN among 
the three adolescents included. A subsequent 
study [106] from the same center showed a 
nonstatistically significant increase in weight 
and BMI among six of the nine participants 
with gastrointestinal illnesses. The largest 
(N = 15) and most recent study [99] reported a 
significant improvement in dry weight after 
starting IDPN consisting only of lipids 
(p = 0.04); however, there were no significant 
improvements in either weight-for-age SDS or 
height-for-age SDS.

Patients treated with chronic PD are at risk of 
protein loss [13, 109–113]. While intraperitoneal 

amino acid supplementation is an option for chil-
dren on PD [13, 22, 24], it has been trialed in only 
a few small pediatric studies (fewer than ten chil-
dren), most of short duration (less than 12 months) 
[109–111, 113, 114]. Two of these studies showed 
no improvement in growth [110, 111], while the 
other two studies did not assess weight or height 
[109, 113]. A case report of a 5-year-old child on 
chronic PD treated with 1.1% amino acid solu-
tion for a year showed significant improvements 
in appetite, weight, and height velocity [114]. 
Given the paucity of studies to date, whether 
intraperitoneal supplementation has a beneficial 
role in the pediatric population remains to be 
determined.

 Summary

Infants with CKD often have poor appetite, 
leading to low caloric intake and ultimately 
poor growth. Tube feeding is necessary to 
achieve adequate caloric intake in the majority 
of infants with advanced CKD.  Even infants 
with ESRD can achieve normal growth and 
weight gain with preemptive enteral feeding 
intervention. Early intervention is critical for 
infants given the impact poor nutritional intake 
can have on neurocognitive development as 
well as growth. Older children may also benefit 
from tube feeding, but this is rarely necessary. 
Gastrostomy tube feeding may be more effec-
tive in improving linear growth compared to 
NG feeding; however, prospective studies are 
needed. IDPN may be considered for children 
on hemodialysis who are unable to meet energy 
requirements through oral or tube feeding. 
However IDPN is costly and has not been as 
well-studied in the pediatric ESRD population.
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 Introduction

Body growth is an exceedingly complex and tem-
porally regulated biological process which 
depends on adequate nutrition as well as meta-
bolic and endocrine homeostasis. Infancy, mid- 
childhood, and puberty are characterized by 
distinct growth patterns (Fig.  28.1), with nutri-
tion being most critical during infancy, the 
somatotropic hormone axis during mid- 
childhood, and the gonadotropic hormones dur-
ing puberty [1, 2]. Chronic kidney disease (CKD) 
interferes with this complex network at various 
levels, and pediatric patients are at high risk of 
growth failure and disproportionate growth pat-
terns (Fig.  28.2) [3, 4]. Approximately 50% of 
children requiring renal replacement therapy 
(RRT) before their 13th birthday have a final 
height below the normal range [5–12]. The 
younger the patient at onset of CKD, the higher is 
the risk of severe growth retardation and stunting, 
putting additional strain on patients and families 

and making psychosocial integration even more 
difficult [13]. Beyond this, the degree of growth 
retardation and mortality are closely associated, 
suggesting that the growth rate is a sensitive 
marker of overall patient wellbeing [14–16]. 
There is, however, evidence that alongside 
advancements in the medical and technical man-
agement of CKD and RRT, height prognosis has 
substantially improved during the past few 
decades [5, 8, 9, 17]. Yet this is not the case in all 
parts of the world, particularly in those regions 
with inadequate local resources, where height 
prognosis remains dismally low [5, 18]. Beyond 
careful monitoring of growth, adequate measures 
to prevent and treat growth failure are of crucial 
importance for pediatric CKD patients at all ages 
and any degree of renal failure. In fact, while this 
chapter focuses on the growth of children on 
maintenance dialysis, it should be emphasized 
that early intervention is critical since measures 
such as the correction of malnutrition and CKD- 
mineral bone disease (CKD-MBD) and treatment 
with recombinant human growth hormone 
(rhGH) are considerably more effective when 
started before the initiation of dialysis. 
Unfortunately, there is still substantial variation 
in pediatric nephrology practice in addressing 
short stature and rhGH utilization in children 
with CKD [19]. Standardized care is of utmost 
importance in order to improve growth outcomes 
in short children with CKD [20–22].
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 Final Height and Height Prediction

When interpreting the final heights of patients 
treated for CKD in childhood, it has to be remem-
bered that data obtained at any time will reflect 
treatment practices spanning the previous two 
decades. Furthermore, most reports of final 
heights do not or incompletely discriminate 
according to patient characteristics (e.g., diagno-
ses, ages of onset of CKD, types, and duration of 
RRT) and, in particular registries, do not separate 
out children with comorbidities that affect growth 
in their own right. With those limitations in mind, 
reduced adult heights have been reported in up to 
50% of pediatric CKD patients [5, 7, 8, 11, 12, 
23–26]. Mean final heights vary from 148 to 
158 cm for females and 162 to 168 cm for males 
(with third centiles of 151 and 163  cm, 
respectively).

However, there is evidence that over the years, 
the final height in ESKD patients is improving [5, 
7, 9]. This is likely due to a combination of fac-
tors such as better growth attained pre-transplant 
as a result of the provision of adequate nutrition 
and rhGH therapy, preemptive transplantation 
thus avoiding dialysis, and the development of 
protocols that minimize the use of corticoste-
roids. In Germany, the overall mean standardized 
height in children on RRT has increased over the 
past 20 years from −3.0 SD to −1.8 SD [9]. An 
analysis from the ESPN/EDTA registry revealed 
an improvement in final height from −2.06 SDS 
in children who reached adulthood in 1990–1995 
to −1.33 SDS in 2006–2011 (Fig. 28.3) [5]. Older 
age at the start of RRT, starting RRT more 
recently, cumulative time with a transplant, and 
greater height SDS at initiation of RRT were 
independently associated with a higher final adult 

Fig. 28.1 Typical 
growth pattern in 
congenital chronic 
kidney disease (red dots) 
if measures such as 
adequate nutrition and 
growth hormone therapy 
and early renal 
transplantation with 
minimized steroid 
exposure are not 
provided. Relative loss 
in the nutrient- 
dependent infantile and 
gonadal hormone- 
dependent puberty 
phases and percentile- 
parallel growth in the 
mainly GH-dependent 
growth period in 
mid-childhood are 
shown. The shaded  
area represents the 
normal range, 3rd to 
97th centiles. 
(Reproduced with 
permission of Ref. [2])

D. Haffner and J. D. Mahan



511

height SDS. In general, the poorest growth out-
comes were associated with an earlier start and 
longer duration of dialysis or a diagnosis of a 
metabolic disorder such as cystinosis and hyper-
oxaluria, whereas those treated with rhGH did 
the best [5, 11, 27, 28].

The applicability of adult height prediction 
methods in children suffering from CKD is ques-
tionable. Final height was overpredicted by 
3–10 cm in several validation studies testing final 
height prediction in children with CKD [12, 23, 
29]. Most likely, this reflects the complexity and 
thus unpredictability of growth and development 
under the condition of chronic uremia, with a 
highly variable and dynamic impact of disease 
progression, medications, renal replacement 

treatment modalities, skeletal maturation, and 
pubertal timing.

 Clinical Presentation

Children with congenital CKD are prone to 
marked growth retardation already in utero and 
during the first 2 years of life. Whereas growth 
during mid-childhood tends to be percentile- 
parallel, height velocity decreases disproportion-
ately during the last 2–3 prepubertal years in 
these children. Eventually, growth potential is 
irreversibly lost in the peripubertal period due to 
a delayed pubertal growth spurt that is also of 
insufficient magnitude (Fig. 28.1).

Fig. 28.2 The etiology of growth failure in CKD is mul-
tifactorial and includes intrauterine growth restriction 
(IUGR), genetic factors such as parental height and pri-
mary renal disease, prematurity, and malnutrition which 
especially limits growth in children with congenital CKD. 
Mineral and bone disorder (CKD-MBD), metabolic aci-
dosis, anemia, loss of electrolytes and water, and distur-
bances of the somatotropic and gonadotropic hormone 
axes are additional factors. CKD is a state of growth hor-
mone (GH) insensitivity, characterized by deficiency of 
functional insulin-like growth factor I (IGF-I), to reduced 
GH receptor expression in target organs like the liver, dis-
turbed GH receptor signaling via the Janus kinase-signal 

transducers, activators of transcription (JAK2-STAT5) 
due to inflammation-induced SOCS (suppressor of cyto-
kine signaling), and increased IGF-binding capacity due 
to excess IGFBPs. Finally, reduced release of hypotha-
lamic gonadotropin-releasing hormone (GnRH), due to 
uremia-related inhibitory factors such as angiotensin II 
(AngII), and steroid treatment may result in decreased cir-
culating levels of bioactive luteinizing hormone (LH), 
hypogonadism, and reduced pubertal growth spurt. PTH, 
parathyroid hormone; FSH, follicle-stimulating hormone; 
IGFBP, insulin-like growth factor binding proteins. 
(Reproduced with permission of Ref. [22])
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 Intrauterine Growth

Reduced fetal growth has been described in sev-
eral studies in children with CKD [30–34]. Both 
prematurity and low birth weights are often seen. 
The incidence is particularly high in infants on 
dialysis, but it also occurs in children with less 
severe CKD.  Although registry data do not 
always distinguish between infants who do or do 
not have comorbidities (and the latter often have 
below normal mean birth weight and length), it 
has been shown that of over 400 children with a 
mean GFR of around 40 ml/min/1.73 m2 in the 
CKiD study, low birth weight (LBW, <2500 g) 
occurred in 17%, prematurity (gestational age 
<36 weeks) in 12%, and small for gestational age 
(SGA, birth weight <10th percentile for gesta-

tional age) in 14%. Interestingly, 40% had also 
received intensive care unit (ICU) care at birth. 
The comparable overall incidence of abnormal 
birth history in the US population is 7–8%. Low 
birth weight, prematurity, SGA, and requirement 
for ICU care were all risk factors for poor growth 
outcomes, independent of renal function [33]. 
Likewise, intrauterine growth retardation and 
neonatal distress were shown to be important 
independent predictors of poor growth outcome 
in a cohort of 509 German children with CKD 
stage 3–5 [34]. Potential explanations for these 
findings could be poor intrauterine growth 
 conditions (e.g., maternal malnutrition, smoking) 
or genetic abnormalities which may cause both 
intrauterine growth retardation and kidney 
hypoplasia.

Fig. 28.3 Changes in final height SDS over time accord-
ing to age and period of start of RRT (n = 981). The hori-
zontal line in the middle of the box represents the median; 
the bottom and top of the box represent the lower and 

upper quartiles, respectively; and the ends of the whiskers 
represent the 10th and the 90th percentiles. (Reproduced 
with permission of Ref. [5])
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 Growth During Infancy

Approximately one third of total postnatal growth 
occurs during the first 2 years of life. Therefore, 
any growth-suppressing conditions during this 
early period of life result in severe growth retar-
dation and probably irreversible loss of growth 
potential [35, 36]. A retrospective study in infants 
with severe CKD clearly demonstrated that the 
most critical period for loss of height potential is 
the first 6 months of life. Growth at this time is 
particularly dependent on adequate nutrition, 
which may be very hard to attain because of pre-
maturity, poor feeding, vomiting, and episodes of 
fasting as a result of surgery or sepsis [32]. In 
addition, and as mentioned previously, infants 
with comorbidities often present with much more 
severe growth failure than infants without comor-
bidities (Fig.  28.4). In infants with ESKD, i.e., 
those with severe congenital CKD, the decrease 
in mean standardized height can be as much as 
0.6 SD per month [2]. At 3 years of age, these 
children may have already lost 3 SD scores 
(SDS). According to the Infancy-Childhood- 
Puberty model, approximately 1 SDS may be lost 
during each of the following three periods, fetal 
life, during the first postnatal months, and 
between 9 and 18 months of age, the latter being 
due to either delayed onset of the “childhood” 
growth phase or regression to the infancy phase 
growth pattern. It has been suggested that the 
growth failure that occurs during fetal life and the 
first postnatal months reflects abnormal meta-
bolic and/or nutritional influences and the 
impaired growth present around the first birthday 
may be related to a partial insensitivity to 
GH.  The increasing incidence of renal replace-
ment therapy offered even to multimorbid infants 
makes the achievement of normal growth during 
infancy particularly challenging [30, 32].

 Growth During Mid-childhood

Patients with congenital CKD usually show 
percentile- parallel growth during the mid- 
childhood years. In this period, growth is closely 
correlated with the degree of renal dysfunction. 

Although there is no critical threshold of GFR, 
growth patterns are typically stable if the GFR 
remains above 25–35 ml/min/1.73 m2 and tends 
to diverge from the percentiles below this level 
[37–39]. In one study, a mean cumulative loss of 
6 cm from predicted final height was observed in 
children with a mean GFR below 25  ml/
min/1.73 m2 between early childhood and the age 
of 10 years [37]. In addition, metabolic acidosis 
(serum bicarbonate < 18 mEq/l) was shown to be 
associated with poor growth, whereas other 
sequelae of CKD such as anemia and malnutri-
tion seem to be less important determinants of 
statural growth in mid-childhood [40]. Abnormal 
growth patterns also occur in children who 
acquire CKD in this age range.

 The Pubertal Phase

 Pubertal Development
Delayed onset and progression of pubertal devel-
opment has historically been a common feature 
in children started on RRT [29]. Indeed, data 
from the late 1980s demonstrated a delay of 
pubertal onset by 2–2.5 years [29]. At least 50% 
of adolescents with ESKD achieved the pubertal 
milestones later than 95% of their healthy peers 
[29, 41]. Moreover, despite the achievement of 
pubertal stage 4 or 5, a substantial proportion of 
dialysis patients presented with permanently 
impaired reproductive function [42]. However, 
these observations were made more than 20 years 
ago, when many patients were on long-term dial-
ysis treatment before being transplanted. 
Fortunately, in the last 20  years, most children 
requiring RRT before pubertal age present with 
normal or only slightly delayed pubertal onset. In 
two studies, mean age at pubertal onset as well as 
age at menarche did not differ between children 
on RRT and healthy children; in addition, the 
serum levels of pubertal reproductive hormones 
were normal in the great majority of patients [9, 
43]. It is important to note that the age at onset of 
puberty is positively associated with the age at 
transplantation. Thus, early renal transplantation 
is a prerequisite for the prevention of pubertal 
delay in children with ESKD [23, 43]. 
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b

c

Fig. 28.4 Course of 
mean standardized 
height and body mass 
index (BMI) of children 
presenting within the 
first 6 months of life 
with a glomerular 
filtration rate less than 
20 ml/min/1.73 m2 
receiving tube feeding in 
order to provide at least 
100% of the 
recommended daily 
allowance (RDA) of 
healthy children. (a) 
Height SDS and BMI 
values for all patients. 
(b) Height SDS and 
BMI values for patients 
without comorbidities. 
(c) Height SDS and BMI 
values for patients with 
comorbidities. 
(Reproduced with 
permission of Ref. [32])
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Nevertheless, patients who demonstrate delayed 
puberty – that is, boys with a testicular volume 
<4 ml at the age of 14 years and girls with breast 
stage <B2 at age 13.5 years – should be referred 
to a pediatric endocrinologist for full workup and 
potential induction of puberty [22].

 Pubertal Growth
During the last two decades, in parallel with 
the improvement in sexual maturation has been 
an improvement in pubertal height gain [5, 9, 
23, 29]. Longitudinal growth in 384 German 
children on RRT who were followed between 
1998 and 2009 was compared with 732 children 
enrolled in the European Dialysis and Transplant 
Association (EDTA) registry between 1985 and 
1988 (Fig. 28.5) [9]. In line with previous stud-
ies, the pubertal growth spurt in the patients in 
the earlier EDTA study was delayed by approxi-
mately 2.5 years. In many of these patients, no 
clear pubertal growth spurt was present, and 
consequently standardized height decreased 
during pubertal age. In contrast, a clear puber-
tal growth spurt was present, and the onset of 
the pubertal growth spurt was within the nor-
mal range in the majority of patients followed 
up more recently. Consequently, standardized 
height even improved during puberty and until 
adult height. Thus, whereas 20 years ago a loss 
of about 1.0 SD was expected during puberty, 
currently a normal or only slightly reduced 
pubertal growth spurt can be expected if long-
term dialysis is avoided.

 Segmental Growth
It has been postulated that during malnutrition 
there is preferential preservation of growth of 
vital organs at the expense of less vital tissues 
such as the limbs, so that malnutrition during 
childhood results in disproportionate stunting 
with impairment of leg growth and preserved 
trunk and head growth [44]. To that end, relative 
leg length is increasingly used as a biomarker of 
childhood nutrition in epidemiological studies 
[45–47]. Information pertaining to segmental 
growth has been collected in the CKD Growth 
and Development Study, a study in which more 

than 800 pediatric CKD patients before and after 
transplantation have been enrolled since 1998. 
Patients undergo yearly detailed anthropometric 
assessments at two pediatric nephrology centers 
in Northern Germany in this prospective observa-
tional study. Patients with a long-term history of 
CKD and RRT demonstrated an age-related dis-
proportionate growth pattern [3, 4, 48]. Growth 
impairment and disproportionality was most 
obvious in early childhood. Sitting height was 
mostly preserved, whereas growth of the legs and 
arms was most severely affected (Fig.  28.6a). 
This resulted in a markedly elevated sitting height 
index (ratio of sitting height to total body height). 
Leg length was more affected in prepubertal 
compared to pubertal patients. Consequently, 
body disproportion was less pronounced in 
pubertal patients. In addition to transplant func-
tion and steroid exposure, congenital CKD, small 
for gestational age, young age, and use of rhGH 
in the pre-transplant period were significantly 
associated with growth outcome (stature and 
degree of body disproportion) in these patients. 
Noteworthy was the finding that kidney trans-
plantation resulted in complete normalization of 
body proportions until attainment of adult height 
in the vast majority of patients affected 
(Fig. 28.6b) [4].

 Etiology of Growth Failure 
in Chronic Kidney Disease

There is no single cause of growth failure in 
CKD (Table  28.1). Children may suffer from 
various acquired or congenital renal abnormali-
ties, manifesting in early or late childhood and 
differing widely with respect to severity and 
rate of progression. Likewise, a broad spec-
trum of concomitant complications (e.g., met-
abolic acidosis, electrolyte disturbances, and 
malnutrition) has to be considered (Fig.  28.2). 
Furthermore, children with CKD may undergo 
various therapeutic interventions and different 
modes of renal replacement therapy of vari-
able timing and duration during their growth 
period. While some factors, such as nutritional 
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a

b

Fig. 28.5 (a) Mean 
height velocity of 
European children with 
renal replacement 
therapy in the EDTA 
study 1985–1988 (blue 
lines) versus the 
Hannover/Berlin (H/B) 
pediatric population 
cohort 1998–2009 
(orange lines) in 
different age cohorts. 
(Reproduced with 
permission of Ref. [9]). 
(b) Age-dependent 
height standard 
deviation score of 
European children on 
renal replacement 
therapy 1985–1988 
(EDTA study, n = 732, 
blue error bars) and in 
the HB group (n = 384, 
orange error bars). 
EDTA, European 
Dialysis and Transplant 
Association, CI 
confidence interval. 
(Reproduced with 
permission of Ref. [9])
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and hormonal abnormalities, and hematologi-
cal and metabolic derangements, such as aci-
dosis, electrolyte imbalance, CKD-MBD, and 
anemia, are potentially correctable, the effects 
of others, such as birth parameters, associated 
syndromes, and parental heights, are not [49]. 
In addition, differences in economics (based 

on gross national income) and socioeconomic 
status substantially impact growth outcome in 
various countries. The effect of these economic 
factors has been shown to be independent of 
well-known factors that impair growth such as 
congenital CKD, anuria, and dialysis vintage, as 
outlined below [18].

a

b

Fig. 28.6 (a) Mean SD 
scores (SDS) for stature, 
sitting height, and arm 
and leg lengths in 389 
patients who had 
received transplants. (b) 
Mean sitting height 
index (ratio between 
trunk length and total 
body height) as a 
function of age in 389 
renal transplant 
recipients. *P < 0.05 for 
age cohorts of 3 years 
versus 5 years; 
**P < 0.05 for age 
cohorts of 2–5 years 
versus 8–12 years; 
***P < 0.05 for age 
cohorts of 8–12 years 
versus 14–18 years. 
Data are given as mean 
and 95% confidence 
interval. Horizontal lines 
refer to the normal mean 
(0 SDS) and lower (−2.0 
SDS) and upper (2.0 
SDS) normal range. 
(Reproduced with 
permission of Ref. [4])
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 Underlying Renal Disease

Congenital anomalies of the kidneys and urinary 
tract (CAKUT), characterized by renal hypopla-
sia or dysplasia with and without reflux or 
obstructive uropathy, are the most common 
causes of ESKD during infancy and childhood. 
Renal dysplasia is often associated with electro-
lyte and/or water losses, and losses of both are 
likely to contribute to growth failure [50]. Thus, 

it is important to compensate for these losses and 
to provide appropriate treatment of concomitant 
urinary tract infections as part of successful 
growth management.

In children suffering from glomerulopathies, 
growth rates might decline even with rather mild 
renal insufficiency. The nephrotic state per se and 
glucocorticoid treatment are known risk factors 
for growth delay [51]. Congenital nephrotic syn-
drome is usually associated with severe early 
infantile growth failure, which may occur even 
with preserved global renal function. The poor 
growth seems to be secondary to persistent 
edema, recurrent infections, losses of peptide and 
protein-bound hormones, and/or protein-calorie 
malnutrition [52, 53]. In Finnish-type congenital 
nephrotic syndrome, aggressive nutritional sup-
port is vital, and bilateral nephrectomy and initia-
tion of peritoneal dialysis may be necessary to 
improve growth. In other types of congenital 
nephrotic syndrome, unilateral nephrectomy and 
treatment with prostaglandin synthesis inhibitors 
and renin-angiotensin system (RAS) antagonists 
can reduce proteinuria and thereby improve 
growth and the overall clinical condition [52, 54].

Nephropathic cystinosis results in complex 
tubular dysfunction and is associated with severe 
growth failure early in infancy, even when glo-
merular function is not yet compromised [55, 
56]. Progressive growth failure is further aug-
mented in these children by generalized deposi-
tion of cystine crystals altering the function of 
growth plates, bone marrow, hypothalamus, pitu-
itary gland, and thyroid gland. However, early 
initiation of treatment with the cystine-depleting 
agent cysteamine improves growth and delays 
the development of ESKD by approximately 
10  years [55, 57]. Consequently, height at the 
start of RRT in this population has significantly 
improved during the last decade [58]. In patients 
with primary hyperoxaluria, supplementary treat-
ment with citrate and pyridoxine can delay pro-
gression of renal failure and possibly improve 
longitudinal growth [59]. In patients with sys-
temic oxalosis, combined liver and kidney trans-
plantation is a curative option; however, real 
catch-up growth after combined transplantation 
is rarely observed, even in prepubertal oxalosis 

Table 28.1 Factors that contribute to growth failure in 
children with CKD

Genetic factors
  Parental heights
  Gender
  Syndromic kidney diseases
Birth-related factors
  Prematurity
  Small for gestational age
  Intensive care requirement
Comorbidities (e.g., central nervous system, liver, or 
heart involvement)
Age at onset of CKD
Severity of CKD and residual renal function in 
patients on dialysis
Anemia
Metabolic disturbances
  Salt and water metabolism
  Metabolic acidosis
  CKD-MBD
Malnutrition
  Altered taste sensation
  Anorexia
  Vomiting
  Dietary restrictions
  Nutrient losses in dialysate
  Infections and inflammation
Protein-energy wasting
  Infections and inflammation
  Uremic toxins
  Oxidative stress
  Inflammatory cytokines
Hormonal disturbances affecting:
  The somatotropic hormone axis
  The gonadotropic hormone axis
  PTH and vitamin D metabolism or action
  Gastrointestinal hormones

Reproduced with permission of Ref. [22]
CKD chronic kidney disease, MBD mineral and bone dis-
order, PTH parathyroid hormone
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patients [28]. Most important is the recognition 
that every measure directed to preserve kidney 
function except glucocorticoid therapy has a ben-
eficial impact on growth in children with CKD.

 Consequences of Renal Disease

 Protein-Calorie Malnutrition
Nutritional imbalances, particularly protein- 
energy malnutrition, are frequently seen in chil-
dren suffering from CKD.  Infants and young 
children are particularly vulnerable to malnutri-
tion because of low nutritional stores and high 
energy demands which are, in turn, necessary to 
achieve high growth rates in this age group [20, 
32, 60]. Anorexia in CKD is due to a combination 
of altered taste sensation, decreased clearance of 
cytokines that affect appetite and satiety, obliga-
tory losses of salt and water leading to preference 
for salty foods and large volumes of water, and 
the need for multiple medications. Vomiting is 
common, particularly in infants. PD results in 
raised intra-abdominal pressure, which may also 
have an adverse effect on appetite and cause 
vomiting. Malnutrition is a crucial clinical issue 
since it is also significantly associated with 
increased mortality in children suffering from 
CKD [14–16].

The term malnutrition-inflammation com-
plex syndrome (MICS) has been coined to 
describe the association between chronic inflam-
mation and malnutrition in dialyzed children 
and adults. Another term, protein-energy wast-
ing (PEW), was also recently coined which 
more or less describes the same pathophysiolog-
ical scenario [61, 62]. Possible causes of MICS/
PEW include comorbid illnesses, oxidative and 
carbonyl stress, nutrient loss through dialysis, 
anorexia and low nutrient intake, uremic toxins, 
cytokine induction by exposure to bio- 
incompatible dialysis materials, decreased 
clearance of inflammatory cytokines, volume 
overload, and other dialysis-related factors. 
MICS may contribute to erythropoietin hypore-
sponsiveness, early cardiovascular atheroscle-
rotic disease, decreased quality of life, and 
increased mortality and hospitalization in dialy-

sis patients and may also lead to GH insensitiv-
ity and growth failure in children on dialysis 
[63–66]. Indeed, an in vitro study demonstrated 
that uremia attenuates GH-stimulated insulin-
like growth factor I (IGF-I) expression in the 
liver, which was further aggravated by inflam-
mation [63].

There is no consensus about how to determine 
the degree of severity of MICS or how to manage 
it. Anorexia manifests early in the course of renal 
failure and usually progresses with declining 
renal function [38]. In addition, protein synthesis 
is decreased in uremia, and catabolism is increased 
[67]. In CKD patients, spontaneous energy intake 
is directly correlated with decreased growth if it is 
less than 80% of recommended dietary allowance 
[68]. Unfortunately, further augmentation of 
energy above 100% of recommended dietary 
allowance tends to result in obesity rather than 
additional length/height gain [69–72]. Other 
approaches to prevent MICS may include the 
preferential use of biocompatible dialysis materi-
als to minimize inflammatory responses and 
intensified dialysis protocols to increase cytokine 
clearance and improve volume status. Preliminary 
results support the efficacy of these measures in 
improving growth hormone sensitivity and induc-
ing catch-up growth (see below).

 Metabolic Acidosis
Metabolic acidosis (serum bicarbonate < 
22 mEq/l) usually occurs when the GFR is below 
50% of normal, although nutritional intake (pro-
tein and acid load), catabolism, and alterations in 
electrolyte balance contribute to its development. 
Subsequent metabolic and endocrine aberrations 
are triggered by metabolic acidosis and aggravate 
uremic growth failure. In fact, metabolic acidosis 
is significantly associated with decreased length 
gain and increased protein breakdown in children 
with CKD [73–75]. Studies on metabolic acidosis 
in uremic animals have revealed a complex pat-
tern of interrelated pathophysiological  reactions. 
Metabolic acidosis increases glucocorticoid pro-
duction and protein degradation while concomi-
tantly suppressing spontaneous pituitary GH 
secretion, decreasing expression of the GH recep-
tor and IGF-I receptor, and decreasing IGF-I 
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serum concentrations; these effects highlight the 
necessity for adequate control of metabolic acido-
sis in children with CKD [76, 77]. Likewise, met-
abolic acidosis was noted to be undertreated in the 
CKiD population and associated with poor growth 
which further supports the concept that interven-
tions targeting metabolic acidosis may improve 
growth in this population [40].

 CKD-Mineral and Bone Disorder 
(CKD-MBD)

It is widely accepted that skeletal deformities due 
to CKD-MBD can contribute to uremic growth 
failure [78, 79]. Pronounced secondary hyper-
parathyroidism (sHPT) can interfere with longi-
tudinal growth by destruction of the growth plate 
architecture, epiphyseal displacement, and 
metaphyseal fractures. Severe destruction of the 
metaphyseal bone architecture may result in 
complete growth arrest. Although treatment with 
1,25-dihydroxyvitamin D3 (1,25(OH)2D3) reverts 
sHPT and improves growth in uremic rats, this 
has not been demonstrated in children with CKD 
[80–82]. The situation is even more complicated 
since skeletal growth is the net result of prolifera-
tion and differentiation of growth plate chondro-
cytes with subsequent mineralization of the 
extracellular matrix. According to current knowl-

edge, this biological process is under the control 
of three hormones, namely, PTH, 1,25(OH)2D3 
(calcitriol), and fibroblast growth factor 23 
(FGF23), as well as numerous paracrine and 
autocrine signals [83].

The contribution of sHPT to uremic growth 
failure has not been fully elucidated. Under physi-
ological conditions, growth plate chondrocytes 
proliferate and differentiate under the influence of 
PTH, mainly mediated by the induction of local 
IGF-I synthesis [84]. However, bones and growth 
plates are relatively resistant to PTH in chronic 
uremia [85]. Hence, low or normal PTH levels, 
which are indicative of low bone turnover in 
experimental uremia as well as in children with 
CKD stage 5D, have been suspected to impair 
longitudinal growth [86]. However, low bone 
turnover is rarely seen in children on dialysis 
(approx. 4%) [87]. In addition, one well- designed 
direct histomorphometric assessment in children 
on dialysis showed no association between low 
bone turnover and statural growth [88].

The IPPN offers the most up-to-date informa-
tion pertaining to the association between PTH 
and growth in a large cohort of pediatric PD 
patients. The annual prospective change in stan-
dardized height of this patient cohort tended to 
correlate inversely with time-integrated mean 
PTH levels (Fig. 28.7): patients with mean PTH 
levels >500 pg/ml (i.e., >9 times upper limit of 

Fig. 28.7 Time- 
averaged mean plasma 
intact parathyroid 
hormone (iPTH) 
concentrations and 
change in standardized 
height in 214 pre- and 
early pubertal children 
on peritoneal dialysis 
followed prospectively 
for at least 12 months. 
Full circles indicate 
patients receiving 
recombinant human 
growth hormone. 
(Reproduced with 
permission of Ref. [89])
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normal (ULN)) showed a significant loss in 
height SDS as compared to children with lower 
PTH levels (−0.28 versus −0.05 SDS per year; 
P < 0.05) [89]. Thus, dialyzed children with nor-
mal or up to nine times ULN elevated PTH levels 
retain the potential for normal growth, whereas 
patients with high PTH levels (>500 pg/ml) are at 
increased risk of growth failure.

 Anemia

Longstanding anemia in CKD patients has pro-
found systemic consequences including anorexia 
and catabolism due to altered energy turnover 
and multiple system dysfunctions. In fact, retar-
dation of growth and development is a hallmark 
in patients with longstanding chronic anemia of 
non-renal origin, e.g., thalassemia major. From a 
theoretical point of view, anemia may suppress 
growth secondary to reduction of appetite, inter-
current infections, cardiac complications, and 
severely reduced oxygen supply to cartilage. The 
advent of recombinant human erythropoietin 
(EPO) and thus the possibility to correct anemia 
in CKD patients facilitated study of the impact of 
anemia on longitudinal growth. Although short- 
term stimulatory effects of EPO on longitudinal 
growth have been reported anecdotally, there is 
no data demonstrating correlation between suc-
cessful treatment with EPO and improved growth 
in children with CKD [90, 91].

 Physical Activity

Physical activity is often reduced in children with 
CKD and associated with abnormalities in serum 
markers of bone formation and remodeling such 
as bone alkaline phosphatase (BAP) and tartrate- 
resistant acid phosphatase 5b (TRAP5b) [92]. 
Although endurance exercise improves bone for-
mation in subtotal nephrectomized young rats 
[93], studies demonstrating better growth after 
increased physical activity in children with CKD 
are lacking.

 Endocrine Changes

Uremia interferes with the metabolism and regu-
lation of various peptide hormones, leading to 
inappropriate circulating hormone concentra-
tions and/or altered hormone action. Distinct 
alterations of the gonadotropic and somatotropic 
hormone axes have been identified which are 
considered crucial pathomechanisms of uremic 
growth failure (Fig. 28.2).

 Gonadotropic Hormone Axis

 Gonadal Hormones
The reduced conversion of T to DHT secondary 
to diminished 5α-reductase activity might at 
least partially explain the delayed pubertal 
development in boys with advanced CKD [94, 
95]. In addition, the accumulation of sex hor-
mone-binding proteins that occurs with impaired 
renal clearance lowers the serum concentration 
of unbound (free) T [96]. Beyond this, the 
plasma concentration of inhibin, a gonadotropin 
feedback inhibitor produced by Sertoli cells, is 
increased in pubertal boys with CKD [97]. In 
adult women, plasma estradiol levels tend to 
decrease parallel to GFR reduction, and adoles-
cent girls show low-normal or decreased estra-
diol levels in relation to pubertal age [98]. 
However, these observations were all made 
more than 20  years ago. At least in recently 
transplanted children, this issue appears to be 
resolved. In a recent study, the majority of trans-
planted children without prior long-term dialy-
sis had normal estradiol and testosterone levels 
[43]. This may at least partly explain the 
improvement of pubertal development in 
patients on RRT documented during the last few 
decades [9].

Gonadotropins
Plasma concentrations of LH and FSH in combi-
nation with decreased or low-normal gonadal 
hormones suggest a state of compensated hyper-
gonadotropic hypogonadism in uremia [99]. 
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However, in CKD patients, the usually inade-
quate degree of hypergonadotropism relative to 
the level of hypogonadism is compatible with an 
additional defect of pituitary gonadotropin 
release. Analysis of spontaneous pulsatile LH 
secretion in children with CKD has provided new 
insights into the underlying pathophysiology 
[100, 101]. In CKD, mean LH plasma levels are 
elevated despite significantly reduced pituitary 
LH secretion, due to the markedly impaired renal 
metabolic clearance of LH. These alterations are 
much more pronounced in patients on dialysis 
compared to pre-dialysis [100]. When renal func-
tion is restored by renal transplantation, pulsatile 
LH secretion normalizes, and hypergonadotropic 
FSH and/or LH levels are only rarely observed 
[43, 99].

Since the onset of puberty is heralded by the 
appearance of nocturnal LH secretion episodes, 
the uremia-related impairment of pulsatile LH 
release suggests that the delayed pubertal onset 
in CKD is driven by hypothalamic abnormalities. 
Indeed, experimental evidence suggests that the 
reduced release of hypothalamic gonadotropin- 
releasing hormone (GnRH) is due to uremia- 
related inhibitory factors and/or to an increased 
tone of the inhibitory neurotransmitter gamma- 
aminobutyric acid [102, 103]. Beyond the quanti-
tative alterations of gonadotropin release, uremia 
affects also the biological quality of circulating 
gonadotropins. In pubertal and adult CKD 
patients, the proportion of bioactive LH in rela-
tion to the total immunochemically measurable 
amount of LH is reduced. This might be due to 
altered glycosylation and/or accumulation of less 
active isoforms [104].

In summary, insufficient activation of the 
hypothalamic GnRH pulse generator, likely 
mediated via circulating inhibitors, appears to be 
the key abnormality underlying delayed puberty 
and altered sexual functions in children on dialy-
sis therapy. However, renal transplantation is able 
to completely normalize all these alterations in 
the majority of patients if long periods on dialysis 
treatment are avoided.

 Somatotropic Hormone Axis

 Growth Hormone Secretion 
and Metabolism
In pediatric and adult CKD patients, fasting GH 
concentrations are normal or even increased, 
depending on the degree of renal failure. GH, a 
22-kilodalton protein, is almost freely filtered by 
the glomerulus (sieving coefficient ~0.82) and 
thereby ultimately cleared from the circulation 
[105]. Indeed, a linear relationship between GFR 
and the metabolic clearance rate of GH has been 
shown; GH clearance is reduced by approxi-
mately 50% in patients with ESKD [105, 106]. 
The prolonged plasma half-life of GH, rather 
than increased endogenous secretion, explains 
the increased circulating GH concentrations in 
uremia. Pituitary GH secretion is unaltered in 
prepubertal patients, but decreased in adolescents 
with CKD, suggesting insufficient stimulation by 
gonadal steroids during puberty [107, 108]. In 
addition, malnutrition and metabolic acidosis 
negatively impact GH secretion rates in children 
with CKD [76].

 Growth Hormone Receptor and GH 
Signaling
Studies in experimental uremia showed that 
CKD is a state of GH insensitivity. GH-induced 
hepatic IGF-I synthesis is diminished, due to 
either decreased expression of the GH receptor 
(GH-R) or a postreceptor signaling defect [63, 
109, 110]. Whereas reduced expression of GH-R 
encoding mRNA in the liver and growth plate 
chondrocytes has been consistently seen, hepatic 
but not growth plate cartilage GH-R protein lev-
els were found to be comparable in uremic and 
non- uremic animals when corrected for uremia- 
associated anorexia by pair feeding [109–111]. 
Thus, while decreased GH-R abundance in 
growth plate cartilage is likely to contribute to 
uremic growth failure, a postreceptor GH signal-
ing defect has been identified as cause of the 
diminished hepatic IGF-I secretion upon GH 
stimulation. In fact, aberrant GH-dependent 
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JAK-STAT signaling has been noted with uremia 
(Fig.  28.8). Normally, activation of the JAK- 
STAT cascade by tyrosine phosphorylation is 
triggered by GH binding to its receptor. This 
then leads to transcriptional activation of IGF-I 
synthesis as well as synthesis of the proteins of 

the suppressor of cytokine signaling (SOCS) 
family. The latter are responsible for dephos-
phorylation of the GH-activated activated cas-
cade and as such provide a GH-regulated 
negative feedback loop. However, under the con-
ditions of chronic uremia, the equilibrium 

Fig. 28.8 Growth hormone (GH)-mediated JAK2/STAT 
signal transduction. GH activates several signaling path-
ways via Janus kinase2 (JAK2) including the JAK-STAT 
(signal transducer and activator of transcription) pathway. 
Binding of GH to its receptor (GH-R) activates JAK2, 
which then self-phosphorylates followed by phosphoryla-
tion of the GH-R and subsequently STAT 1a, 3, 5a, and 
5b, members of a larger family of cytoplasmic transcrip-
tion factors. These phosphorylated STATs form dimers 
that enter the nucleus where they bind to specific DNA 
sequences and activate their target genes including 
insulin- like growth factor-I (IGF-I) and some suppressors 
of cytokine signaling (SOCS). Deletion of STAT5 expres-

sion leads to retarded body growth, and STAT5b is 
required for GH-mediated IGF-1 gene expression. In 
renal failure, phosphorylation of JAK2 and the down-
stream signaling molecules STAT5, STAT3, and STAT1 
are impaired, as are the nuclear levels of phosphorylated 
STAT proteins. This important cause of uremic GH insen-
sitivity may result in part from the upregulation of SOCS2 
and SOCS3 expression with suppressed GH signaling and 
also from increased protein tyrosine phosphatase activity, 
with enhanced dephosphorylation and deactivation of the 
signaling proteins. (Reproduced with permission of Ref. 
[179])
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between GH-induced transcriptional activation 
of IGF-I and SOCS is shifted toward SOCS 
overstimulation. Current evidence suggests that 
the inflammatory state associated with uremia 
might also contribute to GH insensitivity, as 
SOCS are also induced by inflammatory cyto-
kines [63, 64, 66, 109, 112, 113].

In humans, levels of circulating GH binding 
protein (GHBP), which in turn results from pro-
teolytic cleavage of the extracellular receptor 
domain, are taken as a measure of GH receptor 
expression. In line with the above-described 
pathophysiologic mechanism, GHBP plasma lev-
els were reduced in 77% of pediatric CKD 
patients compared to age- and gender-matched 
controls. The decrease of serum GHBP levels 
was significantly associated with the degree of 
renal impairment. In patients with eGFR < 35 ml/
min/1.73  m2, mean GHBP levels amounted to 
−1.04 SDS and in patients on dialysis to −2.25 
SDS (P < 0.001) [114].

 Insulin-Like Growth Factor Plasma 
Binding and Tissue Action
Apart from GH insensitivity, insensitivity to 
IGF-I is also associated with uremia [115–118]. 
While serum concentrations of IGF-I and IGF-II 
are usually within the normal range in children 
with CKD, IGF-I levels are slightly reduced, and 
those of IGF-II are mildly increased in dialyzed 
patients [119]. In contrast to the unchanged total 
amount of circulating immunoreactive IGF, 
somatomedin bio-availability is reduced in ure-
mia pointing to the existence of circulating inhib-
itors [120]. A low-molecular-weight somatomedin 
inhibitor (~1 kDa) was detected in uremic serum 
in an early study [121], but this has not been 
characterized further. Later studies focused on 
the accumulation of specific high-affinity IGF- 
binding proteins (IGFBP1–6), which are nor-
mally cleared by the kidneys and are considered 
the main cause of diminished somatomedin bio-
activity in uremia. In particular, the concentra-
tions of IGFBP-1, IGFBP-2, IGFBP-3, IGFBP-4, 
and IGFBP-6 increase as renal function declines, 
and IGFBP-1, IGFBP-2, IGFBP-4, and IGFBP-6 
have been shown to inhibit IGF-I bioactivity 
in  vitro [116, 122–124]. In contrast, the serum 

concentrations of IGFBP-5 are normal, and 
IGFBP-5 proteins undergo intense proteolytic 
cleavage in chronic uremia [122]. Likewise, the 
elevated level of IGFBP-3 is primarily due to the 
accumulation of proteolytic fragments, whereas 
intact IGFBP-3 is markedly diminished [125]. 
The molar excess of IGFBPs over IGFs is approx-
imately 150% in children with CKD and 200% in 
children on dialysis as compared to 25% in 
healthy children. An inverse correlation between 
growth retardation and IGFBP-1, IGFBP-2, and 
IGFBP-4 serum concentrations has been 
described [126]. Reduced IGF bioactivity can be 
returned to normal by removing unsaturated 
IGFBPs [120]. These data are in favor of the con-
cept that serum IGFBPs increase with declining 
renal function in CKD patients and that the 
greater excess of IGFBPs in ESKD compared to 
pre-end-stage CKD patients contributes to the 
more severe growth failure and reduced response 
to rhGH therapy in children on dialysis. In addi-
tion, cellular IGF signaling is impaired in the ure-
mic state. It remains to be elucidated whether a 
postreceptor mechanism similar to the one 
observed for GH signaling is responsible for this 
phenomenon [113].

In summary, markedly deficient IGF-I synthe-
sis, modest elevations of GH levels due to 
decreased metabolic clearance, and the presence 
of increased IGF plasma binding capacity under-
score the multi-level homeostatic failure of the 
GH-IGF-I system in uremia.

 Treatment of Growth Failure 
in Chronic Kidney Disease 
and on Dialysis

 General Measures

In infants and young children with CKD, the 
most important measure to avoid CKD-associated 
growth failure is the assurance of adequate caloric 
intake [60]. This often necessitates supplemen-
tary feeding via a nasogastric or gastrostomy tube 
[21]. In a retrospective analysis of growth in 101 
infants and young children with severe CKD, 
persistent catch-up growth was achieved in the 
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majority of patients when measures such as tube 
feeding were commenced early as expected 
growth was not achieved (Fig. 28.4) [32].

The use of enteral feeding varies around the 
world, as has been clearly demonstrated by the 
IPPN report of 153 infants on PD: gastrostomy 
tubes are most commonly used in the USA, 
where 80% of infants on PD are gastrostomy fed; 
20% of infants on PD have gastrostomies in 
Europe, but this practice is rare or absent in the 
rest of the world [72]. Nasogastric feeding is 
commonest in Europe and Latin America. 
Nevertheless, gastrostomy feeding, rather than 
demand or nasogastric tube feeding, has been 
associated with better preservation of linear 
growth in the infants in the IPPN database 
(Fig. 28.9). This may be related to the decreased 
vomiting that occurs with gastrostomy as com-
pared to nasogastric tubes. In later childhood, 
enteral feeding improves nutritional status, 

although catch-up growth is rarely achieved by 
dietary manipulations alone [60].

In general, the targeted caloric intake should 
be between 80% and 100% of the recommended 
daily allowance (RDA) of healthy children [20]. 
The prescribed caloric intake should take into 
account growth failure and be related to “height 
age” rather than to chronological age. Protein 
intake should be 100% of RDA.  In patients on 
peritoneal dialysis, a slightly higher dietary pro-
tein intake (+0.2  g/kg/day) is recommended to 
compensate for dialytic protein losses. A high- 
protein intake should be avoided since, despite 
many attempts, anabolizing or growth-promoting 
effects of high-protein diets have been demon-
strated neither in animal models nor in children 
with CKD.  On the contrary, high-protein diets 
may be detrimental by aggravating metabolic 
 acidosis and augmenting dietary phosphorus load 
and CKD-MBD.

Fig. 28.9 Whereas both nasogastric tube (NGT) and gas-
trostomy (GS) feeding improve nutritional status, only GS 
feeding was associated with stabilized linear growth in 
young infants undergoing PD. The data points represent 
mean estimates at key time points of postnatal develop-
ment (i.e., birth, commencement of PD, initiation and dis-

continuation of nasogastric tube or gastrostomy feeding, 
enrollment to IPPN (study entry), and last available obser-
vation). Two-dimensional error bars denote the 95% con-
fidence intervals to mean age and SDS at the respective 
time point. (Reproduced with permission of Ref. [72])
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 Correction of Acid-Base/Electrolyte 
Abnormalities

Metabolic acidosis should be corrected to serum 
bicarbonate levels ≥22 mEq/l by administration 
of sodium bicarbonate and/or the use of HCO3- 
based or lactate-based dialysis solutions in chil-
dren on dialysis. In addition, supplementation of 
water and electrolytes is essential in patients pre-
senting with polyuria and/or salt-losing nephrop-
athies. Supplementation of sodium chloride is 
also important in young children on peritoneal 
dialysis, since significant amounts of sodium 
chloride (i.e., 2–5 mmol/kg body weight) may be 
eliminated via peritoneal ultrafiltration.

 Dialysis and Intensified Dialysis

Although dialysis treatment attenuates the ure-
mic state, longitudinal growth is usually not 
improved, and long-term PD or HD are associ-
ated with a gradual loss of standardized height in 
children and adolescents. In dialyzed infants, 
height losses of up to 1 SD per year have been 
reported, even with utilization of high-flux hemo-
dialysis [127–129]. In fact, residual renal func-
tion appears to be a better predictor of longitudinal 
growth than dialytic clearance [130, 131]. 
However, a recent Italian study in infants on 
chronic PD reported catch-up growth in 50% of 
patients [132]. Longitudinal growth in this cohort 
was positively associated with both exchange 
volume and dialysis session length supporting 
the importance of dialysis adequacy in order to 
optimize growth in children on PD. Notably, high 
peritoneal transporter status, a condition associ-
ated with increased morbidity and mortality in 
adults, is associated with poor longitudinal 
growth in children on chronic PD [133]. This 
might be due to the putative association of high 
peritoneal transport with inflammation, which 
can suppress statural growth by interference with 
GH signaling (see above), or excessive losses of 
proteins and amino acids important to growth.

It has been suggested that intensified dialysis, 
achieved by either extended thrice-weekly noc-

turnal or short daily sessions, might be able to 
induce catch-up growth [134, 135]. According to 
a recent study, catch-up growth can be maxi-
mized when intensified hemodiafiltration (HDF; 
3 hours, 6 times a week) and rhGH therapy are 
combined [136–139]. Using this approach in 15 
mainly prepubertal children for an average 
observation time of 21 months, Fischbach et al. 
observed an average increase in growth velocity 
from 3.8 cm/year at baseline to 8.9 cm/year dur-
ing the intervention. This resulted in a mean 1.7 
SDS gain of standardized height, representing 
complete catch-up growth according to the 
attainment of the target height SDS.  From a 
pathophysiological point of view, intensified 
HDF is a better substitute than conventional HD 
for physiological kidney function, and higher 
convection rates may result in substantially bet-
ter clearance of uremic toxins [137]. As a result, 
inflammation and metabolic acidosis may be 
abolished, leading to an improved appetite and 
tissue anabolism. The improved removal of 
inflammatory cytokines and increased clearance 
of IGF-1-binding proteins might also reverse GH 
insensitivity and allow exploitation of the full 
therapeutic potential of exogenous rhGH ther-
apy. However, the positive effects of this 
approach must be counterbalanced with the 
potential impact of intensified dialysis on psy-
chosocial integration and augmented treatment 
costs.

Interestingly, a slight but significant increase 
in height SDS was also noticed in a recent obser-
vational study comparing growth in children 
on conventional HDF compared with patients 
on HD that was independent of rhGH therapy 
(Fig. 28.10) [140]. Interestingly, an inverse cor-
relation between height SDS increase and beta 
2-microglobulin was noted in the study from 
Shroff et  al., suggesting that conventional HDF 
may also result in enhanced clearance of middle- 
molecular- weight compounds which, in turn, 
may partially alleviate rhGH therapy insensitiv-
ity in patients on dialysis. Prospective random-
ized trials will be required to provide definite 
proof regarding the impact of this therapy on the 
growth of children with CKD stage 5D.
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 Transplantation

Although many of the metabolic and endocrine 
disorders contributing to uremic growth failure 
are resolved by renal transplantation, post- 
transplant catch-up growth is usually restricted to 
young children and occurs far from regularly 
[141]. Beyond transplant function, age and extent 
of stunting at the time of transplantation, in addi-
tion to glucocorticoid dosage, are inversely asso-
ciated with longitudinal growth. While complete 
steroid withdrawal as one means to enhance 
growth was associated with unacceptably high 
rejection rates in children who received azathio-
prine and/or cyclosporine A as maintenance 
immunosuppressive medication, withdrawal 
appears much safer with the currently preferred 
immunosuppressants [142]. In a randomized trial 
of late steroid withdrawal in patients on the com-
bination of cyclosporine A and mycophenolate 
mofetil, steroid-free patients showed improved 
growth compared to controls (i.e., change in 
height SDS; 0.6 ± 0.1 versus −0.2 ± 0.1) within 
27  months which was not associated with 

increased rejection rates [143]. However, catch-
 up growth in pubertal patients was rather limited 
compared to that in prepubertal patients.

It seems logical that if steroids are withdrawn 
at an early stage or even completely avoided, bet-
ter growth outcomes will be observed. Indeed, a 
retrospective analysis of longitudinal growth in a 
cohort of 74 children who had been weaned off 
steroids within 6  months of transplantation 
showed remarkable results [8]. Mean adult height 
was −0.5 ± 1.1 SDS and −1.0 ± 1.3 SDS in pre-
pubertal and pubertal patients and was within the 
normal range (>−2 SD) in 94% and 80% of 
patients, respectively. Likewise, early steroid 
withdrawal (<6  weeks) and complete steroid 
avoidance were shown to be safe and resulted in 
an improved standardized height by approxi-
mately 1.0 SDS within 3–5  years post- 
transplantation [144–147]. It is important to note 
that renal transplantation results in preferential 
stimulation of leg growth and thereby is able to 
completely normalize body proportions by adult 
age in children with ESKD, when the transplant 
is performed before pubertal age [4]. Thus, 

Fig. 28.10 Improved 
height SDS in children 
on hemodiafiltration 
(HDF) compared to 
hemodialysis (HD). The 
figure shows change in 
height SDS in the HD 
and HDF arms at 
baseline and 1-year 
follow-up. Data are 
shown as median and 
interquartile range. 
Within-group analyses 
performed by Wilcoxon 
matched-pairs signed- 
rank test and HD versus 
HDF cohorts compared 
by Mann-Whitney U 
test. At 12 months, the 
height SDS in the HDF 
group was higher than in 
the HD group 
(P = 0.04). (Reproduced 
with permission of Ref. 
[140])
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efforts to avoid a substantial height deficit before 
transplantation, through the use of rhGH treat-
ment, early (preemptive) renal transplantation, 
and immunosuppressive strategies characterized 
by the early withdrawal or even complete avoid-
ance of steroids, can improve final height and 
normalize body proportions in children after suc-
cessful transplantation.

 Endocrine Therapies

 Active Vitamin D
Calcitriol deficiency is a major cause of sHPT 
and renal osteodystrophy [79]. Although treat-
ment with calcitriol reverses the biochemical, 
radiographic, and histological signs of high- 
turnover bone disease, neither experimental nor 
clinical studies provide evidence of consistent 
improvement of longitudinal height as a result of 
this therapy [82, 148, 149]. These conflicting 
results might be due to differences in the mode of 
administration and to the pleiotropic calcitriol- 
specific effects on growth plate chondrocytes. 
Minimal PTH suppressive calcitriol dosages 
should be used in order to keep PTH levels in the 
desired target range [150]. However, current 
pediatric consensus guidelines differ markedly 
with respect to the optimal PTH range. The 
European guidelines (EPDWG) recommend that 
the PTH should be maintained within the normal 
range in children with GFR < 30 ml/min/1.73 m2 
and within two to three times the ULN in CKD 
stage 5 [78, 90]. In contrast, the US-based  
K/DOQI guidelines recommend a target range of 
three to five times the ULN in stage 5 CKD [20]. 
The Global Outcome (KDIGO) guidelines rec-
ommend a PTH target range of two to nine times 
the ULN in stage 5 CKD, the higher end of the 
range rarely deemed acceptable in pediatric bone 
care [151]. However, most important is the rec-
ognition that none of these recommendations 
have been validated in a large pediatric stage 5 
cohort. Most recently, data from the IPPN has 
suggested that an optimal PTH target range of 
1.7–3 times ULN in pediatric PD patients is asso-
ciated with lower CKD-MBD complications like 
growth failure [152].

Calcimimetics
Uncontrolled and controlled studies provide evi-
dence that calcimimetics are an effective therapy 
of sHPT in pediatric dialysis patients [153–157]. 
Calcimimetics suppress PTH secretion by acti-
vating the calcium-sensing receptor (CaR). The 
CaR is expressed by epiphyseal chondrocytes; its 
stimulation stimulates chondrocytic proliferation 
and differentiation. Thus, calcimimetics may 
affect longitudinal growth in uremia as well. In 
fact, one calcimimetic (cinacalcet) has been 
shown to improve food efficiency and body 
weight gain in uremic rats, but no specific effects 
on growth plate morphology and/or longitudinal 
growth were seen [158]. Likewise, no beneficial 
or adverse effect on longitudinal growth was 
noted during calcimimetic treatment periods of 
up to 3 years in children on dialysis [153–155].

 Growth Hormone
Pharmacological treatment of children with CKD 
and growth delay with rhGH actually predated 
understanding of the pathomechanisms that 
underlie chronic uremic alterations of the 
GH-IGF-I axis [109, 159, 160]. Administration 
of rhGH markedly stimulates IGF-I synthesis 
with only a modest effect on IGFBPs, thereby 
normalizing somatomedin bioactivity and pro-
moting longitudinal growth [161]. The efficacy 
and safety of long-term treatment with rhGH in 
children with CKD before and after renal trans-
plantation have been established, and clinical 
practice recommendations on this topic were 
recently published in 2019 [22].

 Efficacy of rhGH in Prepubertal 
Children

In prepubertal children with pre-dialysis CKD, 
rhGH therapy typically doubles height velocity 
during the first treatment year [162]. Catch-up 
growth continues asymptotically during 
extended treatment [163–165]. In dialyzed chil-
dren, the treatment response is significantly 
attenuated compared to children with pre-dialy-
sis CKD (0.8 SD vs. 1.3 SD) [166]. RhGH 
responsiveness is similarly poor in children on 
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peritoneal dialysis and standard hemodialysis, 
but as noted previously, can be markedly 
improved when dialytic clearance is augmented 
by daily HDF [138].

Based on the current experience with rhGH 
in pediatric CKD patients, a model to predict 
growth response was developed [167]. The pre-
diction model was developed using a cohort of 
208 prepubertal children on conservative or 
dialysis treatment followed in a pharmaco- 
epidemiological survey (KIGS) and validated in 
an independent group of 67 CKD patients regis-
tered at the Dutch Growth Research Foundation. 
The height velocity during the first rhGH treat-
ment year (PHV) was predicted by the following 
equation: PHV (centimeters per year) = 13.3 − 
[age (years) × 0.38  +  (weight SDS × 0.39)] − 
[hereditary renal disorder (0 when absent or 1 
when present) × 1.16] + [Ln rhGH dose (mg/kg/
week) × 1.04]  +  [GFR (ml/min × 1.73  m2) × 
0.023]. This equation explains 37% of the overall 
variability of the growth response. The SE of the 
estimate or error SD of the prediction model was 
1.6  cm, and non-responders in the validation 
group were correctly identified. This model may 
help in predicting non-responders and in tailoring 
treatment strategies for growth-retarded children 
with CKD.

Another useful method to assess adequacy of 
growth response to rhGH therapy in children 
with CKD comes from the Genentech National 
Cooperative Growth Study [168]. First-year 
growth response curves were constructed from 
actual data from 270 naive-to-rhGH, prepuber-
tal children with CKD (186 males, 84 females). 
Data from both genders were combined because 
gender was not significantly related to height 
velocity. Age-specific height velocity (HV) in 
cm/year plots including mean, mean  ±  1  SD, 
and mean  −  2  SD during first year of rhGH 
treatment is available and can be used to assess 
a patient’s first-year growth response. HV below 
the mean −  1 SD can be considered an inade-
quate response. These curves may help identify 
patients with a suboptimal growth response due 
to confounding medical factors and/or 
non-compliance.

Several RCTs have shown the benefit of GH 
therapy in short prepubertal renal transplant 
recipients. A meta-analysis of 5 prospective 
RCTs involving a total of 401 patients showed 
that patients receiving rhGH therapy had a sig-
nificantly higher growth velocity 1 year after the 
initiation of therapy than the control group, with 
a mean height SDS difference of 0.68 (95% CI 
0.25–1.11) [162]. The mean difference in height 
SDS change between the treated and the control 
group was 0.52 (95% CI 0.37–0.68).

 Effects of rhGH on Pubertal Growth 
and Final Height

In a study following patients with CKD and 
ESKD from late prepubertal age to final height, 
the average height increment in rhGH-treated 
patients was twice that seen in a matched con-
trol group [12]. The main benefit for total growth 
and final height was achieved before the onset 
of the pubertal growth spurt, whereas no overall 
effect on pubertal height gain was observed 
(Fig. 28.11).

Data on adult height are available from 11 
non-randomized trials in which rhGH was admin-
istered for at least 2 years, comprising a total of 
836 patients on various modes of RRT which 
were summarized by Drube et  al. [22]. In five 
studies, a matched historical control group was 
included. The median change in standardized 
height until attainment of adult height amounted 
to 1.1 SDS (range 0.2–1.6 SDS) in rhGH-treated 
patients (P < 0.05 for each final height measure-
ment versus initial height measurement). This 
change corresponded to a median absolute 
increase in rhGH-treated patients of 7.4  cm 
(range 1.4–10.8 cm) in boys and 7.0 cm (range 
1.3–10.1 cm) in girls, based on European refer-
ence values. However, this calculation may rep-
resent a poor estimate (likely an underestimate) 
of median absolute height increase, since adult 
height was significantly lower in non-rhGH- 
treated controls than initial standardized height 
indices in all except one study. Heights attained 
at the start of rhGH and throughout the duration 
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of rhGH treatment were positively associated 
with final height, whereas time spent on dialysis, 
age at puberty onset, and age of start of rhGH 
were negatively associated with final height [12, 

27]. Taken together, the available studies suggest 
that rhGH improves adult height in short prepu-
bertal and pubertal CKD patients prior to and 
after renal transplantation.

a

b

Fig. 28.11 (a) Synchronized mean height velocity 
curves of 32 boys (left panel) and 6 girls (right panel) with 
CKD during rhGH treatment (closed circles), as com-
pared with 50 children with CKD not treated with rhGH 
(open circles) and 232 normal children (thin lines). The 
dots indicate the time of the first observation, which cor-
responds to the start of rhGH treatment in the growth 
hormone-treated children, minimal prespurt height veloc-
ity, and the time of the end of the pubertal growth spurt. 
(Reproduced with permission of Ref. [12]). (b) 

Synchronized mean height curves of 32 boys (left panel) 
and 6 girls (right panel) with CKD during rhGH treatment 
(closed circles), as compared with 50 children with CKD 
not treated with rhGH (open circles). Normal values are 
indicated by the 3rd, 50th, and 97th percentiles. The dots 
indicate the time of the first observation, which corre-
sponds to the start of rhGH treatment in the growth 
hormone- treated children, and the time of the end of the 
pubertal growth spurt. (Reproduced with permission of 
Ref. [12])
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 Efficacy of rhGH in Infants

According to standard concepts of the patho-
physiology of uremic growth failure, malnutri-
tion and fluid and electrolyte imbalances have a 
much greater impact on infant growth than alter-
ations of somatotropic hormones. Consequently, 
correction of the nutritional status has been con-
sidered the primary measure to restore normal 
growth in growth-retarded infants, postponing 
the option of endocrine therapeutic intervention 
to beyond the second year of life. This concept 
has been challenged by several reports of initiat-
ing rhGH in growth-retarded infants with CKD 
[169–172]. A randomized controlled study 
involving 30 growth-retarded infants (mean age: 
16  months) with moderate CKD (mean GFR: 
25 ml/min/1.73 m2) revealed excellent catch-up 
growth from −3.0 to −1.1 SDS within 24 months 
of drug initiation, in contrast to no significant 
change in controls [172]. Likewise, Maxwell 
and Rees reported an increase in height SDS 
from −3.3 to −2.2 within 12  months in eight 
infants with a mean age of 22 months and CKD 
stage 3–4 [170]. Mencarelli et al. reported on a 
cohort of 27 infants with early-onset CKD 
receiving standard therapy with or without the 
addition of rhGH treatment [171]. Children 
treated with rhGH, but not patients undergoing 
close nutritional management only, showed sig-
nificant increases in both weight and height 
SDS. Notably, two thirds of the patients receiv-
ing rhGH were on dialysis. Hence, the results of 
these studies lend further support to the previ-
ous observation that the relative efficacy and 
cost efficiency of rhGH are actually best when 
initiated at young age, i.e., during infancy and 
early childhood [22]. While the provision of 
adequate nutrition is certainly vital to growth 
and development of infants with CKD, some 
children show growth failure despite adequate 
nutrition. In these patients, any further increases 
of energy intake typically lead to fat deposition, 
but not catch-up growth. Early rhGH therapy 
appears to be an attractive option to accelerate 
length and weight gain in such infants. The fact 
that the enhanced growth also helps the infant 

achieve the body size required for renal trans-
plantation more expeditiously is yet another 
benefit [22].

 General rhGH Treatment Strategies

Children above 6 months of age with stage 3–5 
CKD or on dialysis should be candidates for 
rhGH therapy if they have persistent growth fail-
ure, defined as a height below the 3rd percentile 
for age and sex and a height velocity below the 
25th percentile, once other potentially treatable 
risk factors for growth failure have been ade-
quately addressed, and provided the child has 
growth potential (open epiphysis on x-ray of the 
wrist) [22]. RhGH therapy should also be consid-
ered for children with stage 3–5 CKD or on dial-
ysis aged above 6  months, who present with a 
height between the 3rd and 10th percentiles, but 
persistent low height velocity (<25th percentile), 
once other potentially treatable risk factors for 
growth failure have been adequately addressed. 
Such early, preventive therapy is probably more 
cost-effective than starting at a more advanced 
age when growth retardation has become more 
evident and higher absolute rhGH doses are 
required.

The growth response to rhGH treatment is 
positively associated with residual renal function, 
target height, initial target height deficit, and 
duration of rhGH treatment and inversely corre-
lated with the age at the start of treatment [12, 27, 
163, 166, 167]. Daily dosing is more effective 
than three doses per week, and the optimal dose 
is 0.045–0.05 mg/kg body weight per day by sub-
cutaneous injections in the evening [22]. There 
has been a recent recommendation from patients/
parents in Europe that parents and physicians 
should encourage children from about 8 to 
10 years of age to do the rhGH injections on their 
own, if adequate training and adherence can be 
assured, because this may ultimately improve 
patient adherence and self-esteem [22]. Whereas 
discontinuation of rhGH results in catch-down 
growth in approximately 75% of CKD patients, 
this phenomenon is rarely observed when rhGH 
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treatment is discontinued after transplantation, 
highlighting the close relationship between renal 
function and growth [173]. Furthermore, although 
the absolute height gain achieved by rhGH is 
independent of age, the reference range increases 
with age. Thus, rhGH treatment should be started 
as early as growth retardation becomes evident 
(i.e., height below 3rd percentile) [22, 163]. If 
height velocity in the first year of rhGH treatment 
is less than 2 cm/year over baseline, it is recom-
mended to assess patient adherence to rhGH ther-
apy through the measurement of serum IGF-I 
levels, as well as ensuring the correct weight- 
adjusted rhGH dosage, and addressing any addi-
tional nutritional and metabolic issues [22].

The primary treatment target should be to 
return the child’s height into her/his individual 
genetic percentile channel. Treatment may be 
suspended once this target is reached, but growth 
should be monitored closely as outlined above. In 
patients receiving rhGH while on conservative 
treatment, rhGH should be continued after the 
initiation of dialysis, but stopped at the time of 
renal transplantation. RhGH therapy should, 
however, subsequently also be considered for 
pediatric renal transplant recipients for whom 
expected catch-up growth cannot be achieved by 
steroid minimization or for patients in whom ste-
roid withdrawal is not feasible due to high immu-
nological risk, particularly in children with 
suboptimal graft function (eGFR <50  ml/
min/1.73 m2). Growth should be monitored for at 
least 1  year post-transplantation before rhGH 
therapy is considered, in order to allow for spon-
taneous catch-up growth without need for rhGH 
therapy [22].

 Potential Adverse Events Associated 
with rhGH Therapy

The safety of long-term rhGH treatment in CKD 
has been evaluated in several clinical studies and 
registries which have been summarized by Drube 
et al. [22]. RhGH therapy in short children with 
CKD on conservative treatment, on dialysis, and 
after renal transplantation was not associated 
with an increased incidence of malignancy, 

slipped capital femoral epiphysis, avascular 
necrosis, glucose intolerance, pancreatitis, pro-
gressive deterioration of renal function, acute 
allograft rejection, or fluid retention. Intracranial 
hypertension (ICH) in 3 out of 1376 CKD patients 
was the only adverse event significantly associ-
ated with rhGH therapy [174]. However, in all 
three instances, ICH occurred after discontinua-
tion of rhGH.  Therefore, due to the potentially 
increased risk of ICH in CKD, baseline fundos-
copy is recommended prior to therapy initiation 
[22]. Furthermore, hydration should be carefully 
monitored in CKD patients receiving rhGH since 
overhydration may be a predisposing factor for 
ICH. In the presence of symptoms like headache 
or vomiting, an immediate workup for ICH 
including fundoscopy should be performed.

Although insulin secretion increases during 
the first year of rhGH treatment and hyperinsu-
linemia persists during long-term therapy, nor-
mal glucose tolerance is preserved during up to 
5 years of rhGH administration in CKD patients 
on conservative treatment, on dialysis, and after 
renal transplantation. Hyperinsulinemia is most 
pronounced in transplanted patients on concomi-
tant glucocorticoid therapy. Hyperinsulinemia 
may, at least in theory, contribute to the develop-
ment of atherosclerosis or induce diabetes melli-
tus by exhaustion of ß-cells. However, up to now, 
this has not been observed in CKD patients 
receiving rhGH [174].

Aggravation of secondary hyperparathyroid-
ism has rarely been reported in CKD patients on 
rhGH treatment, and the underlying pathomecha-
nisms remains to be elucidated [175]. RhGH 
might have a direct stimulatory effect on the 
parathyroid gland and/or might have subtle 
effects on calcium homeostasis which in turn 
stimulate PTH secretion. Finally, increased lon-
gitudinal bone growth by rhGH treatment may 
unmask preexisting renal osteodystrophy. 
Therefore, bone metabolism should be evaluated 
carefully in candidates for rhGH therapy, and 
severe hyperparathyroidism and renal osteodys-
trophy should be adequately treated before initia-
tion of such therapy in CKD patients. Likewise, 
rhGH therapy should be stopped in patients with 
persistent severe secondary hyperparathyroidism 
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(PTH > 500 pg/ml). RhGH may be reinstituted 
when PTH levels return to the desired PTH target 
range [22].

 Future Perspectives

Despite attention to nutrition and the availability 
of rhGH therapy, the problem of CKD-associated 
growth failure has not been resolved in the major-
ity of dialysis patients. If early renal transplanta-
tion is not possible, the recently propagated 
concept of intensified hemodialysis (thrice- 
weekly nocturnal or short daily sessions) com-
bined with rhGH may be a promising option for 
patients suffering from growth retardation and 
GH insensitivity on conventional dialysis ther-
apy. If this is not feasible, conventional HDF 
should be pursued instead of HD in centers where 
HDF is available [137, 140].

Self-reported nonadherence to rhGH was 
associated with poorer growth velocity in chil-
dren with CKD.  Therefore, adherence to rhGH 
therapy may be an excellent opportunity for 
intervention and improved patient outcome 
[176]. Another avenue of promising clinical 
research may be related to the provision of 
recombinant IGF-I administered as monotherapy 
or in combination with rhGH and targeting of the 
SOCS2 signaling pathway [177].

A particular challenge is the management of 
severely diminished pubertal height gain seen in 
some adolescents with CKD. In such adolescents, 
pharmacological inhibition of epiphyseal closure 
may allow an extended duration of the remaining 
growth period. Since the closure of the epiphy-
seal growth plate is induced by local estrogen 
action, inhibition of estrogen synthesis is a prin-
cipal therapeutic option. Whereas gonadotropin- 
releasing hormone analogues arrest pubertal 
progress, the potential growth benefit would 
come at the psychological disadvantage of 
delayed sexual maturation. In boys, aromatase 
inhibitors, which suppress local conversion of 
testosterone to estradiol, might extend the growth 
phase without affecting pubertal development 
and thereby increase the time window for the use 
of rhGH therapy. An initial proof of concept has 

been provided in short male adolescents treated 
with rhGH combined with the aromatase inhibi-
tor anastrozole [178]. It would be fascinating to 
study its efficacy in adolescents on long-term 
dialysis. Nevertheless, successful early (preemp-
tive) renal transplantation with minimal steroid 
exposure is ultimately the best current measure to 
improve growth and final height in children with 
CKD stage 5.
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Abbreviations

1,25D 1,25-Dihydroxyvitamin D
ADHR Autosomal dominant hypophos-

phatemic rickets
ALP Alkaline phosphatase
CKD Chronic kidney disease
CKD-MBD Chronic kidney disease/mineral 

and bone disorders
CV Cardiovascular
CVD Cardiovascular disease
DXA Dual X-ray absorptiometry
ESRD End-stage renal disease
FGF23 Fibroblast growth factor 23
GFR Glomerular filtration rate
HR-pQCT High-resolution peripheral quanti-

tative computed tomography
PTH Parathyroid hormone
ROD Renal osteodystrophy

 Introduction

Children with chronic kidney disease (CKD), 
especially those on dialysis, have a tenfold 
increase of cardiovascular (CV) morbidity and 
mortality, due to a unique combination of tradi-
tional and uremia-related risk factors, especially 
disturbances of mineral and bone metabolism 
parameters [1]. Pediatric CKD patients usually 
do not present with the traditional risk factors for 
cardiovascular disease (CVD); however, despite 
our current therapies, CVD remains the leading 
cause of morbidity and mortality in this patient 
population [1]. The “tip of the iceberg” of these 
complications is multifactorial, and multiple fac-
tors have been identified such as abnormalities in 
bone and mineral metabolism, resistance to 
growth hormone (GH), modifications of the 
GH-insulin-like growth factor type 1 (IGF1) axis, 
hypogonadism, malnutrition, and drug toxicity 
(corticosteroids) [2]. Not only do these complica-
tions impact overall quality of life through their 
effects on both physical and mental well-being in 
children with CKD, but alterations in mineral 
metabolism and bone disease also contribute to a 
significant decrease in life expectancy.

Therefore, due to the complex interplay 
between bone disease, mineral metabolism, and 
cardiovascular disease in patients with CKD, a 
new definition of renal osteodystrophy (ROD) was 
proposed: indeed ROD is defined now as a sys-
temic disorder of chronic kidney disease mineral 
and bone disorder (CKD-MBD) characterized by 

J. Bacchetta (*) 
Pediatric Nephrology, Rheumatology and 
Dermatology Unit, Reference Center for Rare  
Renal Diseases and Rare Diseases of Calcium  
and Phosphate Metabolism, Hôpital Femme Mère 
Enfant, Bron, France
e-mail: justine.bacchetta@chu-lyon.fr 

I. B. Salusky 
Division of Pediatrics Nephrology, Department  
of Pediatrics, UCLA Mattel Children’s Hospital,  
Los Angeles, CA, USA

29

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-66861-7_29&domain=pdf
https://doi.org/10.1007/978-3-030-66861-7_29#DOI
mailto:justine.bacchetta@chu-lyon.fr


542

one or a combination of the following abnormali-
ties [3, 4]: (1) abnormalities of calcium, phospho-
rus, PTH, or vitamin D metabolism; (2) 
abnormalities in bone histology, linear growth, or 
strength; and (3) vascular or other soft tissue calci-
fication. The term ROD refers only to the specific 
abnormalities of bone diagnosed by bone histo-
morphometry using three main criteria, turnover, 
mineralization, and volume (TMV classification), 
as illustrated in Table 29.1. The impact of CKD-
MBD in children may occur early in the course of 
CKD and is characterized by hormonal (PTH, 
1,25D, and fibroblast growth factor 23, FGF23) 
and biochemical (serum calcium and phosphorus 
levels) abnormalities, while delayed complica-
tions (e.g., growth retardation, bone deformities, 
fractures, vascular calcifications, increased mor-
bidity and mortality) may also occur [3].The bone 
and growth long-term consequences of CKD have 
been highlighted in a cohort of 249 young Dutch 
adults with onset of end-stage renal failure before 
the age of 14 years: in this cohort, 61% of patients 
had severe growth retardation, 37% severe bone 
disease (as defined by at least one of the following 
conditions: deforming bone abnormalities, chronic 
pain related to the skeletal system, disabling bone 
abnormalities, aseptic bone necrosis, and low- 
trauma fractures), and 18% disabilities resulting 
from bone impairment [5]. More recently, a sig-
nificantly increased risk of fractures was demon-
strated in the pediatric North American CKiD 
cohort, evaluating 537 children with CKD at a 
median age at inclusion of 11 years. At baseline, 
16% of them had a history of fractures, and after a 
median follow-up of 3.9  years, 43 boys and 24 
girls experienced fractures, corresponding to a 
fracture risk two- to threefold higher than in gen-
eral populations [6]. Moreover, risk factors were 
Tanner stage IV/V, decreased height Z-score, 

walking difficulty, and increased PTH levels. In 
contrast, the only protective factor was the use  
of phosphate binders, mainly calcium-based  
binders [6].

Evidence of vascular calcifications has been 
demonstrated in children and young adult dialy-
sis patients with ESRD therapy initiated in child-
hood [7, 8]. Our understanding of the relationship 
between bone and vessels in CKD remains 
scarce. Associations between arterial lesions 
(atherosclerosis and arterial calcifications) and 
bone impairment (osteoporosis and abnormal 
bone activity) are described, usually following 
the rule “The better the bone, the better the ves-
sels,” at least in adults [9, 10]; however, things 
are not that clear in pediatric CKD, and using 
absorptiometry (DXA) and even high-resolution 
peripheral quantitative computed tomography 
(HR-pQCT), opposite results were reported [11, 
12].The aim of this review is therefore to provide 
an overview of our current understanding of the 
abnormalities of bone and mineral metabolism 
associated with CKD in children undergoing 
maintenance dialysis, notably in terms of diagno-
sis and management.

 Changes in Mineral Metabolism 
with Progressive CKD

CKD-MBD pathogenesis involves a complex 
interplay among the kidney, bone, and parathy-
roid glands. As functional nephrons are lost and 
GFR declines, a cascade of maladaptive events 
develops that result in bone disease, extra- skeletal 
calcification, and adverse cardiovascular out-
comes. Different factors have been implicated in 
the pathogenesis of this maladaptive response, but 
the primary trigger remains to be defined. In the 

Table 29.1 The spectrum of renal osteodystrophy according to the TMV classification, adapted from [3]

Turnover Mineralization Volume
Osteomalacia (OM) Low Abnormal Low to normal
Adynamic bone (AD) Low Normal Low to normal
Mild hyperparathyroid-related bone disease (HPT) Mild Normal Normal to high
Mixed uremic osteodystrophy (MUO) High Abnormal Normal
Osteitis fibrosa (OF) High Normal High
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early stages of CKD, FGF23 levels increase, 
while phosphate, calcium, and PTH levels remain 
within normal ranges [13]. With CKD progres-
sion, there are increase in phosphate levels, 
increased levels of FGF23 and PTH, progressive 
decline in 1,25D levels in order to lessen enteral 
phosphate absorption, and decreased ionized cal-
cium levels via increased binding. Elevated 
FGF23 levels further decrease 1,25D levels via 
renal 1α-hydroxylase suppression and 
24- hydroxylase induction. Decreased 1,25D lev-
els reduce intestinal calcium absorption, and low 
1,25D and low ionized calcium both further 
increase PTH levels, resulting in secondary hyper-
parathyroidism, as summarized in Fig. 29.1 [14].

Since bone consists primarily of calcium and 
phosphorus, in the form of hydroxyapatite, it is 
not surprising that alterations in mineral metabo-
lism, as occur with progressive CKD, lead to 
bone disease. However, all these biochemical 
alterations do not completely explain CKD- 

MBD. In 2000, a novel hormone negatively regu-
lating phosphate, 1,25D, and PTH has been 
identified, FGF23, completely modifying our 
view of CKD-MBD [15–17].

Indeed, the earliest biochemical abnormality 
in CKD is an increase in circulating FGF23 levels 
[13, 16]. FGF23, in conjunction with its co- 
receptor, Klotho, activates FGF receptor 1 
(FGFR1) and acts on the kidney to induce renal 
phosphate wasting and to suppress renal 
1α-hydroxylase activity [18–20]. FGF23 also 
acts on the parathyroid gland and may play a role 
in suppressing parathyroid hormone (PTH) levels 
[21]. FGF23 is stimulated by phosphate and 
1,25(OH)2vitamin D, and, in both adults and chil-
dren, FGF23 increases as GFR decreases, with 
elevations in circulating and bone levels occur-
ring in very early stages of CKD, prior to any 
apparent alterations in circulating mineral con-
tent [22]. This increase could be explained by dif-
ferent factors, including a decreased renal 

1-25 vitamin D

Phosphate Calcium

PTHFGF23 /
Klotho

Stimulating effect / Inhibiting effect

Fig. 29.1 Overview of normal phosphate/calcium 
metabolism. Phosphate and calcium are mainly stored in 
bone, but the gut and the kidneys have a key role in their 
homeostasis. Three hormones are crucial to maintain cal-
cium and phosphate within the normal range: 

1,25- dihydroxyvitamin D (1,25D), parathyroid hormone 
(PTH), and fibroblast growth factor 23 (FGF23). Green 
lines correspond to a stimulating effect. Red lines corre-
spond to an inhibitory effect
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clearance of FGF23, a compensatory mechanism 
to excrete an increased phosphate load, a response 
to treatment with active vitamin D analogs, and/
or a compensatory mechanism to the loss of the 
kidney-secreted Klotho protein. However, the 
initial factor that triggers FGF23 production 
remains to be defined. Data from CKiD neverthe-
less argue against the first hypothesis, since at the 
very early stages of pediatric CKD, circulation 
and bone FGF23 levels are already increased, 
whereas phosphate SDS are significantly 
decreased [13]. Although these increased circu-
lating levels of FGF23  in CKD patients consist 
almost exclusively of the intact, active form of 
the molecule, it is not clear whether the biologi-
cal effects of FGF23 are increased or decreased 
in the context of decreased kidney function. 
Indeed, decreased expression of FGFR1 and 
Klotho in parathyroid cells from dialysis patients 

and a resistance to the suppressive effects of 
FGF23 on PTH in uremic rats suggest that FGF23 
signaling to the parathyroid glands is downregu-
lated in CKD and may explain, at least in part, the 
refractory secondary hyperparathyroidism 
observed in CKD patients.

Over the last decade, the extra-skeletal and sys-
temic effects of FGF23 have been well character-
ized in adults and children, highlighting a global 
“negative” role of FGF23  in global health [14], 
notably on the cardiovascular, immune, and cen-
tral nervous systems, as illustrated in Fig.  29.2. 
The first “off-target” effect of FGF23 to be 
described was demonstrated on cardiomyocytes 
[23]. This seminal paper was a milestone in the 
understanding of FGF23 physiology since it was 
the first time that a Klotho-independent effect of 
FGF23 was demonstrated, with different down-
stream phosphorylation pathways, mainly the cal-

FGF23

Dentoalveolar complex

Bone

Hepatocytes

Hematopoiesis

Hippocampal cells
and CNS

Heart &
Cardiomyocytes

Kidney

Parathyroid

Immune system

Cartilage

Bacchetta, JBMR 2012
Chonchol, JASN 2015 & JASN 2016
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Chu, Anat Rec 2010

Wang JBMR 2008, Wesseling
Perry JCEM 2009, Allard CTI

2015

Singh Kidney Int 2016

Hanudel AmJPhysiol2016,
NDT 2018

Hensel, J Neurochem 2016

Faul, JCI 2011;
Leifheit-Nestler NDT 2018

Saito, J Biol Chem 2003
Andrukhova, EMBO 2014

Silver, PN 2010
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Fig. 29.2 Systemic effects of FGF23, adapted from [14]. 
Besides its “classical” effects on phosphate, calcium, 
PTH, and vitamin D metabolism, the knowledge in FGF23 
physiology has dramatically improved recently. Complex 

regulations between FGF23 and all these systems have 
been described; the relevant papers are referenced on the 
figure, but this list is not exhaustive
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cineurin/NFAT pathway. Faul et al. demonstrated 
that high FGF23 levels were associated with left 
ventricular hypertrophy (LVH) in cohorts of adult 
patients with chronic kidney disease (CKD), and 
they highlighted hypertrophic and pro-fibrotic 
effects of FGF23 in rat cardiomyocytes [23]. Since 
then, it has been demonstrated that the two MAPK 
and calcineurin/NFTA pathways may co-exist, for 
example, in the parathyroid glands: the MAPK 
pathway nevertheless remains the dominant path-
way in this case [24]. FGF23 is also an inhibitor of 
monocytic 1α hydroxylase, with a concomitant 
suppression of the antibacterial cathelicidin [25]; 
in line with this, clinical studies in patients on 
hemodialysis have confirmed a higher risk of 
infection with increasing FGF23 levels [26]. In the 
renal tubule, FGF23 stimulates sodium reabsorp-
tion, thus increasing blood pressure [27]. In hip-
pocampal cells, FGF23 enhances the number of 
primary neurites and the synaptic density in a 
FGFR-dependent manner, but it also decreases 
arborization, thus leading to a less complex mor-
phology of neuron, possibly explaining, at least 
partly, the learning and memory deficits often 
observed in CKD patients [28]. FGF23 may also 
have a role in the growth hormone axis, since ther-
apy with recombinant human growth hormone 
increases FGF23 levels in the long term, even after 
adjusting for age and phosphate levels [29]. 
Recently, novel endocrine loops have also been 
described, notably between FGF23 and adiponec-
tin, with suppression of renal α-Klotho, decreased 
bone FGF23 release, and calcium renal loss by 
adiponectin both in mice and in CKD patients 
[30]. A link between iron metabolism and FGF23 
has also been highlighted; systemic inflammation 
may have an impact on FGF23 levels; FGF23 lev-
els are higher in patients with glomerular diseases 
when compared to CAKUT [31]. FGF23 directly 
targets hepatocytes to promote inflammation and 
C-reactive protein synthesis [32]. In a cohort of 
700 patients with stable renal transplants, it was 
shown that C-terminal FGF23 levels were higher 
in iron-deficient patients [33]. The effects of iron 
infusions on FGF23/phosphate metabolism differ 
depending of the iron preparation. Specifically, 
ferric carboxymaltose, the currently preferred iv 
iron formulation, specifically induces transient 

hypophosphatemia via its carbohydrate moiety 
and not as a direct consequence of the iron infu-
sion [34]. Older formulations such as iron sucrose 
avoid this specific effect. That being said, even 
though all these experimental findings demon-
strate the role of FGF23 as a systemic (deleterious) 
hormone, their clinical relevance is not yet clear 
and will not change clinical management as long 
as prospective randomized trials are performed to 
assess the “off-target” effects of FGF23.

Subsequently, with CKD progression, abnor-
malities in other parameters of mineral metabo-
lism appear. During mild CKD (stages 2 and 3), 
calcitriol levels decline in response to increased 
FGF23 concentrations. Since calcitriol suppresses 
PTH secretion, declining 1,25(OH)2vitamin D 
levels are followed, in moderate (stages 3 and 4) 
CKD, by increasing PTH concentrations and by 
loss of pulsatility in PTH secretion. Ultimately, in 
late stage 4 CKD,  hypocalcemia and hyperphos-
phatemia develop in approximately 50–60% of 
patients in response to decreased intestinal cal-
cium absorption (from critically low calcitriol 
concentrations) and decreased phosphate excre-
tion (from critically low renal mass), respectively. 
Finally, 25(OH)vitamin D deficiency, which is 
prevalent worldwide, likely also contributes to the 
development of secondary hyperparathyroidism.

Patients with CKD are particularly prone to 
25(OH)vitamin D deficiency (defined by values 
below 30  ng/mL or 75  nmol/L), due to several 
combined factors including decreased sunlight 
exposure, relative scarcity of vitamin D in occi-
dental diets, lack of supplementation in vitamin 
D due to the current underestimation for recom-
mended daily intake, and increased body fat mass 
in populations [35]. In addition to providing a 
substrate for the formation of calcitriol, thus indi-
rectly suppressing PTH levels, Ritter et al. identi-
fied that 25(OH)vitamin D continues to directly 
suppress PTH synthesis even when parathyroid 
gland 1α-hydroxylase is inhibited, thus demon-
strating a direct effect of 25(OH)vitamin D on 
PTH synthesis, independent of 1,25(OH)2vitamin 
D [36]. Moreover, a placebo-controlled random-
ized trial demonstrated that ergocalciferol was 
able to delay the onset of secondary hyperpara-
thyroidism in pediatric patients with pre-dialysis 
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CKD [37]. 25(OH)vitamin D likely also has a 
direct effect on bone biology, independent of its 
effects on mineral metabolism; indeed, in a 
cohort of 675 deceased adults, mineralization 
defects were found when serum 25(OH)vitamin 
D level was below 30 ng/mL [38]. However, the 
skeletal mineralization defect observed across 
the spectrum of CKD was not associated with 
vitamin D deficiency. New roles of vitamin D in 
global health have also been highlighted: vitamin 
D may represent a protective factor against 
 infections, auto-immune diseases, cardiovascular 
diseases, and cancer [39, 40].

 Effects of Non-mineral Factors 
on CKD-MBD

Non-mineral metabolism factors such as iron sta-
tus, erythropoietin, and inflammation also con-
tribute to increased FGF23 production in CKD, 
and understanding the impact of each of them in 
the context of CKD may have potential effects on 
the pathophysiology and treatment of CKD- 
MBD. Inflammation increases bone and circulat-
ing FGF23 levels [41]. Iron deficiency, which is 
common in CKD, also increases FGF23 expres-
sion. Iron chelation increases FGF23 expression 
in vitro [42], and iron-deficient mice with normal 
and impaired kidney function have increased 
osteocytic FGF23 expression [43]. Hypoxia- 
inducible factor 1 alpha (HIF1α) protein may 
mediate the effects of iron deficiency on FGF23 
transcription [42]. In patients with congenital 
heart disease and normal kidney function, more 
severe chronic hypoxemia was associated with 
plasma FGF23 levels [44]. In murine models, 
both absolute iron deficiency, induced by low- 
iron diets, and “functional” iron deficiency, 
induced by inflammation or administration of 
exogenous hepcidin, increase bone FGF23 
expression [41]. In a small study of iron-deficient 
dialysis patients, iron supplementation decreased 
circulating FGF23 levels [45]. In non-dialysis 
CKD patients, the use of ferric citrate both low-
ered serum phosphate levels and improved iron 
parameters, contributing to production in FGF23 
concentrations [46].

Erythropoietin can also stimulate FGF23 pro-
duction. Conversely FGF23 itself may have 
effects on erythropoiesis. Indeed, FGF23 knock-
out mice have increased serum EPO levels and 
erythropoiesis and increased measures of erythro-
poiesis [47]. These data suggest that FGF23 may 
have negative regulatory effects on erythropoiesis. 
Consistent with these murine studies, in a large 
cohort of human CKD patients, elevated total 
FGF23 levels were independently associated with 
both prevalent and incident anemia [48]. These 
associations underscore the complex interrela-
tionships among aspects of CKD-related anemia, 
CKD-MBD, and their respective treatment 
modalities that will have to be elucidated in order 
to define better strategic therapeutic approaches.

 Assessment of CKD-MBD 
in Children Undergoing 
Maintenance Dialysis

When taking care of a child with ESRD, it is 
important to evaluate mineral metabolism, by 
assessing in parallel bone quality, growth, and 
cardiovascular status. In order to emphasize the 
complexity and interdependency of all CKD- 
MBD, the 2017 KDIGO CKD-MBD recommen-
dations highlighted that treatments of CKD-MBD 
should be based on serial assessment of phos-
phate, calcium, and PTH levels and considered 
together for clinical decision-making [4].

The first step will consist of clinical evaluation 
with height, growth velocity, blood pressure, and 
a “bone-focused” examination, searching for 
bone pain, deformations, and/or fractures [49]. 
The second step will consist on the biological 
evaluation of CKD-MBD, mainly by assessing 
calcium, phosphate, PTH, and 25-D levels and 
alkaline phosphatase (ALP). However, the addi-
tional biomarkers such as FGF23, Klotho, 1,25D, 
DKK1, sclerostin, bone ALP, and sclerostin 
among others are currently utilized only for 
research purposes; neither are bone imaging 
techniques, such as DXA or pQCT/HR-pQCT, 
nor cardiovascular evaluation such as coronary 
calcification scores by computed tomography, 
carotid intima/media thickness, or pulse wave 
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velocity. However, these latter techniques are 
crucial for research in the field [50, 51]. The 2017 
KDIGO guidelines indicate to perform bone 
biopsies in patients with CKD3a-5D if knowl-
edge of the type of renal osteodystrophy will 
impact treatment decisions.

Normal serum phosphate and calcium levels in 
children are age-dependent, and physicians must 
be aware of such values in order to adapt therapies 
accordingly [52, 53], as summarized in Table 29.2. 
The extracellular calcium fraction is tightly regu-
lated and can be measured in serum, where 
approximately half is bound to negatively charged 
molecules such as albumin, serum proteins, and 
serum anions such as phosphate and citrate; the 
remainder corresponds to “free” or ionized cal-
cium, this latter form being biologically active and 
responsible for most of its physiological functions 
notably muscular contraction, protein kinase acti-
vation, and enzyme phosphorylation [54, 55]. 
Indeed, only the ionized calcium is available to 
move into cells and activate cellular processes. It is 
not influenced by alterations in albumin, circulat-
ing levels of anions, and acid- base status that are 
rather frequent in end-stage renal disease [56]. The 
binding of calcium to albumin occurs in a pH-
dependent manner, acidosis reducing the binding 
and thus increasing the ionized part. However, 
even though ionized calcium appears to be a more 
accurate measure of serum calcium rather than 
albumin-corrected calcium, in clinical practice, 
albumin-corrected calcium are usually used.

It is also important to keep in mind that PTH 
levels alone are not a good predictor of the under-
lying osteodystrophy; the combined use of total 
ALP and PTH levels may improve our ability to 
detect the underlying type of renal osteodystro-
phy [57]: in a cohort of 161 pediatric patients 
undergoing maintenance peritoneal dialysis, 
PTH levels below 400 pg/ml in combination with 
total ALP levels below 400  IU/L provided the 
highest correct prediction rate for patients with 
both normal bone turnover and normal mineral-
ization. Levels of PTH were higher, and serum 
calcium levels were lower in patients with defec-
tive mineralization, irrespective of bone turnover 
[57]. In clinical practice, the treating physician 
should be aware of the different PTH assays, 
leading to discrepant results when using assays 
of different brands for second-generation assess-
ment [58]; moreover, there are important differ-
ences between second- and third-generation 
assays. Third-generation PTH assays, also known 
as “whole PTH assays,” use antibodies that 
exclusively recognize full-length 1–84 
PTH. There is however limited evidence that the 
differentiation of 1–84 PTH from PTH fragments 
is of clinical use. Values obtained with third- 
generation assays are about 50–60% lower than 
those obtained with the second-generation assays 
with great inter-individual variation, and guide-
lines have been established with second- 
generation assays, as discussed below. In the 
future, the assessment of non-oxidized PTH may 

Table 29.2 Reference values for phosphate and calcium metabolism in children, adapted from [53]

Age range
Normal range for 
calcium (mmol/L)

Normal range for 
ionized calcium 
(mmol/L)

Daily 
recommended 
intake for 
calcium (mg)

Normal range 
for phosphate 
(mmol/L)

Daily 
recommended 
intake for 
phosphate (mg)

Birth–5 months 2.18–2.83 1.22–1.40 210 1.50–2.40 100
6–12 months 2.18–2.75 1.20–1.40 270 275
1–5 years 2.35–2.70 1.22–1.32 500 1.50–2.10 460
6–12 years 2.35–2.58 1.15–1.32 800 1.20–1.90 500 until 

8 years, 1250 
after

13–20 years 2.20–2.55 1.12–1.30 1300 0.70–1.50 1250

For calcium, the conversion factor from mmol/L to mg/dL is to multiply by 4.0. The calculation formula for corrected 
calcium (CaC, mmol/L) using measured calcium (mmol/L) and albuminemia (g/L) is the following: CaC = Ca – 0.25 × 
(albuminemia − 40). If albuminemia is not available, CaC may be calculated with protidemia (g/L) with the following 
formula: CaC = Ca/(0.55 + P/160). For phosphate, the conversion factor from mmol/L to mg/dL is to multiply by 3.1
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reflect the biological activity of PTH more pre-
cisely, but their exact place in the clinical ward 
remains to be defined [59]. In those patients with 
elevated PTH levels and relatively low alkaline 
phosphate levels, a bone biopsy may be discussed 
in order to further define the appropriate therapy.

 Which Targets for PTH in Pediatric 
Dialysis?

Uncontrolled SHPT in CKD is characterized by a 
sustained high PTH level in combination with a 
high or high-normal calcium level. SHPT gradu-
ally develops into tertiary HPT with important 
bone, cardiac, and vascular complications, such 
as osteitis fibrosa and calcium efflux from bone, 
potentially leading to vascular calcification [60].

As illustrated in Fig. 29.3, the management of 
patients differs considerably between countries 
[61], and this specific point should be taken into 
account when analyzing clinical research data in 
the field. Even though of low evidence from a 
strict methodological point of view, these data 
obtained in the International Pediatric Peritoneal 

Dialysis Network (IPPN) registry included 890 
children and adolescents from 24 countries, 
therefore providing very interesting “bed-side” 
data for pediatric nephrologists: an optimal range 
of PTH between 1.7 and 3 times above the upper 
normal limit was suggested, namely, a target 
range between 100 and 200 pg/mL, as shown in 
Fig. 29.4. Indeed, greater PTH levels were asso-
ciated with an increased frequency of patients 
presenting with alterations of bone and mineral 
metabolism, such as bone pains, limb deformi-
ties, extra-osseous calcifications, radiological 
osteomalacia, or osteopenia [61, 62]. However, 
as discussed above, there may be an important 
variability between PTH assays, and this is cer-
tainly one of the main limitations of these regis-
try studies.

The optimal PTH levels for children treated 
with dialysis associated with clinical outcomes 
such as bone deformities, fractures, and growth 
retardation remain to be determined. There are 
currently two different recommendations related 
to target PTH levels in dialyzed children: (1) 
KDIGO 2017 and (2) European Paediatric 
Dialysis Working Group.
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Fig. 29.3 PTH levels vary depending on the country of 
origin, data from the IPPN network, from [61]. Variation 
of intact parathyroid hormone (iPTH) levels by country. 
Only countries with ≥15 registered patients were consid-
ered. Bars denote medians of patient-specific time- 
averaged mean PTH levels. European countries light gray, 
Latin American countries dark gray, Turkey horizontally 
dashed, North America vertically dashed, and Asian coun-

tries diagonally dashed bars. Letters denote significances 
(P < 0.05) in Student-Newman-Keuls multiple compari-
son testing of log-transformed means; countries sharing 
same letters do not differ significantly. Data were obtained 
from 890 children and adolescents from 24 countries 
reported to the International Pediatric Peritoneal Dialysis 
Network (IPPN) registry. The main limitation of this 
study is the variability among PTH assays
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The KDIGO guidelines are based on bone his-
tology data that demonstrated in the 1990s the 
development of more severe growth retardation 
in those patients with PTH <300 pg/ml [65] and 
from a prospective randomized trial that has 
compared two different vitamin D analogs and 
phosphate binders on the control of the skeletal 
lesions of secondary hyperparathyroidism in 
pediatric dialysis patients [63]. Thus, target PTH 
levels ranging from two to nine times the upper 
limit of normal in dialyzed children, thus corre-
sponding to a target range of 120–540  pg/mL, 
have been recommended for adult and pediatric 
patients treated with dialysis [4, 64, 65]. Using 
the KDIGO target levels for the treatment of skel-
etal lesions of SHPT in pediatric dialysis patients, 
normal rates of bone turnover were observed in 
the majority of pediatric dialysis patients treated 
with intermittent calcitriol or doxercalciferol 
regardless of the type of phosphate binder [63]. 
However, other groups have challenged this 
observation, showing that high bone turnover 
lesions can occur at lower PTH levels than “cur-
rent” guidelines would suggest in children begin-
ning renal replacement therapy [67]. In a 

cross-sectional cohort of 161 pediatric patients 
undergoing maintenance peritoneal dialysis, 
PTH levels below 400 pg/ml in combination with 
total ALP levels below 400  IU/L provided the 
highest correct prediction rate for patients with 
both normal bone turnover and normal mineral-
ization [57].

The 2006 recommendations of the European 
Paediatric Dialysis Working Group suggested 
keeping PTH levels up to two to three times the 
upper limit of normal in dialyzed children, thus 
corresponding to a target range of 120–180 pg/
mL for iPTH, in accordance with the observa-
tions of the IPPN registry. Thus, there is presently 
limited information on the association of recom-
mended PTH levels with clinical outcomes such 
as bone deformities and fractures, and such stud-
ies are critically needed.

Thus, existing guidelines for PTH targets are 
conflicting and based on limited clinical outcomes 
and old data. More than a specific target “number,” 
the philosophy of PTH levels in pediatric dialysis 
should be balanced by the trend: “not too low, not 
too high, and keep phosphate and calcium concen-
trations within age- appropriate levels.”
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Fig. 29.4 PTH as a risk factor of bone and mineral compli-
cations in pediatric peritoneal dialysis, data from the IPPN 
network, from [61]. Percentage of patients with alterations 
of bone and mineral metabolism (bone pain, limb deformi-
ties, extra-osseous calcifications, radiological osteomala-

cia, and/or osteopenia) stratified by time- averaged mean 
PTH levels. Groups sharing same letters do not differ sig-
nificantly. Data were obtained from 890 children and ado-
lescents from 24 countries reported to the International 
Pediatric Peritoneal Dialysis Network (IPPN) registry
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 Management of CKD-MBD 
in Children Undergoing 
Maintenance Dialysis

Figure 29.5 summarizes the cornerstones of daily 
management of pediatric CKD-MBD in dialysis 
patients. The standard of care of CKD-MBD in 
pediatrics relies on a combination of the follow-
ing variables.

First, all metabolic and clinical abnormalities 
that can worsen both bone and growth such as 
metabolic acidosis, anemia, and malnutrition 
should be corrected [65]. To optimize growth, 
recombinant human growth hormone therapy can 
also be proposed except in those patients with 
severe SHPT; recent guidelines from the 
European Society of Paediatric Nephrology have 
been proposed on the topic (European guidelines 
Epub 2019) [66].

Second, native vitamin D deficiency should be 
treated, with a target of circulating 25-D levels 
ranging between 75 and 120 nmol/L (20–30 ng/
ml), as recently recommend by the European 

guidelines [68] and also discussed in the 2017 
KDIGO [4].

Third, in addition to nutritional control of 
phosphate intake and dialysis intensification, 
calcium- based and non-calcium-/non-aluminum- 
based phosphate binders can be used, however 
without using aluminum binders. Sevelamer car-
bonate and hydrochloride have been found to be 
effective phosphate binder agents in dialyzed 
children; however, sevelamer HCL was associ-
ated with the development of metabolic acidosis 
[69]. Lanthanum carbonate has been shown to be 
an effective phosphate binder in adults, but it has 
not been evaluated in children. In addition, lan-
thanum was shown to accumulate in bone tissue 
in adult dialysis patients with no data on a poten-
tial accumulation in the growth plate, and there 
are concerns on potential neurological side 
effects for a developing brain, at least theoreti-
cally [70].

Calcium-based phosphate binders, including 
calcium carbonate and calcium acetate (contain-
ing 40% and 25% of elemental calcium, respec-
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tively), are widely prescribed and are effective in 
lowering serum phosphate levels. However, the 
benefit of such binders especially when used con-
currently with active vitamin D sterols must be 
weighed against the possible adverse effects of 
hypercalcemia and/or extra-skeletal and vascular 
calcifications [7].

More recently, the iron-based compounds 
sucroferric oxyhydroxide and ferric citrate (FC) 
have been found to be effective phosphate bind-
ers in adults treated with dialysis. Both com-
pounds are intriguing given their theoretical 
ability to both bind enteral phosphorus and 
deliver iron. However, hematological indices 
only improved with ferric citrate in adults with 
CKD and those treated with dialysis (XX). In a 
small cohort of dialyzed children, FC was well 
tolerated, reduced serum phosphate levels, and 
improved iron parameters [71]. Thus, given the 
recent evidence that iron deficiency increases 
FGF23 production, the use of FC especially in 
iron-deficient CKD patients may affect FGF23 
levels by both limiting phosphate absorption 
and delivering iron. Further studies are needed 
in order to confirm such hypothesis. FC may 
have added value especially for pediatric CKD 
patients prior to dialysis because iron defi-
ciency and elevated FGF23 levels are highly 
prevalent.

Fourth, a nutritional management aiming at 
providing age-appropriate calcium intake with 
controlled phosphorus intake should be pro-
posed; indeed, the 2008 nutrition guidelines in 
pediatric CKD suggested that the total oral and/
or enteral calcium intake from nutritional sources 
and medications be in the range of 100–200% of 
the daily recommended intake (DRI) for calcium 
for age [53]. The calcium DRI are 210  mg 
between birth and 5 months, 270 mg between 6 
and 12 months, 500 mg between 1 and 5 years, 
800  mg between 6 and 12  years, and 1300  mg 
between 13 and 20 years [53]. Nutritional intake 
of phosphate and calcium is indeed very impor-
tant data to monitor mainly during the first few 
years of life; calcium intake may come from diet, 
but also from medications (direct calcium intake 
through calcium supplementation or calcium- 
based phosphate binders, indirect increased 

intestinal calcium absorption with active vitamin 
D analogs) and dialysate.

Indeed, not providing age-appropriate calcium 
intake may have negative consequences on the 
growing skeleton. In pediatric CKD, low calcium 
levels have been associated with impaired bone 
parameters. In a histomorphometry study, lower 
serum calcium levels were associated with defec-
tive skeletal mineralization [22]. In a prospective 
pQCT study in 171 pediatric patients with CKD 
stage 2-5D, lower calcium levels were indepen-
dently associated with baseline and progressive 
cortical deficits, and lower cortical bone mineral 
density was associated with increased fracture 
risk [50]. A greater improvement in osteoid vol-
ume was observed in pediatric patients treated 
with calcium carbonate (CaCO3), regardless of 
vitamin D sterol, than in patients treated with 
sevelamer [43]. Moreover, in children on perito-
neal dialysis, serum calcium concentrations were 
inversely related to mineralization (osteoid vol-
ume) but did not relate to bone turnover. For any 
given level of bone turnover, levels of PTH were 
higher, and serum calcium values were lower in 
patients with a concomitant mineralization defect 
[57]. Recent data from the CKiD cohort high-
lighted the need of calcium supplements for ade-
quate skeletal development in pediatric CKD: 
While children with CKD exhibit a two- to three-
fold increased fracture risk compared to healthy 
children, phosphate binder treatment (predomi-
nantly calcium-based) was associated with a sig-
nificant lower fracture risk [6]. All these data 
provide a strong rationale for providing age- 
appropriate calcium supplementation in pediatric 
CKD, at least for bone quality and quantity.

Conversely, higher doses of calcium-based 
binders were associated with greater degrees of 
vascular calcifications in adult and pediatric dial-
ysis patients [7]. Medial arteriosclerosis is a mul-
tifactorial process creating a permissive 
environment for the nucleation of Ca-P crystals: 
diffuse mineral deposition in the tunica media of 
the arterial wall (as a result of high calcium- 
phosphate product), suppression of natural crys-
tallization inhibitors, and vascular smooth muscle 
cell phenotypic changes leading to osteoblastic 
differentiation [73–75]. Other calcification risk 
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factors are the cumulative doses of Ca-containing 
phosphate binders and vitamin D analogs. Medial 
arteriosclerosis induces vascular stiffness and 
contributes to arterial hypertension, increased 
pulse pressure, and LVH [75].

The challenge for pediatric nephrologists is 
therefore to balance between a positive calcium 
balance required for bone accrual and quality and 
the potential risk of vascular calcifications. The 
mean daily calcium accretion rate in healthy 
pubertal boys and girls peaks at 359 and 284 mg, 
respectively [76]; physicians may keep in mind 
these higher calcium requirements for a growing 
skeleton. Calcium deficiency in pediatric CKD 
may further worsen SHPT and induce mineraliza-
tion abnormalities and secondary rickets; in this 
regard, the 2017 KDIGO guidelines suggest to 
maintain serum calcium in the age-appropriate 
normal range in dialysis children [4]. Similarly, 
the 2017 KDIGO recommendations ruled out the 
use of calcium-based phosphate binders in adults 
but stated that they could be used in children, pro-
vided normal circulating calcium levels for age 
[4]. The recent Cochrane update on the manage-
ment of metabolic bone disease in pediatric 
CKD did not rule out the use of calcium-based 
phosphate binders: although fewer episodes of 
hypercalcemia occurred with the non-calcium-
containing phosphate binder sevelamer, as com-
pared to calcium-containing binders, there were 
no other significant differences [77]. Although the 
optimal calcium intake for children treated with 
dialysis has not been defined, the KDOQI guide-
lines recommend not to exceed 1500 mg/day. Such 
requirements may be different during the first few 
years of life. Thus, there is an urgent need to per-
form calcium balance studies in pediatric dialysis 
patients in order to define the optimal calcium 
intake which is critically important during the first 
years of life.

In the case of SHPT, therapy with active vita-
min D analogs should be initiated [78], and dialy-
sis may be intensified; parathyroidectomy should 
be indicated to patients with refractory SHPT. The 
follow-up of such management obviously relies 
on regular biological evaluation, using biomark-
ers that should always be interpreted depending 
on age, notably for calcium and phosphate. It is 
of utmost importance that therapeutic decisions 

are based on trends rather than on a single labora-
tory value, taking into account all available CKD- 
MBD measurements, including calcium, 
phosphate, PTH, and 25-D [4].

The 2017 KDIGO guidelines suggest that 
adult dialysis patients can receive cinacalcet as a 
first- or second-line therapy in combination with 
vitamin D analogs [4], but there is currently no 
evidence that cinacalcet can be given as first-line 
therapy in pediatric patients undergoing chronic 
dialysis. The calcimimetic cinacalcet is an allo-
steric modulator of the calcium-sensing receptor 
(CaSR). It has proven to be effective and safe in 
adults to suppress PTH, but data on its use in 
children are limited: to date, studies in children 
only comprise two RCTs, nine uncontrolled 
interventional or observational studies, and sev-
eral case reports [79–85]. In 2017, the European 
Medicines Agency nevertheless approved the use 
of cinacalcet for the treatment of SHPT in chil-
dren on dialysis, in whom SHPT is not adequately 
controlled with standard therapy. Notably, based 
on the same data, US regulatory authorities did 
not approve cinacalcet for this indication in chil-
dren [86]. European guidelines have just been 
published to define the practical approach to 
cinacalcet in a child receiving maintenance dialy-
sis with severe SHPT above 3 years of age [87]; 
one key message is the security warning concern-
ing the risk of hypocalcemia with cinacalcet: as 
such, cinacalcet should not be started in the case 
of albumin-corrected calcium levels below 
2.40  mmol/L and should be decreased or with-
drawn if calcium levels fall below 2.2  mmol/L 
and immediately withdrawn in the case of symp-
tomatic hypocalcemia or if calcium levels fall 
below 2.0 mmol/L. A prolonged QT interval and 
history of seizures, cardiac arrhythmia, signifi-
cant liver disease, and/or concomitant medica-
tions that prolong the QTc interval or that interact 
with cinacalcet are essential issues to check 
before prescribing (or ruling out) cinacalcet.

Lastly, all these drugs can modify mineral 
metabolism. Considering the stimulating effects 
of active vitamin D analogs on FGF23 [88], the 
inhibitory effect of cinacalcet on FGF23 levels 
[89], and the differential effects of phosphate 
binders on FGF23 levels [45, 90, 91], the clinical 
picture transforms into a very complex cascade in 
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which each therapeutic intervention may have 
direct consequences on FGF23 levels.

 Effects of Primary Kidney Diseases 
Inducing a Specific Bone 
Impairment in Addition 
to CKD-MBD

It has been known for decades that primary hyp-
eroxaluria (PH) has a direct deleterious effect on 
bone [92]. Indeed, deposition of calcium oxalate 
crystals in the kidney and bone is a hallmark of 
primary hyperoxaluria. Since the bone compart-
ment can store massive amounts of oxalate, 
patients present with recurrent low-trauma frac-
tures, bone deformations, severe bone pain, and 
specific oxalate osteopathy on X-ray. Calcium 
oxalate (whewellite) deposits are located in the 
bone marrow space with a granulomatous reac-
tion, but not in the bone matrix. In such a case, 
bone mineralization is not modified by the pres-
ence of calcium oxalate. However, bone quality 
reveals a harder bone than normal, possibly 
related to decreased carbonate content of the 
mineral. This increase in bone hardness may 
explain a more “brittle” bone [93]. In clinical 
practice, dialysis is a period during which patients 
dramatically worsen their bone lesions since the 
epuration of oxalate by dialysis (even using 
intensive regimens) is far less effective than 
endogenous production. This very specific fea-
ture explains the specific post-transplant manage-
ment in PH, requiring optimal hyperhydration 
and alkalinization [94].

More recently, other rare inherited renal dis-
eases have been shown to induce specific mineral 
and bone abnormalities: for example, patients 
with autosomal dominant polycystic kidney dis-
ease present with significant hypophosphatemia 
even at pediatric age [95] and increased FGF23 
levels [96]. However, the clinical relevance of 
such biological abnormalities remains to be fully 
determined, even though a specific bone pheno-
type has recently been described in adults with 
ADPKD, with low bone turnover and low ALP 
levels [97].

The concept of “cystinosis metabolic bone 
disease” is currently emerging, with the descrip-

tion in vivo of bone fragility and symptoms [98, 
99] and in vitro of the underlying mechanisms, 
with a functional deficit both in osteoblasts and in 
osteoclasts [100, 101]. Indeed, nephropathic cys-
tinosis is a rare autosomal recessive lysosomal 
storage disease characterized by a deficiency of 
the cystine lysosomal transport protein (i.e., cys-
tinosin encoded by the CTNS gene), resulting in 
systemic accumulation of cystine crystals and 
thus leading to tissue damage. Patients suffer 
from complete proximal tubulopathy early dur-
ing infancy; the natural evolution is a progressive 
chronic interstitial nephritis leading to end-stage 
renal disease (ESRD) within the first decade of 
life [102]. The use of cysteamine therapy since 
the 1980s has postponed ESRD and extra-renal 
morbidities to the second or third decade of life 
[103]. As patients receive cysteamine and as 
global survival improves [102], bone impairment 
occurring during teenage or early adulthood was 
recently described as a “novel” complication of 
NC [104, 105]. Even though the exact underlying 
pathophysiology remains unclear, six hypotheses 
are currently discussed: copper deficiency [106], 
long-term consequences of hypophosphatemic 
rickets together with iatrogenic effects of its sup-
portive management, cysteamine toxicity [105], 
abnormal thyroid metabolism, chronic hypopara-
thyroidism, and/or direct bone effect of the CTNS 
mutation [100, 101]. International guidelines 
have been recently published to guide the man-
agement of these very specific patients, keeping 
in mind that some other factors may worsen bone 
disease, such as malnutrition and myopathy 
[107].

Last, and more anecdotally, patients with 
Pierson syndrome may present with skeletal 
deformations, maybe due to the absence of 
laminin-β2 in bone [108].

In the future, understanding the impact of the 
different genetic defects on the growing skeleton 
will lead to targeted therapeutic strategies.

 Conclusion and Perspectives

Since growth failure during CKD has been well 
demonstrated to be associated with increased 
hospitalization rates and increased morbidity/
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mortality, and since bone status probably repre-
sents only the tip of the iceberg of cardiovascular 
health and vascular calcifications, large prospec-
tive multicenter trials are urgently required in this 
specific pediatric population to evaluate the 
impact current therapies not only on final adult 
height but also on bone status, fracture risk, and 
global cardiovascular status. In this setting, bone 
histomorphometry remains an important compo-
nent of well-designed clinical studies, but the 
role of new non-invasive imaging techniques 
should also be evaluated.

The evaluation of growth and bone status 
remains challenging in CKD children even 
though the recent description of the FGF23 bone/
kidney/parathyroid axis highlights new promis-
ing and exciting hypotheses to improve diagnosis 
and clinical management of CKD- 
MBD.  Therefore, at the current time, the daily 
clinical management of CKD-MBD in children 
should still focus on three main objectives: (1) to 
provide an optimal nutritional support to maxi-
mize the final height and avoid bone deforma-
tions, (2) to equilibrate calcium-phosphate 
metabolism so as to provide acceptable bone 
quality and cardiovascular status, and (3) to cor-
rect all metabolic and clinical abnormalities that 
can worsen both bone and growth (mainly meta-
bolic acidosis, anemia, malnutrition, and 25(OH)
vitamin D deficiency).
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The Cardiovascular Status 
of Pediatric Dialysis Patients

Rukshana Shroff and Mark M. Mitsnefes

 Epidemiology of CVD in CKD 
Patients

A seminal paper by Foley et al. drew the attention 
of the medical community to the very high rate of 
cardiovascular deaths in patients on dialysis [1]. 
This epidemiological study compared the mortal-
ity of maintenance dialysis patients with that of 
age, gender, and race-matched healthy controls, 
and showed that the mortality of young adults 
(25–34 years old) on dialysis was approximately 
700-fold higher than age-related mortality and 
comparable to that of an 80-year-old.

CVD is not only the leading cause of death in 
young adults with childhood-onset end-stage 
renal disease (ESRD) [2, 3], but it also occurs in 
children with CKD.  The United States Renal 
Data System’s (USRDS) initial analysis pub-
lished in 2002 showed that the mortality from 
CVD was 1000 times more common in children 
on dialysis than in the general pediatric popula-
tion [4]. This study analyzed 1380 deaths over a 
5-year period among patients who had started 
renal replacement therapy as children and died 

before 30 years of age [4]. Twenty-three percent 
of all deaths were from cardiovascular causes, 
and deaths on hemodialysis (HD) were approxi-
mately twice as common as on peritoneal dialysis 
(PD) [49% vs. 22% respectively] and 78% higher 
than that in transplant recipients [4].

Subsequently, several large national registries 
have published similar findings for pediatric dial-
ysis recipients. The Australia and New Zealand 
Dialysis and Transplant (ANZDATA) Registry 
has shown that 45% of all deaths were due to 
CVD, with 57% of deaths on HD and 43% of 
deaths on PD from cardiovascular causes [5]. 
Chavers et al. have used the large USRDS data-
base to examine the incidence and extent of CVD 
in incident pediatric (0–19 years) dialysis patients 
from 1991 to 1996 [6]. Of the 1454 children stud-
ied, 31% developed a cardiac-related event. 
Arrhythmia was the most common (20%), fol-
lowed by valvular heart disease (12%), cardio-
myopathy (9%), and cardiac arrest (3%). 
Thirty-eight percent of the deaths during the 
study period were cardiac deaths. The incidence 
of valvular heart disease and arrhythmias was 
highest among the teenagers [6].

A more recent USRDS analysis of more than 
20,000 patients initiating dialysis therapy during 
childhood demonstrated that mortality rates 
improved between 1990 and 2010 [7]. Although 
improvements were observed across all ages, the 
gains in survival were greater for children initiat-
ing dialysis care at <5 years of age. Despite some 
improvement in survival, the lifespan of a 

R. Shroff (*) 
Department of Paediatric Nephrology, Great Ormond 
Street Hospital for Children NHS Foundation Trust, 
London, UK
e-mail: Rukshana.shroff@gosh.nhs.uk 

M. M. Mitsnefes 
Division of Nephrology and Hypertension, Cincinnati 
Children’s Hospital Medical Center,  
Cincinnati, OH, USA

30

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-66861-7_30&domain=pdf
https://doi.org/10.1007/978-3-030-66861-7_30#DOI
mailto:Rukshana.shroff@gosh.nhs.uk


560

 pediatric patient on dialysis is still shortened by 
30–40  years compared with control individuals 
matched for age and ethnicity with CVD remain-
ing the most common cause of death (Fig. 30.1).

 Cardiovascular Disease Begins Early 
in the Course of CKD

Studies over last two decades have shown dis-
turbing evidence of the development of CVD 
even in the very early stages of CKD [9]. The 
National Kidney Foundation’s task force on CVD 
in CKD has concluded that in terms of risk strati-
fication, individuals with CKD should be consid-
ered to be at very high risk for CVD [10]. In a 
population-based study of over one million adults 
who were followed up for over 4 years, both the 
risk of death and the risk of cardiovascular events 
increased as the estimated GFR dropped below 
60 mL/min/1.73 m2 [11]. This independent and 
graded association between renal function and 
CVD and death highlights the importance of rec-
ognizing and controlling modifiable risk factors 
from the earliest stages of CKD.

In children, our current knowledge and under-
standing of the early development of CVD comes 
largely from the Pathological Determinants of 
Atherosclerosis in Youth (PDAY) study [12] and 
the Bogalusa Heart Study [13]. These studies 

have demonstrated pathological evidence of early 
atherosclerosis in relatively unbiased “healthy” 
individuals. The PDAY study showed that fatty 
streaks and raised lesions increase rapidly in 
prevalence and extent during the 15–34-year age 
span. In this study, early atherosclerotic lesions 
were reported in association with hypertension, 
dyslipidemia, cigarette smoking, and increased 
body mass index [12, 14]. The PDAY study also 
showed that the association of lipoprotein risk 
factors with intermediate type atherosclerotic 
lesions becomes evident in subjects in their late 
teens, whereas associations with raised lesions 
become evident in subjects greater than 25 years 
of age, consistent with a transitional role of inter-
mediate lesions in the formation of advanced 
plaques [15]. As in the PDAY study, the Bogalusa 
autopsy study [13] showed that CVD is present in 
children and young adults and is associated with 
traditional risk factors such as systolic and dia-
stolic hypertension, hyperlipidemia, and 
smoking.

Children with CKD amplify their CVD risk 
due to uremia-related risk factors such as abnor-
mal mineral metabolism, anemia, chronic inflam-
mation, hyperhomocysteinemia, malnutrition, 
oxidative stress, and fluid overload. More impor-
tantly, these “CKD-related” risk factors are cen-
tral in the development of arteriosclerosis, arterial 
stiffening, and vascular calcification, findings 
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Fig. 30.1 Leading causes of death (2014–2016 combined) in children on dialysis. USRDS 2018 Annual Report [8]
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that present early in the course of childhood 
CKD. It is not surprising that the American Heart 
Association guidelines for cardiovascular risk 
reduction in high-risk pediatric patients [16] 
declared that pediatric CKD patients should be 
stratified in the “high risk” category for the devel-
opment of CVD, with associated “pathological 
and/or clinical evidence for manifest coronary 
disease before 30 years of age.”

Cross-sectional association studies have uni-
formly shown an increase in surrogate parame-
ters with advancing stages of CKD, suggesting 
that CVD comorbidity already starts at an early 
stage of CKD and that the progression of CVD 
parallels the loss of renal function. However, the 
effect of risk factors on the progression of CVD 
can only be answered by prospective cohort 
studies. Two large prospective cohort studies 
have studied children in pre-dialysis CKD stages 
and comprehensively described CVD-related 
risk factors as they advance through successive 
stages of CKD.  A prospective observational 
study including >700 European children with 
CKD, the Cardiovascular Comorbidity in 
Children with CKD (4C) study, showed that at 
baseline (eGFR 10–60 ml/min per 1.73 m2), left 
ventricular hypertrophy (LVH) was present in 
33%, cIMT was elevated in 42%, and PWV was 
increased in 20% of patients [17]. Thus, preclini-
cal changes of CVD with myocardial and vascu-
lar remodeling and stiffening are prevalent in 
many children with pre-dialysis CKD.  Similar 
results were found in the CKiD (Chronic Kidney 
Disease in Children) Study, a prospective study 
with an initial cohort of 586 US children aged 
1–16 years, but with relatively better preserved 
renal function at baseline (eGFR 30–90 ml/min 
per 1.73 m2) [18].

 Risk Factors for the Development 
of CVD in CKD

CKD patients have a higher prevalence of both 
the “traditional” Framingham risk factors and 
nontraditional risk factors that increase their car-
diovascular risk (Table 30.1).

 “Traditional” Risk Factors

Over half of all children even in early CKD have 
hypertension, increasing to 50–75% in CKD 
stage 5, and 50–87% in transplant recipients [19–
22]. In children, hypertension is the single most 
prevalent and significant “traditional” risk factor 
for left ventricular hypertrophy (LVH) [23, 24] as 
well as for vascular damage and remodeling [25]. 
Despite wide availability of multiple antihyper-
tensive agents, BP is difficult control in children 
on dialysis. A recent study from Poland looked at 
the efficacy of antihypertensive drugs used for 
the treatment of hypertension in pediatric dia-
lyzed patients in 2013  in comparison with data 
collected in 2003/2004 [26]. In 61% of the 
patients, hypertension was treated inadequately, 
which is similar to the results obtained in 
2003/2004 (65%). The level of underdiagnosed 
hypertension also remained the same. Data from 
the ESPN/ERA-EDTA, the IPPN (since 2007), 
the Japanese Registry, or the Australian and New 
Zealand Dialysis and Transplant (ANZDATA) 

Table 30.1 Cardiovascular risk factors in chronic kidney 
disease

Traditional risk 
factors CKD-specific risk factors
Old age Abnormal Ca and PO4 levels
Male gender Abnormal PTH levels
Hypertension Vitamin D deficiency
Diabetes Anemia
Higher total 
cholesterol

Extracellular fluid overload

Higher LDL 
cholesterol

Inflammation

Lower HDL 
cholesterol

Oxidative stress

Family history of 
cardiovascular 
disease

Perturbation in the circulating 
calcification inhibitors

Lipoprotein (a) Albuminuria
Smoking Hyperhomocysteinemia
Physical inactivity Abnormal fibroblast growth 

factor 23 (FGF-23)
Malnutrition and 
hypoalbuminemia
Altered nitric oxide/endothelin 
balance
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Registry demonstrated that among children 
requiring renal replacement therapy (RRT) 
 during the neonatal period, hypertension (57%) 
was still a major problem after 2 years of dialysis 
[27]. The use of a 24-hour ABPM can provide 
additional information on BP control in dialyzed 
children. For example, in one small study, the 
authors determined that about one half of chil-
dren had an abnormally high mean ambulatory 
BP and up to three quarters had an abnormal BP 
load or dipping status [28].

Multiple factors contribute to the high preva-
lence of hypertension in this population. 
Sympathetic overactivity is one of the key play-
ers of CKD, which appears to occur very early in 
the course of the disease. Activation of the renin–
angiotensin system, sodium and fluid overload, 
and functional nitric oxide (NO) deficiency due 
to the accumulation of the circulating nitric oxide 
synthase (NOS) inhibitor asymmetric dimethyl- 
arginine (L-ADMA) also contribute to hyperten-
sion in patients with ESRD.

Fluid overload (see also Chap. 21) among 
patients on maintenance dialysis is a frequent 
problem and is a primary mechanism for the 
development and persistence of hypertension, 
particularly in patients treated with intermittent 
HD rather than PD. Vandevoorde et al. demon-
strated that in pediatric HD patients, hyperten-
sive subjects had significantly higher excess 
weight post dialysis and increased normalized 
intradialytic weight gain than did non-hyperten-
sive subjects, with volume overload identified as 
the main cause of hypertension [29]. Furthermore, 
chronic volume overload in children is associ-
ated with higher rates of early cardiac structural 
and functional abnormalities that will be dis-
cussed later in this chapter [30–32]. A recent 
study has suggested that serum B-type natri-
uretic peptide (BNP) could serve as a biomarker 
of fluid retention in hypertensive children on 
peritoneal dialysis [33].

Dyslipidemia is an independent risk factor for 
CVD in CKD patients. Renal disease is often asso-
ciated with dyslipidemia, and some evidence 
exists that dyslipidemia is an independent risk fac-
tor not only for the progression of CVD, but also 
for progressive CKD [34]. The degree of dyslipid-

emia parallels the degree of renal impairment [35]. 
Underlying mechanisms of uremic dyslipidemia 
include insulin resistance [36], hyperparathyroid-
ism [37], malnutrition, acidosis [38], and impaired 
catabolism of triglyceride- rich lipoproteins by 
decreased activity of lipoprotein lipase and hepatic 
triglyceride lipase [39, 40], whereas lipoprotein 
synthesis appears to be unaltered. Lipoprotein (a) 
(Lp(a)), which exerts a pro-atherosclerotic and 
pro-thrombotic effect, is also increased in 
ESRD. In line with findings in adults, in children 
with CKD, serum triglycerides are elevated 
whereas total cholesterol is close to normal. 
Hemodialysis does not seem to alter the pattern of 
dyslipidemia associated with CKD, whereas PD 
may contribute to an elevation of total cholesterol 
with a further increase in hypertriglyceridemia 
[41]. This is probably due to further aggravation of 
insulin resistance secondary to continuous glucose 
absorption from the dialysis fluid.

Obesity, another traditional risk factor, plays a 
subordinate role in pediatric dialysis patients. 
However it might be present in children with 
syndrome- associated CKD, like Bardet–Biedl 
syndrome, or occasionally in children on PD. An 
increased susceptibility to obesity in some PD 
patients may be due to the increased calorie supply 
by dialysate glucose administration in combina-
tion with a polymorphism in the UCP2 gene, the 
latter regulating adipose tissue accumulation [42].

The “traditional” risk factors may have a qual-
itatively and quantitatively different risk relation-
ship in CKD compared to the general population; 
a phenomenon of reverse epidemiology or risk 
factor reversal has been reported between body 
mass index, blood pressure, cholesterol levels 
[43], and the hazard ratio for morbidity or mor-
tality. One of the major causes for this risk factor 
reversal may be the confounding effects of pro-
tein energy malnutrition and inflammatory disor-
ders that are prevalent in maintenance dialysis 
patients [44].

 Uremia-Related Risk Factors

Nontraditional risk factors, such as anemia, chronic 
inflammation, oxidative stress,  malnutrition, 

R. Shroff and M. M. Mitsnefes



563

hyperhomocysteinemia, or dysregulation of the 
Ca–phosphate–PTH axis, are risk factors primarily 
present in CKD patients. Furthermore, there are a 
number of potential iatrogenic or treatment-related 
risk factors such as exposure to a high Ca load from 
dialysate, calcium-based phosphate binders, and 
vitamin D therapy; advanced glycation end-prod-
ucts, metabolic acidosis, and warfarin therapy can 
all contribute to the pro-calcific uremic milieu. The 
key factors are described in detail below.

Dysregulations in the Ca–P–PTH axis (see 
also Chap. 29) are central to the vascular damage 
and calcification in CKD patients. Phosphate has 
probably the best described spectrum of toxicity 
of all molecules that circulate in excess in 
CKD. Decreased renal P excretion plays a major 
role in the onset of hyperparathyroidism. 
Furthermore, plasma P levels are positively and 
independently correlated with an increasing risk 
of death from CVD [45]. Phosphate is filtered at 
the glomerulus and reabsorbed in the proximal 
tubules, with approximately 85% of the filtered 
phosphate reabsorbed via the sodium-phosphate 
co-transporter IIa located in the proximal tubular 
brush border membranes. It would be expected, 
therefore, that CKD would result in hyperphos-
phatemia. However, we now know that compen-
satory mechanisms in the form of increased 
fibroblast growth factor-23 (FGF-23) levels act to 
preserve a normal plasma P in early CKD [46]. 
FGF-23 is a hormone produced by the osteocyte, 
and together with its obligate co-receptor, Klotho, 
results in a negative phosphate balance, by 
decreasing renal tubular phosphate reabsorption 
and suppressing renal 1-α hydroxylase, thereby 
reducing the synthesis of 1,25-dihydroxyvitamin 
D (1,25(OH)2D) [46]. However, as CKD pro-
gresses, there is increasing FGF-23 resistance and 
P retention occurs, stimulating PTH secretion.

Studies in adult patients have conclusively 
identified that plasma phosphate is an indepen-
dent predictor of mortality in CKD. This link was 
first demonstrated in adult HD patients: as serum 
phosphate levels increased above 5.6  mg/dL (= 
1.8  mmol/L), the hazards ratio for mortality 
increased by 6% for every 1  mg/dL (= 
0.3  mmol/L) increase in serum phosphate [45]. 
Hyperphosphatemia has also been shown to be an 

independent risk factor for death in the pre- 
dialysis population [47, 48]. Data from >26,000 
adult dialysis patients have shown that in over 
80% of patients, at least one biochemical variable 
was uncontrolled. Pediatric studies have simi-
larly shown that plasma phosphate adversely 
affects cIMT, coronary calcification, and left ven-
tricular mass, and these studies are discussed in 
detail below. Several in vitro studies using vascu-
lar smooth muscle cell (VSMC) cultures and 
intact human vessels have shown the direct causal 
role of P in inducing and promoting vascular cal-
cification [49, 50], and are discussed below.

CKD patients are thought to be in a net posi-
tive Ca balance as a result of iatrogenic Ca load-
ing from Ca-based phosphate binders, vitamin D 
therapy, dialysate Ca, and reduced or absent Ca 
removal via the kidneys. In the above study by 
Block et al., patients with high calcium levels and 
PTH  >  300  pg/dl were consistently associated 
with a higher risk of death or cardiac dysfunction 
[51]. Current guidelines state that hypercalcemia 
may be harmful in all GFR categories of CKD 
and call for restriction in the use of calcium-con-
taining phosphate binders [52]. Current K/DOQI 
guidelines recommend a maximum elemental 
calcium load of 2000 mg/day, including calcium-
containing medication (maximum 1500 mg/day) 
and a maximum dialysate calcium concentration 
of 1.25 mmol/L (to avoid intradialytic Ca load-
ing) [53]. Ca balance studies during HD have 
shown that the majority of HD patients are con-
tinually experiencing Ca overload. Also, the 
amount of Ca removed during dialysis was inde-
pendent of the exogenous Ca load from diet or 
binders [54]. These transient increases in Ca that 
inevitably occur in clinical practice may go unre-
corded, but can impact on ectopic calcification, 
particularly in the setting of high P conditions. 
Clinical studies have reported that the extent of 
arterial calcification was directly related to the 
number of episodes of hypercalcemia during the 
preceding 6  months [55] and in the “Treat-to-
Goal” study, the Ca-treated group had signifi-
cantly more hypercalcemic episodes than the 
sevelamer group [56].

Oxidative stress is a major contributor to 
increased atherosclerosis and cardiovascular 
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morbidity and mortality in CKD.  Malnutrition 
and hypoalbuminemia reduce the antioxidant 
defense and increase vulnerability to oxidant 
injury. Retained uremic solutes, such as the 
advanced glycation end-products (AGE) that are 
substrates of oxidized dialysate components, 
homocysteine, cysteine, and ß2-microglobulin, 
further contribute to the pro-atherogenic milieu 
in uremia. Although dialysis treatment reduces 
the concentration of oxidized substrates, amelio-
rating the oxidant–antioxidant balance, dialysis- 
associated factors such as vascular catheters, 
dialysis membranes, and exposure to dialysate or 
oxidants in HD water, can also induce further 
pro-atherogenic insults [57].

ESRD can be considered a low-grade inflam-
matory state. Oxidative and carbonyl stress may 
stimulate cells and the endothelium to release 
IL-6 and other pro-inflammatory cytokines that 
are directly linked with the initiation and progres-
sion of atherosclerosis in HD and PD patients 
[58–60]. The inflammatory state is often associ-
ated with malnutrition, and the combination is 
directly linked with a high risk of atherosclerosis 
[61], often known as the malnutrition- 
inflammation- atherosclerosis (MIA) complex. 
The presence of MIA in a CKD patient is associ-
ated with a significantly higher mortality rate 
[62]. The physiological calcification inhibitor, 
fetuin-A, is a negative acute phase reactant and 
its production is downregulated in an inflamma-
tory milieu [63]; fetuin-A may be the missing 
link between inflammation and atherosclerosis 
[64]. Recent studies have shown that vitamin D 
has a cardioprotective effect, and one of its sev-
eral beneficial effects on the heart and vascula-
ture may be mediated by its anti-inflammatory 
effects [65, 66].

Hyperhomocysteinemia is a significant risk 
factor for atherosclerosis [67, 68] and has been 
associated with increased carotid artery intima- 
medial thickness (cIMT) and LVH in children 
[60, 69]. Folic acid and B vitamins, required for 
remethylation of homocysteine to methionine, 
are the most important dietary determinants of 
homocysteine, and daily supplementation typi-
cally lowers plasma homocysteine levels, but it is 
unclear whether the decreased plasma levels of 

homocysteine through diet or drugs may be par-
alleled by a reduction in cardiovascular risk. It is 
presumed that homocysteine exerts a direct toxic 
effect on the vessel wall, and one small study in 
children has shown that folic acid supplementa-
tion may improve endothelial function with an 
increased resistance of LDL to oxidation [70]. 
However, several randomized controlled studies 
in adults have failed to show a beneficial effect of 
folic acid supplementation, and very high doses 
of folic acid have recently been linked with an 
increased risk of malignancies [71].

Anemia (see also Chap. 27) is a major uremia- 
related cardiovascular risk factor that is highly 
prevalent in children and adolescents with 
advanced CKD. Unlike the other major uremia- 
related risk factors, it appears relatively early in 
the course of CKD. Despite the introduction and 
wide use of recombinant erythropoeisis stimulat-
ing agents (ESAs), anemia remains common. 
Data from the CKiD cohort have demonstrated 
that below a measured GFR of 43  mL/
min/1.73 m2, the hemoglobin decreased by 0.3 g/
dL for every 5  mL/min/1.73  m2 decrement in 
GFR [72]. Data from the NAPRTCS registry sup-
port the finding that anemia is common in pediat-
ric CKD patients (increasing from 18.5% in stage 
2 CKD to 68% in stage 5 pre-dialysis patients); 
furthermore, patients with anemia were 55% 
more likely to be hospitalized than those with a 
normal hemoglobin level [73]. Anemia remains a 
significant risk for both morbidity and mortality 
[74, 75]. Data from IPPN demonstrated that 25% 
of patients had hemoglobin levels below target, 
and low hemoglobin levels were associated with 
low urine output, low serum albumin, high para-
thyroid hormone, high ferritin, and the use of bio-
incompatible PD fluid [76]. In this study, anemia 
and high ESA dose requirements (likely second-
ary to ESA resistance due to inflammation) inde-
pendently predict mortality. Until recently, 
posttransplant anemia has also been under- 
appreciated. However, with introduction of more 
potent immunosuppression therapy, recently 
reported anemia prevalence rates have ranged 
from 61% to 86% [75, 77].

Dialysis vintage (the time on dialysis) has 
been implicated as a predictor of coronary artery 
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calcification in children and young adults 
(Table 30.2). Coronary calcification can be seen 
as early as the first decade of life in children on 
dialysis. Dialysis vintage was associated with the 
presence of calcifications, even in patients who 
had undergone transplantation (dialysis vintage 
was calculated as cumulative time on dialysis) 
[78].This suggests that calcification develops in a 
time-dependent manner on dialysis, and suggests 
that there is little or no regression associated with 
a functioning transplant. A recent review article 
has suggested that there is a strong, albeit insig-
nificant linear association between dialysis vin-
tage and coronary artery calcification (CAC) 
score across all published studies of CAC in 
young patients with childhood-onset ESRD, sug-
gesting an exponential effect of dialysis vintage 
on the development of CAC [79].

 Surrogate Measures 
of Cardiovascular Risk in CKD 
Patients

Unlike studies in adult CKD patients where 
“hard” end points such as death or cardiovascular 
events are used, pediatric studies must rely on 
surrogate measures of cardiovascular damage. 
These include cardiac and vascular measures of 
structure and function, and biomarkers from 
blood and urine. Echocardiography is a gold 
standard to assess for the presence of LVH or sys-
tolic and diastolic dysfunction. Measures of 
structural changes in the vessels include the 
cIMT (measured by high-resolution ultrasound 
scan of the common carotid arteries) and direct 
evidence of CAC on multi-slice CT scan. 
Functional changes in the vasculature can be 
determined by the pulse wave velocity (PWV) 
that determines stiffness or loss of compliance in 
the vessel and distensibility of the common 
carotid artery measured by ultrasound (Fig. 30.2). 
Although cIMT, PWV, and CAC have been 
extensively used in many studies of vascular out-
come, there is recent evidence to show that they 
are not sensitive markers of early vascular dam-
age and must be interpreted with caution [76]. In 
addition, numerous biomarkers of vascular dam-

age and future cardiovascular events have been 
described and some validated against “hard end- 
points.” In our current state of knowledge, these 
can best serve as corroborative evidence of vas-
cular injury or predictors of future cardiovascular 
events, but cannot replace the established vascu-
lar measures described above. Some of the better 
defined biomarkers are vitamin D levels 
(25-hydroxyvitamin D and 1,25- dihydroxyvitamin 
D) [80–82] and FGF-23 [83], the physiological 
calcification inhibitors (fetuin-A, matrix Gla- 
protein, and osteoprotegerin) [84], endothelial 
microparticles, and cardiac troponin levels [85].

 Left Ventricular Structure 
and Function

As in adults, a number of studies have shown that 
LVH develops relatively early in the course of 
CKD in children, and becomes more common as 
renal function declines. Although some small ret-
rospective studies demonstrate regression of 
LVH with better blood pressure and volume con-
trol while on dialysis, others have demonstrated 
worsening of LVH. Left ventricular hypertrophy 
is also commonly seen after renal transplantation 
in children. Considering all of the available data, 
approximately one third of children with CKD 
stages 2–4 [23, 86, 87] and up to 50–80% of pedi-
atric dialysis patients have LVH [24]. The preva-
lence of LVH has remained stable and quite high 
over last two decades. Data from the Turkish reg-
istry of children on maintenance dialysis col-
lected from 2008 to 2013 showed the prevalence 
of LVH to be 59% [88]. Data from IPPN demon-
strated the overall LVH prevalence to be 48%. In 
the IPPN prospective analysis, the incidence of 
LVH developing de novo in patients with normal 
baseline LV mass was 29%, and the incidence of 
regression from LVH to normal LV mass was 
40% per year [89]. Beyond childhood, in the fol-
low- up of 140 adults who developed ESRD 
before the age of 14 years, the Dutch Late Effects 
of Renal Insufficiency in Children (LERIC) study 
has also demonstrated that LVH is common (47% 
of male and 39% of female patients), as is dia-
stolic dysfunction (13%) [3].
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Diastolic dysfunction is thought to be the ini-
tial functional LV abnormality evident in chil-
dren with CKD.  Historically, the most widely 
used method of assessment of impaired LV relax-
ation has been the use of Doppler measurement 
of the mitral inflow velocity (with E/A ratio <1.0 
defined as abnormal relaxation). By this method, 
a number of studies have demonstrated reduced 
and/or frankly abnormal E/A ratios in patients 
with CKD, and after renal transplantation [86, 
90, 91]. Given that many patients with advanced 
CKD are chronically hypervolemic, the E/A ratio 
may not be the ideal means of assessing diastolic 
function in this group. More recently, tissue 
Doppler imaging (TDI) was introduced as a less 
load-dependent and therefore more accurate 
means of evaluating diastolic function in CKD. A 
number of recent studies have documented the 
presence of diastolic dysfunction by TDI [92–
94], thus confirming the findings of earlier stud-
ies. Overall, children on maintenance dialysis 

(irrespective of modality) have worse diastolic 
function than those with either CKD stages 2–4 
or functioning renal transplants. In terms of func-
tional consequences, diastolic dysfunction was 
recently demonstrated to be independently asso-
ciated with reduced maximal aerobic capacity 
(VO2max) in patients with stages 2–4 CKD, 
ESRD, and renal transplants [95]. There are no 
longitudinal studies of whether abnormal dia-
stolic function predicts the development of frank 
systolic dysfunction and congestive heart failure 
in this patient group, although that has been 
clearly documented in adult survivors of myocar-
dial infarction.

Normal systolic function has classically been 
thought to be relatively well preserved in chil-
dren with CKD. While that still appears to be true 
in terms of overt systolic function abnormalities 
as assessed by LV contractility or endocardial 
shortening fraction (eSF), recent studies have 
demonstrated that subclinical systolic dysfunc-

a b

c

Fig. 30.2 Surrogate measures of cardiovascular risk in 
CKD patients. (a) High-resolution ultrasound of the com-
mon carotid artery to measure the carotid artery intima- 
media thickness (cIMT). (b) Tonometry to measure the 

pulse wave velocity. Inset shows carotid and femoral 
waveforms. (c) Multislice CT scan showing coronary 
artery calcification (inset)
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tion is common in children with CKD, affecting 
up to 40% of pediatric HD patients. Using mea-
surements of midwall shortening fraction 
(mwSF), similar systolic function abnormalities 
also have been identified in early CKD, albeit at 
lower frequency [96]. The mwSF is thought to be 
a more accurate marker of systolic function than 
eSF, particularly in those patients with LVH, as 
eSF tends to overestimate systolic function in this 
group. One of relatively new markers of subclini-
cal myocardial dysfunction is abnormal LV sys-
tolic strain [97]. It is considered to be an early 
predictor of LV dysfunction [98]. In the 4C study 
of children with advanced CKD in Europe, LV 
strain was assessed by echocardiography [99]. 
While there was no difference in LV ejection 
fraction (EF) between CKD patients and healthy 
controls, children with CKD were found to have 
a higher prevalence of reduced global circumfer-
ential strain components [99]. Rumman et  al. 
using echocardiography, also showed global lon-
gitudinal strain (GLS) to be lower in dialysis 
patients compared to CKD patients [100]. These 
patients were followed longitudinally and found 
to have improvement of their GLS to their pre- 
dialysis CKD levels [101].

Cardiac MRI has recently been utilized in the 
assessment of CV structure and function in chil-
dren with CKD. Malatesta-Muncher et al. showed 
that children on maintenance dialysis had signifi-
cantly lower circumferential strain than in chil-
dren after transplantation; strain was inversely 
correlated with LVMI [102]. Hothi et al. assessed 
myocardial stunning in children during hemodi-
alysis treatment [103]. In their study, 11 of 12 
patients developed myocardial stunning while 
maintaining LV EF throughout hemodialysis.

 Vascular Structure, Function, 
and Coronary Artery Calcification 
(CAC)

A number of cross-sectional observational stud-
ies in pediatric dialysis patients or young adult 
survivors of pediatric dialysis programs have 
described surrogate measures of vascular damage 
and sought to identify associated risk factors. 

Children provide a good opportunity to study 
uremic influences on the vasculature as they have 
fewer confounding pro-atherosclerotic risk fac-
tors such as diabetes and dyslipidemia that are 
major confounders in similar adult studies. Since 
the initial study of CAC in pediatric patients on 
dialysis published in 2000 by Goodman et  al. 
[104], virtually all studies conducted in children 
on maintenance dialysis consistently have shown 
increased carotid artery IMT and increased arte-
rial stiffness (e.g., increased PWV). Many of 
these studies also detected CAC.  Key pediatric 
studies are shown in Table 30.2.

Although all of the available pediatric studies 
are small, often single-center and cross-sectional, 
they show remarkably similar risk factors associ-
ated with cardiovascular damage. A key risk fac-
tor highlighted by virtually all of the studies is 
the strong linear association between deteriorat-
ing vascular measures and time spent on dialysis 
[2, 25, 104, 107, 110, 113]. Prolonged exposure 
to the uremic milieu with high, and often worsen-
ing Ca–P–PTH control, exposure to pro- 
inflammatory agents such as advanced glycation 
end-products and oxidative stress, and reduced 
levels of the circulating calcification inhibitors all 
contribute toward deleterious structural and func-
tional changes in the vasculature. To support this, 
vascular measures have consistently and signifi-
cantly correlated with Ca, P [2, 25, 69, 78, 104, 
107–110], and PTH levels [2, 78, 107, 110]. The 
vascular changes have also correlated with medi-
cation dosages of calcium-based P binders and 
vitamin D compounds, suggesting that dysregu-
lated mineral metabolism is central to the vascu-
lopathy of CKD, and that these modifiable risk 
factors require careful monitoring and strict con-
trol from the earliest stages of CKD.

An increase in cIMT and PWV have been 
shown to begin even in the first decade of life in 
children on dialysis [78] and in pre-dialysis CKD 
stages 2–4 as well [25, 107, 114]. The 4C study 
[17] determined the vascular phenotype in 737 
children with advanced CKD: cIMT was elevated 
in 41.6%, with only 10.8% of patients displaying 
measurements below the 50th percentile; PWV 
was increased in 20.1%. The office systolic BP was 
the single independent factor significantly associ-
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ated with all surrogate markers of cardiovascular 
disease. Importantly, although structural vascular 
changes are found in pre-dialysis patients, the ves-
sel retains its normal compliance and distensibility 
properties as compared to controls [107]. However, 
with progressive duration and severity of uremic 
damage as found in dialysis patients, a further dete-
rioration in cIMT  coupled with increased vascular 
stiffness occurs. Interestingly, an increase in the 
vessel wall thickness or cIMT is coupled with a 
remodeling of the vessel such that an increase in 
the carotid artery lumen occurs, possibly to counter 
the stiffness or loss of compliance of the vessel 
[25]. It may be this compensatory remodeling in 
the early stages of CKD and the more plastic ves-
sels of children that protect them against the delete-
rious consequences of vascular damage.

Direct evidence of calcification in the coro-
nary vessels has been shown in 15–20% of pedi-
atric chronic dialysis patients [78, 110, 112, 115, 
116] and correlates with many of the above listed 
risk factors. However, despite the presence of 
these risk factors and of CAC, none of the patients 
in these studies had overt CVD.

None of the studies in children with CKD 
have reported the presence of intimal plaques in 
the cardiac or carotid arteries, and although ultra-
sound is not an accurate means of assessing inti-
mal versus medial changes in the vessel wall, it 
appears that uremic vasculopathy, at least in chil-
dren, is a predominantly medial process.

 Progression of Vascular 
Calcification Through Different 
Stages of CKD

Despite a plethora of observational cross- 
sectional studies, there are very few longitudinal 
studies that have followed children through pre- 
dialysis–dialysis–transplantation phases and 
described changes in vascular markers at differ-
ent stages of uremia. Calcification progresses 
rapidly in patients on dialysis as shown in a sys-
tematic follow-up study by Goodman et al. [78, 
104]. When a repeat CT scan was performed after 
a mean interval of 20  months, the calcification 
score almost doubled in the 10 patients who had 
evidence of initial calcification [78, 104]. 

Calcification progression on CT scan has also 
been shown by Civilibal et  al., with the time- 
averaged serum Ca × P product and serum albu-
min levels predicting the final CAC score and 
change in CAC score, respectively [69]. This 
suggests that in the pro-calcific and pro- 
inflammatory uremic milieu “calcium begets cal-
cium,” so our efforts must be directed at the 
prevention of calcification starting in the earliest 
stages CKD. It is fascinating that in all studies, 
patients who did not have baseline calcification 
continued to remain free of calcification despite 
exposure to similar uremic conditions. 
Importantly, the presence of CAC is strongly pre-
dictive of myocardial infarction, heart failure and 
stroke in adult pre-dialysis CKD patients [117], 
and it is an independent predictor of all-cause 
mortality, cardiovascular events, and cardiovas-
cular mortality in adult dialysis patients [118].

By ameliorating the uremic milieu, renal 
transplantation might intuitively be thought of as 
a procedure that might lead to a reversal of some 
of the cardiovascular damage from dialysis. 
However, there is increasing evidence from adult 
studies to show that CVD remains a significant 
problem posttransplantation, a problem that may 
be driven by hypertension, obesity, and related 
risk factors and possibly by immunosuppressive 
agents. Krmar et al. have shown that there is no 
increase in cIMT following renal transplantation 
when there is good blood pressure control [119]. 
As cIMT progressively increases with age, this 
can be interpreted as a regression in cIMT when 
hypertension is ameliorated after transplantation 
[120]. Litwin et al. have shown that cIMT thick-
ening and remodeling of the vessel wall begins 
early in CKD and progress rapidly on dialysis, 
correlating with the blood pressure and mean 
serum phosphorus levels. Successful transplanta-
tion can improve the cIMT toward pre-dialysis 
values, but cannot normalize it [113].

 Physiological Inhibitors of 
Calcification

Vascular calcification occurs in the majority of 
patients with CKD, but as noted above, a subset of 
patients do not develop calcification despite expo-
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sure to a similar uremic environment [63]. There is 
now a growing body of evidence showing that cal-
cification is a highly regulated cell- mediated pro-
cess, involving a complex interplay of promoters 
and inhibitors of calcification. Animal knockout 
models and human single-gene defects have con-
firmed the role of physiological inhibitors in regu-
lating vascular calcification [121].

Fetuin-A (α2-Heremans–Schmid protein) is a 
key circulating calcification inhibitor that con-
tributes to ∼50% of the calcification inhibitory 
capacity of human plasma and walls off the nidus 
of calcification, thereby preventing further crys-
tal growth. Fetuin-A is a negative acute phase 
reactant, and in the pro-inflammatory dialysis 
milieu its production may be reduced [63]. 
Several studies have reported that adults on dialy-
sis have significantly lower fetuin-A levels than 
controls. Interestingly, whereas a protective 
upregulation of fetuin-A has been reported in 
pediatric dialysis patients, with increasing dialy-
sis vintage and in the associated pro-calcific and 
pro-inflammatory uremic milieu, fetuin-A levels 
are decreased [84]. At the VSMC level, fetuin-A 
can inhibit apoptosis, enhance phagocytosis, and 
protect the smooth muscle cell from calcifying 
[84, 122]. Another group has reported lower 
fetuin-A levels in pediatric transplant recipients, 
but did not find an association with vascular mea-
sures [123].

An important local inhibitor of calcification, 
matrix Gla [γ-carboxyglutamic acid] protein 
(MGP), is expressed in the media of arteries 
where it acts as an inhibitor of Ca–P precipitation 
[97, 124]. The γ-carboxylation of MGP is vita-
min K dependent, and drugs such as warfarin 
may inhibit this process, resulting in the accumu-
lation of inactive under-carboxylated MGP and 
ectopic calcification [84, 124]. Osteoprotegerin 
and pyrophosphate are other potent calcification 
inhibitors that are shown to be perturbed in chil-
dren with CKD [84]. The importance of circulat-
ing calcification inhibitors was recently confirmed 
by studies using an in vitro test (T50 test) for the 
determination of calcification propensity in 
blood. The T50 test quantifies the calcification 
inhibition of serum by treatment with supersatu-
rated calcium and phosphate solutions, which 

results in the formation of primary calciprotein 
particles that mainly contain fetuin [125]. 
Calcification propensity was significantly associ-
ated with cardiovascular events in pre-dialysis 
CKD and hemodialysis patients [125, 126]. In 
incident adult dialysis patients, OPG and fetuin-
 A were significantly associated with all-cause 
and cardiovascular mortality during follow-up 
[127]. While further longitudinal studies are 
required to fully characterize these circulating 
biomarkers in children, they may prove to be a 
useful and convenient measure of an individual 
patient’s susceptibility to vascular calcification.

 The Role of Vitamin D 
in Cardiovascular Health in CKD

Virtually all studies in dialysis patients have 
reported the prevalence of 25-hydroxyvitamin D 
[25(OH)D] and 1,25-dihydroxyvitamin D 
[1,25(OH)2D] deficiency to be on the order of 
50–90% [128, 129], and have shown that defi-
ciency begins early in the course of renal decline 
[129]. CKD patients can have low 25(OH)D lev-
els for several reasons: they may have less sun-
light exposure, the endogenous synthesis of 
vitamin D in the skin is reduced in CKD, inges-
tion of foods that are natural sources of vitamin D 
may be diminished, and proteinuria may be 
accompanied by high urinary losses of vitamin 
D-binding protein [129]. In addition, when the 
GFR falls to <50  mL/min/1.73  m2, the kidney 
cannot convert “nutritional” 25(OH)D to the bio-
logically active 1,25(OH)2D [130]. The synthe-
sis, metabolism, and interactions of vitamin D in 
the Ca–P–PTH axis are shown in Fig.  30.3. A 
recent report of nearly 700 children with CKD 
across Europe has shown that disease-related fac-
tors and vitamin D supplementation are the main 
correlates of vitamin D status in children with 
CKD, whereas variations in the vitamin 
D-binding protein showed only a weak associa-
tion with the vitamin D status [131]. A core 
working group of the European Society for 
Paediatric Nephrology has developed recommen-
dations for the evaluation, treatment, and preven-
tion of native vitamin D deficiency and active 
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vitamin D analog therapy in children with CKD 
stages 2 to 5 and on dialysis [132, 133].

Most tissues and cells in the body have a vita-
min D receptor and also have the enzymatic 
machinery to convert 25(OH)D to the active form 
1,25(OH)2D [128]. In the cardiovascular system, 
vitamin D acts as a negative endocrine regulator 
of the renin–angiotensin system [134], inhibits 
atrial natriuretic peptide [135], increases myocar-
dial contractility, and reduces cardiomyocyte 
hypertrophy [136]. Several large epidemiological 
studies have consistently shown that hemodia-
lyzed patients receiving any activated vitamin D 
treatment have a significant survival advantage 
on the order of 20–25% as compared to untreated 
patients [80–82].

Clinical studies in children have examined the 
effects of vitamin D therapy on vascular mea-
sures and calcification (Table  30.2) and shown 
that both CAC and cIMT correlated with a higher 
calcitriol dosage [25, 66, 78, 107]. However, the 
association of vitamin D levels with vascular 
measures is more interesting. In a recent study of 
children on maintenance dialysis, Shroff et  al. 

have shown that there is a bimodal association of 
vitamin D levels with vascular measures such 
that both low and high levels of vitamin D are 
associated with abnormal cIMT and CAC [66]. 
These effects may be determined by the effects of 
vitamin D on Ca–P homeostasis, as well as its 
pro-inflammatory effect [66].

 The Vascular Biology of Calcification

In recent years, converging evidence from in vitro 
studies, molecular genetic techniques, and human 
single-gene defects has shown that vascular cal-
cification is an active, highly regulated process 
and not merely a passive deposition of Ca and P 
in dead or dying cells [50]. In response to raised 
extracellular Ca and P levels, vascular smooth 
muscle cells (VSMCs) undergo specific pheno-
typic changes including apoptosis, osteo-/chon-
drocytic differentiation, and the release of small 
membrane-bound bodies called vesicles that 
form a nidus for the deposition of basic Ca–P in 
the form of hydroxyapatite [50]. Transformation 
of VSMC to an osteo-/chondrocytic phenotype is 
characterized by the upregulation of bone-spe-
cific transcription factors and matrix proteins, 
including Runx2/Cbfa1, osterix, and alkaline 
phosphatase, that in turn lead to accelerated cal-
cification. Raised serum P has been shown to be 
a key factor that triggers osteoblastic differentia-
tion of the VSMC [49, 50, 137]. A schematic dia-
gram depicting key events in the calcification 
process is shown in Fig. 30.4.

Using intact arteries from children, Shroff 
et al. have shown that calcification in the vessel 
wall begins in pre-dialysis CKD stages 4 and 5, 
but is significantly greater in dialysis patients 
[121]. The calcium load in the vessel wall 
increases linearly with time on dialysis and is 
strongly correlated with the mean time-averaged 
serum Ca x P product. Dialysis vessels showed 
VSMC apoptosis with significantly fewer 
VSMCs as compared to pre-dialysis or healthy 
control vessels, and this may be a key event that 
triggers accelerated calcification in dialysis 
patients. Importantly, the vessel Ca load did 
not result in an increase in cIMT and only the 
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most severely affected patients had coronary 
calcification on CT scan, implying that the cur-
rently available vascular measures are not sensi-
tive enough to detect early calcification. Shroff 
et al. cultured vessel rings from healthy subjects 
and pre-dialysis and dialysis patients in graded 
concentrations of Ca and P and showed that nor-
mal and pre-dialysis vessels were resistant to cal-
cification, while dialysis vessels showed 
accelerated calcification in high Ca and P media 
[138]. This suggests that dialysis vessels have 
lost protective mechanisms; exposure to the ure-
mic milieu has “primed” them to calcify. In the 
presence of a high P, even a small increase in Ca 

in the culture medium significantly increased cal-
cification, implying that Ca may be a key media-
tor of VSMC damage and calcification [138], and 
careful attention must be paid to even transient 
increases in calcium levels such as are seen after 
HD, or with the use of calcium-containing phos-
phate binders and vitamin D analogs.

Recent research suggests that premature aging 
in dialysis vessels may drive the process of accel-
erated calcification. Accumulation of the aging 
biomarker prelamin A has been shown in the cal-
cified arteries of children on dialysis [139]. 
Prelamin A interferes with DNA damage repair 
leading to accelerated VSMC senescence [140]. 
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This toxic nuclear protein also accumulates in the 
calcified vasculature of aged adults and is causal 
in the induction of accelerated vascular calcifica-
tion and stiffening in children with the premature 
aging disorder Hutchinson–Gilford progeria 
 syndrome [141]. In a recent study, Shanahan 
et al. have shown that vessels from children with 
CKD undergo oxidative DNA damage and have 
elevated senescence markers that may drive 
osteogenic differentiation and calcification [142].

 The Bone-Vascular Link

There is a growing awareness that mineral dys-
regulation in CKD is closely linked to abnormal 
bone pathology, and that this in turn leads to 
extraskeletal calcification. Hormones such as 
PTH and vitamin D that closely regulate cal-
cium–phosphate metabolism affect skeletal min-
eralization and can lead to ectopic soft-tissue 
calcification. Key factors produced by osteocytes 
(e.g., FGF-23), osteoblasts (e.g., alkaline phos-
phatase), and osteoclasts (e.g., osteoprotegerin) 
also influence vascular calcification [49].

It is a matter of debate whether vascular calci-
fication and bone loss are simultaneously occur-
ring but largely independent processes, or 
whether poor bone health predisposes to vascular 
calcification, especially in patients with kidney 
disease. In a prospective study in 213 adult HD 
patients, bone mineral density of the spine was 
inversely related to the coronary artery calcifica-
tion score, and CAC progression was associated 
with the severity of osteoporosis [143]. A further 
study in adults on HD has shown that low tra-
becular bone volume and decreased cortical bone 
density are associated with coronary artery calci-
fication [144].

The K/DIGO (Kidney Disease Improving 
Global Outcomes) working group has proposed 
a broader and more encompassing term to 
describe this clinical disorder: CKD-mineral 
and bone disorder (CKD-MBD) [145]. They 
proposed three primary components of CKD-

MBD: (1) biochemical abnormalities in cal-
cium, phosphorus, PTH, or vitamin D 
metabolism; (2) changes in bone histology 
(bone turnover or mineralization), linear growth, 
and fractures; and (3) vascular or other soft-tis-
sue calcification. The broader definition of 
CKD-MBD is an improvement on historical 
practice in which renal ostedystrophy and its 
management was thought only to affect skeletal 
health and growth. Recognition of the impor-
tance of the full spectrum of CKD-MBD also 
highlights the need for more cautious use of 
calcium- containing P binders and vitamin D 
analogs to minimize the risk of vascular disease, 
as will be discussed in detail below.

 Evaluation and Management of CV 
Risks in CKD

Primary among all management strategies in 
childhood CKD/ESRD is the avoidance of long- 
term dialysis, with preference given to preemp-
tive transplantation when feasible, as the strongest 
evidence for cardiovascular risk reduction is that 
associated with avoiding dialysis [5]. Although 
far from perfect with regard to cardiovascular 
risk, successful transplantation can eliminate or 
significantly improve uremia-related risk factors 
and increase predicted life expectancy by 
20–30 years when compared to long-term dialy-
sis. Otherwise, management strategies should be 
specific to the stage of CKD (pre-dialysis, dialy-
sis, or transplant) as each has a unique subset of 
common risk factors. For those patients who 
must have long-term dialysis, the strategy is 
directly linked to the achievement of adequate 
dialysis outcomes, which include aggressive 
monitoring and management of hypertension, 
dyslipidemia, calcium–phosphorus metabolism, 
anemia, nutrition, systemic inflammation, and 
other dialysis complications. Current recommen-
dations for the management of the most common 
individual risk factors are summarized below.
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 The Need for More Frequent 
Dialysis

Although mostly anecdotal in nature, an increas-
ing body of pediatric literature supports using 
intensified hemodialysis programs to improve 
patient outcome [30, 146–148]. Intensified hemo-
dialysis includes different forms of frequent dial-
ysis (such as short daily dialysis) or longer hours 
on dialysis (such as nocturnal dialysis at home or 
in center) in different combinations, as well as 
hemodiafiltration (HDF). The adult literature 
also supports the potential for improved out-
comes with more frequent and intensified dialy-
sis [149, 150]. These outcomes include 
improvements in the following metrics: patient 
quality of life, phosphate balance, blood pres-
sure, anemia, nutrition and growth, and cardiac 
indices as measured by echocardiography. More 
frequent dialysis has the potential to result in 
decreased hospital admissions, increased patient 
adherence, and a decrease in vascular access 
complications. Patients receiving more frequent 
home dialysis also have lower health-care costs 
[151, 152], but not all patients are willing or able 
to perform home-based therapy [153].

HDF is a newer technique of dialysis that uti-
lizes a combination of diffusive and convective 
solute transport through a highly permeable 
membrane [154–156], thereby achieving clear-
ance of middle and large molecular weight sol-
utes unlike conventional HD.  In recent years, 
randomized trials in adults have shown that HDF 
is associated with improved cardiovascular and 
all-cause mortality compared to HD.  A pooled 
analysis of four randomized trials in adult patients 
comparing HDF with conventional HD demon-
strated a reduction in all-cause and cardiovascu-
lar mortality risk [157–159]. In children, a short 
daily dialysis program combining in-center high- 
efficiency online hemodiafiltration (HDF) with 
growth hormone therapy has reported impressive 
catch up growth [30]. Small observational studies 
also suggest that HDF improves cardiovascular 
function and inflammatory status [160, 161]. In a 
substudy of the ongoing Hemodiafiltration, Heart 
and Height (3H) study [162], a switch from con-
ventional HD to HDF resulted in significant 

improvement in inflammation, antioxidant capac-
ity, and endothelial risk profile within just 
3  months [163], and keeping all other dialysis- 
related parameters constant. The 3H study has 
shown that on fully adjusted analyses, the annu-
alized changes in both cIMT-SDS and MAP-SDS 
were significantly lower in HDF compared to HD 
patients, largely due to improved fluid removal as 
well as clearance of middle molecular weight 
uremic toxins by HDF.

Patients on longer or more frequent HD pro-
grams have less stringent fluid or dietary restric-
tions, and a reduced medication burden [164], 
with some patients even requiring phosphate 
supplementation [165]. BP control improves and 
EPO doses are often reduced [164]. A nocturnal 
home hemodialysis program has been shown to 
improve the child’s quality of life, school atten-
dance [153], and growth [166]. In a crossover 
study of in-center nocturnal HD and HDF, further 
improvement of dialysis efficacy with HDF com-
pared to HD was reported [167]. Despite the 
many advantages of frequent / nocturnal HD, its 
use is limited to few pediatric patients and cen-
ters. A recent online survey among pediatric 
nephrologists identified lack of adequate fund-
ing, shortage of staff, and to a lesser degree, lack 
of expertise and motivation as barriers [168].

 Management of Key Modifiable Risk 
Factors That Contribute 
to the Development 
and Progression of CVD in CKD

Fluid overload with associated hypertension (see 
also Chap. 31) and chronic mineral dysregulation 
are likely the key drivers of CVD in childhood 
CKD. The management of these and other impor-
tant modifiable risk factors is discussed below.

 Prevention and Treatment 
of Hypertension and LVH

In the child on dialysis, the presence of hyperten-
sion, as discussed above, is primarily related to 
fluid overload. Attainment of dry weight will 
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result in lowering (but not necessarily normaliza-
tion) of blood pressure in the majority of patients. 
Dry weight and dialysis prescription need to be 
frequently adapted to avoid fluid overload 
induced hypertension. Bioelectrical impedance 
analysis [169] or assessment of the inferior vena 
cava diameter [170] may be helpful tools for the 
assessment of dry weight in combination with 
standard clinical measures. Supportive measures 
aiming for a low extracellular volume, such as 
dietary salt restriction, low dialysate sodium con-
tent, restriction of fluid intake, and prolonged 
dialysis time have been shown to maintain nor-
motension in 98% of adult patients [171]. More 
frequent [30] or nocturnal dialysis [167, 172, 
173] might also be helpful to maintain dry weight 
and normal blood pressure. An appropriate target 
for clinical use may be an interdialytic blood 
pressure below the 90th percentile. Long-term 
data on the effects of strict blood pressure control 
(e.g., ESCAPE trial target of 24-hour MAP <50th 
percentile) on CVD in the pediatric dialysis pop-
ulation are lacking.

Only when hypertension cannot be controlled 
by adequate volume control should pharmaco-
logical antihypertensive treatment be considered. 
Angiotensin-converting enzyme inhibitors 
(ACEi), Ca-channel blockers, and ß-blockers, 
alone or in combination with other drugs, are the 
most widely used antihypertensive agents in chil-
dren on dialysis. Pharmacological treatment is 
usually tolerated well; however, dose modifica-
tions for reduced renal function might be 
required. Drug resistance is most often a problem 
in the setting of persistent hypervolemia; a para-
doxical blood pressure increase during dialysis 
might be due to an inadequate response of the 
renin–angiotensin system to ultrafiltration (see 
also Chap. 21).

There is no consensus on how frequent echo-
cardiographic monitoring for LVH should be per-
formed in pediatric CKD patients. The K/DOQI 
Clinical Practice Guidelines for Cardiovascular 
Disease in Dialysis Patients [174] recommend 
screening echocardiography within 3 months of 
beginning maintenance dialysis, with follow-up 
examinations every 6  months for those with 
abnormal studies or annually for those with nor-

mal cardiac structure and function. There is also 
no consensus on the definition of LVH in chil-
dren. Published pediatric age- and gender- 
specific reference values for LVM index have 
been widely used over last decade [175]. On the 
other hand, Foster et al. demonstrated that LVM 
index varies not only according to age, but also 
according to absolute height, with higher values 
in children with shorter height [176]. Given that 
children with CKD have a significantly reduced 
height relative to age, normative values accord-
ing to age should take into account the patient’s 
height, especially in those with height <130 cm. 
Borzych et  al. suggested the use of height-age 
instead of chronological age to assess LVM, 
assuming that the body composition, cardiac 
mass, and cardiac output of a child should match 
that of a child with the same height who is at the 
50th percentile for age [177]. The 2017 Clinical 
Practice Guidelines on Management of BP in 
Children defines LVH as a LVM index value 
above 51 g/m2.7 or LV mass >115 g per body sur-
face area (BSA) for boys and LV mass >95  g/
BSA for girls [178]. Chinali at al. recently devel-
oped a simplified method to identify the presence 
of LVH in pediatric populations: a value of 45 g/
m2.16 was defined as the upper normal limit for 
LVM index [179]. A utility of this index in chil-
dren with CKD still needs to be determined.

 Ca–P–PTH and Vitamin D 
Management

While most physicians now accept that high P 
levels have deleterious cardiovascular effects, 
there is much controversy over what “optimal” 
PTH levels should be. “Optimal” PTH levels may 
be defined as levels that maintain normal bone 
turnover without increasing the risk of ectopic 
calcification. Guidelines on the optimal levels of 
Ca, PO4, and PTH levels and all aspects of their 
control have been proposed by the K/DOQI and 
the European Paediatric Dialysis Working Group 
[180, 181]. The European recommendations are 
more conservative and advise keeping PTH lev-
els in the normal range until CKD stage 5, when 
two to three times the upper limit of normal is 
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recommended. K/DOQI has set higher allowable 
targets of up to twice the upper limit of normal in 
CKD stage 3 and three to five times the upper 
limit of normal in patients on dialysis. The 
recently published KDIGO (Kidney Disease 
Improving Global Outcome) guidelines that are 
more rigorously evidence-based, suggest main-
taining PTH levels at two to nine times the upper 
limit of normal, reflecting the lack of good clini-
cal studies to inform an evidence base [145].

Although dietary management may be ade-
quate to control plasma phosphate in its early 
stages, most patients develop hyperphosphatase-
mia by CKD stages 3–4 and require the addition 
of a phosphate binder. One interesting study has 
demonstrated that the use of any type of phos-
phate binder, even with phosphate levels in the 
normal range and therefore below levels cur-
rently recommended for phosphate binder use, is 
associated with decreased mortality in patients 
on HD [182].

A normal diet contains around 800–1500 mg of 
phosphate, of which 50–70% is absorbed, depend-
ing on serum phosphate and vitamin D levels. In 
the first instance in early CKD, dietary restriction 
may be sufficient to control plasma phosphate lev-
els. Dietary phosphate is principally found in pro-
tein-containing foods, dairy products in particular. 
However, foods high in phosphate are also usually 
high in calcium and vitamin D, so that nutritional 
25-hydroxyvitamin D [25(OH)D] and calcium 
deficiency are common in patients with CKD who 
maintain a phosphorus- restricted diet.

Phosphate control is a particular problem for 
patients on conventional thrice weekly HD 
because it is poorly removed by the dialysis pro-
cess: most is removed in the first hour, and as the 
rate of movement out of cells is slow, little is 
removed when the normal range for phosphate is 
reached. By 12 h post HD, levels are 80% of pre- 
dialysis values. PD is equally inadequate at phos-
phate removal: ∼800 mg of phosphate is removed 
in a standard adult HD session (i.e., 2400 mg per 
week) and 300 mg per day in adults on PD (i.e., 
2100 mg/week). In a diet containing ∼1000 mg 
of phosphate each day, ∼600  mg would be 
absorbed (and 400 mg would be excreted in the 
stool), requiring this amount to be bound or 

cleared by dialysis. Therefore, the absorption of 
around 300 mg of phosphate per day needs to be 
managed [183]. Patients on dialysis are the group 
in whom calcium-containing phosphate binders 
can cause the most problems with hypercalcemia, 
because of the reduced ability to excrete calcium 
in the urine. Use of calcium neutral dialysate 
(1.25 mmol/L) allows for prescription of larger 
doses of calcium. Short daily or slow nocturnal 
HD is most effective for removing phosphate, to 
the point that some patients need phosphate sup-
plementation [153].

Phosphate binders are usually divided into 
calcium containing and non-calcium containing 
[183, 184]. Calcium-containing preparations 
have been used the longest, but they have fallen 
out of favor because of their theoretical link with 
soft-tissue calcification [185]. The fear of ectopic 
calcification with excess calcium intake has led 
to a switch to newer non-calcium-containing 
drugs. Phosphate binders must be given with 
food and must not be given at the same time as 
iron preparations as they form insoluble com-
pounds in the gut. Dissociation of calcium car-
bonate is maximal below a pH of 5, and is 
therefore not as effective when given with 
H2-blockers or proton pump inhibitors. Calcium 
acetate, however, has better solubility over a 
wider range of pH and has a greater binding 
capacity for the same elemental calcium content 
so that less calcium is absorbed. Calcium absorp-
tion will also vary with plasma 1,25(OH)2D lev-
els, being as low as 3% in deficiency to 
presumably higher than the expected normal 
range in patients who are prescribed activated 
vitamin D, when hypercalcemia may occur [183].

Several new non-calcium-containing phos-
phate binders: magnesium carbonate, sevelamer 
hydrochloride, and lanthanum carbonate are now 
available [183, 184]. Sevelamer, the most widely 
used in children, is a nonabsorbable polymer of 
allyamine hydrochloride that acts like an 
exchange resin [139]. In addition to phosphate, 
sevelamer also binds bile salts, thereby exerting a 
beneficial effect on plasma total and low-density 
cholesterol, while at the same time binding fat- 
soluble vitamins. The first report of the use of 
sevelamer in children appeared in 2003 [186].
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Only two randomized controlled trials have 
examined phosphate-lowering therapy in chil-
dren with CKD or on dialysis. The first RCT 
examined biochemical end-points only and 
showed equivalent phosphate control with cal-
cium acetate and sevelamer hydrochloride in an 
8-week cross-over trial; phosphate control was 
similar but with fewer episodes of hypercalcemia 
in the sevelamer group, although acidosis was 
more common [187]. In the second, 29 children 
were randomized to different combinations of 
phosphate binders and vitamin D analogs: bone 
biopsies suggested that the sevelamer group had 
reduced bone formation at 8-month follow-up, 
but patient numbers were too small for compari-
son. Biochemical and histological abnormalities 
improved in both groups, but serum calcium lev-
els were at the lower limit of the normal range in 
the sevelamer group. Sevelamer may, in turn, 
increase the safety of treatment with activated 
vitamin D in patients with secondary hyperpara-
thyroidism [188, 189]. On the other hand, 20% of 
the sevelamer treated group needed calcium sup-
plements [188], and the development of hypocal-
caemia is as high as 24% in adult studies [190]. 
Sevelamer carbonate (as opposed to sevelamer 
hydrochloride) does not cause metabolic acido-
sis; safety and efficacy were recently confirmed 
in a first multicenter study of hyperphosphatemic 
pediatric patients with CKD [191]. Since hyper-
calcemia is frequent with calcium-containing 
binders, more studies in pediatric patients are 
needed to evaluate calcium-free preparations. A 
recent study from CKiD in 537 children with pre- 
dialysis CKD reported that phosphate binder 
treatment (calcium based in 82%) was associated 
with decreased risk of incident fractures (HR 
0.37, 95% CI 0.15–0.941), independent of age, 
sex, eGFR, and PTH levels [192].

It has also been suggested that sevelamer can 
attenuate the progress of coronary and aortic cal-
cification when compared to calcium-based 
phosphate binders [46]. A recent review of 23 
randomized trials in adults patients comparing 
sevelamer with calcium-based binders concluded 
that sevelamer attenuated the progression of cor-
onary and aortic calcification, but was not associ-
ated with a significant difference in all-cause or 

cardiovascular mortality [193]. Several other 
calcium-free phosphate binders have been used 
in adult patients; however, a recent meta-analysis 
evaluating all currently available phosphate bind-
ers found no evidence that phosphate binder 
treatment reduces all-cause mortality compared 
to placebo in adults with CKD [194]. However, a 
study of progression of CAC in 48 children over 
2 years with CKD stage 5 was not able to demon-
strate an association between the type of phos-
phate binder and CAC [195]. Likewise, the 
Dialysis Clinical Outcomes Revisited trial found 
no difference in the mortality rate at 2 years in 
just over 2000 adult HD patients randomized to 
either sevelamer or calcium-based binders, being 
26% and 27%, respectively, despite the addi-
tional lipid-lowering benefits of sevelamer [196].

Sevelamer is of potential benefit in patients 
who have a high dietary calcium intake. However, 
children on a low-phosphate diet who are not 
receiving a calcium-containing phosphate binder 
probably do not have a positive calcium balance 
when they are on maintenance dialysis. Indeed, 
KDOQI recommends that in children exclusively 
on sevelamer, a higher dialysate calcium concen-
tration and/or calcium supplementation with a 
calcium-containing phosphate binder should be 
considered [180].

An interesting new approach to phosphorus 
management is the use of chewing gum to remove 
salivary phosphate between meals: Chitosan is a 
natural polymer that binds phosphate [197]. 
Salivary phosphate levels may be as much as five 
times higher than plasma levels, and, in adults, 
there is between 350 and 400 mg of phosphate in 
saliva available to be bound [197].

Treatment of CKD-MBD is especially diffi-
cult in the pediatric population due to the 
demands of a growing skeleton. Undertreatment 
with vitamin D preparations carries the risk of 
rickets, diminished growth, uncontrolled hyper-
parathyroidism and high-turnover bone disease, 
while oversuppression of PTH may result in ady-
namic bone disease and – especially in combina-
tion with calcium-containing phosphate 
binders  – vascular calcification, stiffening, and 
premature aging of arteries [198]. Recent guide-
lines from KDIGO [52, 199], the National 
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Institute for Health and Care Excellence (NICE) 
[200], and the European Society for Pediatric 
Nephrology [132, 133] have therefore argued for 
the use of vitamin D preparations and calcium- 
based phosphate binders as first-line treatment in 
children, reserving non-calcium-based binders 
only for those with hypercalcemia.

Given the association of high PTH levels with 
reduced bone mineralization and vascular 
 calcification, children are likely to need calcitriol 
or other active vitamin D analog therapy. A recent 
Cochrane review has examined vitamin D ther-
apy for bone disease in children with CKD stages 
2–5 and on dialysis. Bone disease, as assessed by 
changes in PTH levels, was improved by all vita-
min D preparations regardless of preparation or 
route or frequency of administration [201]. High 
PTH levels were independently associated with 
reduced tibial cortical BMD Z-scores [202] and 
are associated with coronary artery calcification 
in children on dialysis [52].

The use of calcimimetics presents a paradigm 
shift in our management of mineral dysregulation 
in CKD [203–205]. They allow for higher vita-
min D usage and are overall thought to be safe in 
children [205]; however, there are few studies on 
long-term effects, particularly on the growing 
skeleton. Parathyroidectomy may be required as 
a “last ditch” attempt in controlling the hypercal-
cemia of tertiary hyperparathyroidism when 
dietary and pharmacological interventions have 
failed [206].

 Prevention and Treatment of Lipid 
Abnormalities

General measures to prevent dyslipidemia in 
CKD patients include prevention or treatment of 
malnutrition, correction of metabolic acidosis, 
hyperparathyroidism, and anemia, all of which 
may contribute to dyslipidemia [37, 207, 208]. In 
addition, referring to evidence from the general 
population, therapeutic life-style modification 
(diet, exercise, weight reduction) is recom-
mended for adults and children with CKD-related 
dyslipidemia [209]. However, the lipid-lowering 
effect of lifestyle modifications in CKD patients 

is not very impressive. Nonetheless, diet and 
physical exercise may exert beneficial effects on 
cardiovascular health independent of those on 
dyslipidemia. In a study more than 25 years ago, 
dietary supplementation of fish oil effectively 
improved lipid profiles in a small cohort of chil-
dren receiving renal replacement therapy [210].

Statins effectively lower cholesterol and tri-
glyceride levels in CKD patients by up to 30% 
[209]. The 2013 K/DIGO guidelines recommend 
using statins in pre-dialysis CKD and after kidney 
transplantation in adults. However, results from 
large randomized prospective trials in hemodia-
lyzed adults (4D [211], AURORA [212], and 
SHARP [213]) [155] and subsequent metaanaly-
ses [214, 215] showed no effect of statin therapy 
on overall patient mortality despite significant 
reduction of lipid levels. Thus, K/DIGO guidelines 
do not recommend statin use in adults on dialysis.

In children, statins are used reluctantly as the 
impact of HMG-CoA reductase inhibitors on 
nutrition, growth, and pubertal maturation has 
not been fully elucidated. Thus, due to the very 
limited available data for children, including 
those with pre-dialysis CKD, dialysis, and after 
transplantation, K/DIGO guidelines do not rec-
ommend the use of statins in children with CKD 
aged <10  years [209]. However, the KDOQI 
Working Group emphasized that patients (boys 
aged >10  years and postmenarchal girls) with 
severely elevated LDL-C or with multiple addi-
tional CV risk factors such as family history of 
premature coronary disease, diabetes, hyperten-
sion, smoking, and ESRD might be candidates 
for earlier statin use (lowest dose possible) [209]. 
Although bile acid resins are safe to use in CKD 
children of all ages without dose adjustment, 
adherence to therapy is often poor due to a high 
incidence of adverse gastrointestinal side effects.

 Supportive Treatment

Several supportive measures for the optimal care 
of dialysis patients will also contribute to an 
improved cardiovascular outcome [216]. This 
includes optimal nutrition (with tube feeding as 
necessary), prevention or correction of hypoalbu-
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minemia, anemia, and metabolic acidosis. A 
healthy lifestyle with adequate physical activity 
and avoidance of smoking should be encouraged. 
The use of statins, folic acid, and antioxidants 
remains controversial as discussed above.

 Conclusion

As the management of children with CKD con-
tinues to improve, children and young adults with 
CKD no longer die from renal failure, but do so 
from CVD.  Prevention of important modifiable 
risk factors, in particular, hypertension and min-
eral dysregulation are key issues in the reduction 
of CVD in our patients.
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ABPM ambulatory blood pressure 
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ACEi angiotensin converting enzyme 
inhibitor

BP blood pressure
CAKUT congenital anomalies of kidney and 

urinary tract
ESRD end-stage renal disease
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LVH left ventricular hypertrophy
NO nitric oxide
PD peritoneal dialysis
PTH parathyroid hormone
PWV pulse wave velocity
RAAS renin-angiotensin-aldosterone- system

 Introduction

Patients on maintenance dialysis therapy have an 
excessively increased all-cause and cardiovascu-
lar morbidity and mortality compared with the 
general population. Adolescents and young 
adults may already have symptomatic cardiovas-
cular disease, including ischemic heart disease 
and stroke, and at least every second child on 
dialysis presents with early signs of cardiovascu-
lar end-organ damage such as left ventricular 
hypertrophy (LVH) or alterations of vascular 
morphology and function. One of the main risk 
factors for the high cardiovascular morbidity and 
mortality is arterial hypertension. The percentage 
of hypertensive patients on maintenance dialysis 
is up to 80%, and while hypertension in mild-to- 
moderate chronic kidney disease (CKD) is 
mainly caused by underlying renal parenchymal 
disease, in dialysis patients the most important 
factor influencing blood pressure (BP) is fluid 
and salt overload.

The aim of this chapter is to review the preva-
lence and etiology of hypertension and associ-
ated cardiovascular morbidity and mortality in 
children on dialysis, as well as treatment strate-
gies and targets.
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 Prevalence of Hypertension 
in Pediatric Dialysis Patients

Hypertension is highly prevalent in the pediatric 
dialysis population. Almost 4 out of 5 children 
and adolescents requiring dialysis are hyperten-
sive or have been prescribed antihypertensive 
medication.

In a survey of the European ERA/EDTA regis-
try, comprising more than 1300 pediatric dialysis 
patients from 15 European countries, the preva-
lence of hypertension was 69.7% in hemodialysis 
(HD) and 68.2% in peritoneal dialysis (PD) 
patients. Forty-five percent of HD and 35% of PD 
patients had uncontrolled hypertension [72]. 
Similar findings have been seen in data from the 
North American Pediatric Renal Trials and 
Collaborative Studies (NAPRTCS) registry. In an 
analysis including almost 3500 children, 67.9% 
of patients were found to be hypertensive 
6  months after initiation of dialysis [49]. In 
another study in long-term HD patients, hyper-
tension was present in 79% of patients. Sixty-two 
percent of patients were on antihypertensive 
medication; however, hypertension was uncon-
trolled in 74% of treated patients. [22].

It should be noted that these epidemiologic 
data were derived from casual/office BP mea-
surements with single BP recordings per patient 
reported to the registries. Hypertension was com-
monly defined as either systolic or diastolic BP 
above the 95th percentile for sex, age and height. 
For the interpretation of these data, consideration 
of the time of BP measurement is important. Pre- 
dialysis measurements are usually higher com-
pared with post-dialysis measurements, resulting 
in a higher probability to be classified as hyper-
tensive when only pre-dialysis measurements are 
available. In HD patients, the median (or mean) 
interdialytic BP measured by ambulatory BP 
monitoring (ABPM) is usually lower compared 
with casual pre-dialysis measurements, resulting 
in a lower number of patients being classified as 
hypertensive by ABPM [51]. When the ABPM 
measurement duration has been extended from 
the conventional 24 h to 44 h, covering a com-
plete midweek interdialytic period, a higher per-
centage of patients were diagnosed with 

hypertension and all BP indexes and loads were 
significantly higher on interdialytic day 2 com-
pared to day 1 [51]. Volume fluctuations and fluid 
overload are probably the most important factors 
responsible for the poor diagnostic value of pre- 
and post-dialytic BP measurements to predict 
hypertension in the interdialytic period [3, 125].

It should also be noted that ABPM may iden-
tify patients with nocturnal or masked hyperten-
sion [21] and patients with reversed nocturnal 
dipping or altered circadian and ultradian BP 
rhythms. Unfortunately, data on hypertension 
prevalence according to interdialytic ABPM are 
scarce [21, 77].

 Etiology of Hypertension 
in Pediatric Dialysis Patients

The dominant factor contributing to hypertension 
in dialysis patients is volume overload; other 
contributing factors include activation of the 
renin-angiotensin-aldosterone system and the 
sympathetic nervous system, endothelial dys-
function, increased arterial stiffness, hyperpara-
thyroidism, and exposure to BP elevating drugs.

Additionally, registry studies have identified 
young age, being on HD, having glomerulopa-
thies as the primary renal disease, and shorter 
duration of renal replacement therapy as risk fac-
tors for dialysis-associated pediatric hyperten-
sion [22, 49, 72].

Volume overload plays a pivotal role in the 
development of hypertension in dialysis patients. 
Several studies in humans have demonstrated a 
direct effect of extracellular volume on BP in HD 
patients [4, 61, 133], and interdialytic weight 
gain has been shown to correlate with higher sys-
tolic BP load in 44-h ABPM profiles on the sec-
ond day of the BP recording [51]. As might be 
expected, attainment of dry weight and normal-
ization of sodium balance were able to normalize 
BP without the need for antihypertensive medica-
tion [16].

In dialysis patients, extracellular volume, car-
diac output, and BP are increased by impaired or 
absent ability of the kidneys to excrete sodium 
and water. These alterations are worsened by 
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insufficient intradialytic removal of fluid and salt. 
Therefore, in addition to an adequate dialysis 
prescription, interdialytic fluid restriction and 
limited salt intake are therapeutic cornerstones 
for the attainment of dry weight as part of the 
management of hypertension in dialysis patients. 
However, efforts to compensate for decreasing 
residual renal function and diuresis by increasing 
intradialytic sodium and water removal are often 
insufficient, as seen in one recent study, in which 
25% of dialysis-associated hypertension was felt 
to be related to factors other than volume over-
load [32].

Loss of residual renal function is another risk 
factor for the development of hypertension. BP is 
inversely correlated to residual renal function and 
hypertensive children on dialysis have less resid-
ual urine output compared to normotensive chil-
dren [130].

Fluid balance is inextricably linked to serum 
sodium concentration. However, the hypertensive 
effects of sodium are exerted by mechanisms 
both related and unrelated to extracellular vol-
ume expansion; elevated sodium concentration 
may also induce vasoconstriction by altering 
endothelial cell responses and further contribute 
to the development of hypertension [99].

It has been demonstrated that intradialytic salt 
exposure (i.e., the sodium content of the dialy-
sate) has a direct impact on BP. HD patients set to 
time-averaged dialysate sodium concentrations 
of 147  mEq/L were found to have higher 24-h 
systolic BP levels compared to patients set to a 
sodium concentration of 138  mEq/L [124]. 
Additionally, a higher dialysate-to-plasma- 
sodium gradient may increase thirst and interdia-
lytic weight gain, impeding attainment and 
maintenance of dry weight [115].

Contrary to the physiologically expected 
suppression of the renin-angiotensin-aldoste-
rone system (RAAS) in a state of salt or fluid 
overload, plasma renin activity was found to be 
significantly higher in a study comparing hyper-
tensive to normotensive dialysis patients. The 
study results strongly suggested that the RAAS 
is an important factor involved in the pathogen-
esis of hypertension in end-stage renal disease 
(ESRD), when sodium balance is adequately 

controlled [71]. In addition, the significant 
decline in BP that occurs following bilateral 
nephrectomy [138] points to volume-indepen-
dent mechanisms of hypertension in dialysis 
patients.

Children with end-stage renal disease showed 
a 25-fold increase in angiotensin (1–7) compared 
to control values. These marked changes in 
plasma angiotensin (1–7) were associated with 
the presence of hypertension and progression of 
kidney dysfunction [121], while angiotensin II 
levels were similar and plasma renin activity was 
lower compared to hypertensive patients with 
non-ESRD CKD.  In dialysis patients, angioten-
sin II was only poorly suppressed by angiotensin 
converting enzyme inhibitor (ACEi) treatment. 
The significance of the elevated angiotensin 
(1–7) levels is still not clear, but might be a con-
sequence of the altered RAAS pathway in pediat-
ric ESRD patients.

Dialysis patients also have higher sympathetic 
nervous system (SNS) activity and vascular resis-
tance than healthy controls or ESRD patients 
after bilateral nephrectomies [26]. An early mani-
festation of abnormal activation of the SNS activ-
ity is the absence of the physiological nocturnal 
BP dipping in 24  h ambulatory BP monitoring 
[79].

Endothelial dysfunction, which participates in 
accelerated atherosclerosis, is a hallmark of 
CKD.  Patients with ESRD display impaired 
endothelium-dependent vasodilatation, elevated 
soluble biomarkers of endothelial dysfunction, 
and increased oxidative stress. Several uremic 
toxins, mostly protein-bound, have been shown 
to have specific endothelial toxicity: e.g., asym-
metric dimethylarginine (ADMA), homocyste-
ine, and advanced glycosylation end-products 
(AGEs). These toxins are insufficiently or not 
removed by dialysis, promote pro-oxidative and 
pro-inflammatory response, and inhibit endothe-
lial repair, thereby inducing endothelial damage 
[64].

The most important vasodilatory substance is 
nitric oxide (NO). The disturbed balance between 
decreased NO (mediator of vasodilatation) and 
increased endothelin-1 (ET-1; mediator of vaso-
constriction) in dialysis patients results in endo-
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thelial cell dysfunction with increased 
vasoconstriction. NO release is reduced by CKD- 
induced elevation of ADMA, an endogenous 
inhibitor of endothelial NO synthase. Increased 
levels of ADMA have been found to be directly 
associated with increased cardiovascular and all- 
cause mortality in the ESRD population [12]. 
Oxidative stress with increased reactive oxygen 
species (ROS) can also interfere with NO synthe-
sis and availability.

As a result, arterial stiffness, usually a prob-
lem of vascular aging and arteriosclerosis, is 
accentuated in the presence of end-stage renal 
disease and hypertension. The stiffened, non- 
compliant arteries transmit each ejected pulse 
wave so quickly that the reflected pressure wave, 
coming backwards from the peripheral circula-
tion, coincides with the still ongoing systole. The 
consequence is increased systolic BP and pulse 
pressure resulting in LVH [80]. Higher pulse 
wave velocity (PWV) due to increased vascular 
stiffness is also present in pediatric ESRD. PWV 
is elevated compared to age-, height-, and weight- 
matched controls [68]. However, the elevated 
PWV in pediatric ESRD patients was not clearly 
correlated with the BP level and was found to be 
persistently elevated despite the use of pharma-
cological vasodilatation.

Another study in pediatric ESRD patients 
showed that aortic distensibility, another measure 
of arterial stiffness, was lower (i.e., higher arte-
rial stiffness) in both HD and PD patients com-
pared to healthy controls. Children on HD had 
more severe impairment than PD patients [110].

Plasma levels of renalase, a protein released 
by the kidneys and responsible for the degrada-
tion of catecholamines, are markedly decreased 
in ESRD. Renalase deficiency and the resulting 
increase of circulating catecholamine levels may 
also contribute to hypertension and cardiovascu-
lar disease in ESRD [30, 137].

Secondary hyperparathyroidism, a complica-
tion of CKD, may be yet another contributor to 
the high prevalence of hypertension. A retrospec-
tive study in adults with pre-dialysis CKD dem-
onstrated that systolic and diastolic BP were 
significantly increased in patients with elevated 

parathyroid hormone (PTH) levels [108]. A pos-
sible mechanism might be increased platelet 
cytosolic calcium in patients with elevated 
PTH. Mean BP correlated highly with cytosolic 
calcium and PTH.  In contrast, treatment with 
vitamin D lowered cytosolic calcium, PTH, and 
mean BP significantly.

Therapy with erythropoiesis stimulating 
agents, i.e., erythropoietin, is also associated 
with an increase of the BP level and development 
of hypertension. The prevalence of BP increase 
in adults on erythropoietin therapy is given as 
high as 10–75%. In a study in 23 pediatric dialy-
sis patients, hypertension developed or worsened 
in 67% of CAPD patients and 36% of HD patients 
after initiation of erythropoietin, while no differ-
ences were observed in plasma level of aldoste-
rone or plasma renin activity [69].

Mechanisms involved in the development of 
hypertension and cardiovascular end-organ dam-
age in pediatric dialysis patients are summarized 
in Fig. 31.1.

While most pediatric dialysis patients lack 
the cardiovascular and metabolic comorbidities 
that lead to hypertension in adults with ESRD, 
underlying renal disease is another important 
factor influencing the BP level in children with 
ESRD.

In glomerulopathies, activation of the 
RAAS, present from the earliest stages of glo-
merular disease through ESRD, may compli-
cate BP control. Patients with glomerular 
disease are also less likely to be normotensive 
compared to patients with congenital anomalies 
of the kidney and the urinary tract (CAKUT; 
12% vs. 31%) [49] and to have an approxi-
mately two-fold higher risk of uncontrolled 
hypertension [49, 72].

Patients with autosomal-recessive polycys-
tic kidney disease may have very severe or 
therapy refractory hypertension, necessitating 
bilateral nephrectomy in some cases. In con-
trast, patients suffering from CAKUT are less 
prone to renal hypertension, and attainment of 
dry weight often succeeds in achieving BP 
control without the need of additional antihy-
pertensive medication.
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 Short- and Long-Term 
Consequences of Hypertension

 Hospitalization

Fluid overload and hypertension are a frequent 
cause for morbidity, accounting for 41% of 
hospitalizations in children on HD at the Texas 
Children’s Hospital [44]. The risk of hospital-
ization correlated with the duration of the 
interdialytic interval. Children receiving 
chronic HD were more likely to be hospital-
ized for hypertension, fluid overload, or elec-
trolyte abnormalities following a longer 
interdialytic interval. Accordingly, the odds 
ratio of hospital admission was 2.6 on Monday 
versus other days of the week, while the odds 
ratio of admission among PD patients was not 
significantly different on Mondays [126]. Thus, 
changes to the frequency and intensity of the 
dialysis treatment may effect admissions in 
this high-risk population.

 Alterations of Vascular Morphology 
and Function

Increased arterial stiffness is a risk factor for 
mortality in adults with ESRD.  A long-term 
outcome study including all living adult Dutch 
patients with childhood onset of ESRD 
between 1972 and 1992 at age 0–14  years 
showed a similar intima media thickness, but a 
reduced mean arterial wall distensibility and 
increased arterial stiffness compared to 
healthy controls. Systolic hypertension was 
the main determinant of these arterial wall 
changes [46].

The ESCAPE Trial group was able to provide 
clear evidence that CKD is associated with mor-
phologic alterations of both muscular- and 
elastic- type arteries as early as in the second 
decade of life. The degree of pathology depended 
on the degree of renal dysfunction, correlated 
with systolic BP, and was most marked in patients 
on dialysis [78]. In another study including 39 
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children and adolescents on dialysis (15 HD, 24 
PD), indexed diastolic BP was a significant pre-
dictor if cIMT [24].

 Left Ventricular Hypertrophy

LVH is a common complication in dialysis 
patients. Forty-eight percent of PD patients were 
noted to have LVH and 75% had abnormal left 
ventricular geometry according to a registry anal-
ysis of the International Pediatric Peritoneal 
Dialysis Network (IPPN) [15]. In this analysis, 
hypertension, high body mass index, fluid over-
load, renal disease other than hypo/dysplasia, and 
hyperparathyroidism were predictors of 
LVH. The lower prevalence of LVH in patients 
with renal hypo/dysplasia is likely the result of 
lower BP and polyuria in these patients [15].

In HD patients, the prevalence of LVH was 
even higher at eighty-five percent, and abnor-
mal left ventricular geometry was found in 80% 
of patients [91]. The impact of different BP 
parameters on LVH was analyzed in 25 PD 
patients, of whom 52% had LVH. Left ventricu-
lar mass index (LVMI) was significantly corre-
lated with casual BP measurements and the 
majority of ABPM parameters [102]. In con-
trast, in 17 HD patients studied by casual BP 
measurements and 44-h ABPM, casual BP 
measurements did not correlate well with mea-
sures of cardiovascular end- organ damage, 
while nighttime BP during 44-h interdialytic 
ABPM most strongly predicted increased LVMI 
and LVH [66].

Forty-four-hour ABPM BP load was also cor-
related with a higher left ventricular mass index. 
Children with LVH had higher daytime and 
nighttime systolic BP loads, significantly higher 
daytime and nighttime diastolic BP loads, and a 
lesser degree of nocturnal dipping of systolic BP 
compared to children without LVH [51].

 Cardiovascular Mortality

Twenty years ago, it was shown that overall mor-
tality in children on dialysis was increased 1000- 

fold compared to the normal pediatric population 
[104] and 40–50% of deaths were from cardiovas-
cular and cerebrovascular causes [47, 87, 101].

Encouragingly, over the past several decades 
the risk of death has decreased significantly in 
this population. For example, in the USRDS reg-
istry, cardiovascular mortality in pediatric dialy-
sis patients has decreased significantly over the 
last 20  years, from 33.5/1000 patient-years in 
patients <5 years of age and 16.2/1000 patient-
years in patients >5 years to 22.6 and 9.3/1000 
patient-years, respectively [92].

In a European review, overall mortality was 
28/1000 patient-years in children and adoles-
cents who started dialysis between 2000 and 
2013. Overall mortality risk was highest 
(36.0/1000) during the first year of dialysis and 
in the 0- to 5-year age group (49.4/1000), and 
cardiovascular events accounted for 18.3% of 
death. Children selected to start on HD had an 
increased mortality risk compared with those 
on PD, especially during the first year of dialy-
sis [23].

Improved implementation of clinical practice 
guidelines, associated with better control of ane-
mia, hyperparathyroidism, and BP, might have 
contributed to this reduction in mortality as 
recently shown by a NAPRTCS registry analysis 
[135]. Similarly, in a systematic review and meta- 
analysis of 8 trials including 1679 adult patients 
on dialysis and 495 cardiovascular events, BP 
lowering was associated with a lower risk of car-
diovascular events, all cause-mortality and car-
diovascular mortality [55].

 Diagnosis of HTN in Dialysis 
Patients

Current European and American guidelines for 
evaluation and management of hypertension in 
children and adolescents [38, 82] do not specify 
different thresholds for diagnosing hypertension 
when it is known that the patient has a specific 
underlying diagnosis, such as renal disease; one 
would still make the diagnosis of hypertension 
once the BP had exceeded the specific age, sex, 
and height threshold. Given the close association 
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between CKD and hypertension in children and 
adolescents [119], it is likely that a pediatric dial-
ysis patient would be hypertensive at the initia-
tion of dialysis. Thus, the problem under 
consideration herein is more likely to be an issue 
of recognition of hypertension, as opposed to 
making an initial diagnosis of hypertension. 
Specifically, the problem is how to best diagnose 
hypertension in a dialysis patient when their mea-
sured BP in the clinic or dialysis unit does NOT 
exceed the thresholds found in the guidelines, but 
does at other times, a condition known as masked 
hypertension. Masked hypertension is particu-
larly common in children and adolescents with 
pre-dialysis CKD [114].

 Role of Ambulatory Blood Pressure 
Monitoring (ABPM)

24-h ABPM is a procedure whereby repeated BP 
measurements can be obtained outside of a clini-
cal setting, including during sleep. A detailed 
 discussion of ABPM is beyond the scope of this 
chapter; interested readers should consult other 
references [37, 83]. There are several distinct 
hypertension phenotypes that can be identified 
using the combination of clinic and ambulatory 
BP values (Table 31.1). All four phenotypes have 
been identified in adult HD patients [6]. While 
masked hypertension (and its opposite, white 
coat hypertension) can be diagnosed using rest-
ing BPs obtained in a non-clinical setting, ABPM 
is generally agreed to be the gold standard 
approach for identifying patients with these BP 
patterns [37]. As will be discussed in more detail 
below, widespread application of ABPM in 
patients undergoing dialysis is absolutely essen-
tial for optimal BP management in this high-risk 
population.

 ABPM in Hemodialysis Patients
The assessment of BP in HD patients is challeng-
ing for many reasons, not the least of which is the 
timing of when BP is measured [74]. It is clear 
that pre- and post-dialysis BPs provide an inac-
curate estimate of the interdialytic BP burden 
compared to assessment by ABPM [1]. 
Additionally, BPs obtained surrounding dialysis 
do not correlate with end organ damage such as 
elevated left ventricular mass index [2, 93, 94]. 
Forty-four-hour ABPM has demonstrated 
increased accuracy in detecting hypertension as 
compared to a 24-h assessment, likely due to the 
higher BPs seen in the day following dialysis (the 
second portion of 44-h ABPM). BP loads >25% 
on 44-h ABPM have been associated with higher 
left ventricular mass index in children on chronic 
HD as compared to assessment with 24-h ABPM 
[51]. Given these advantages, 44-h ABPM is felt 
to be the gold standard for BP assessment in HD 
patients [7].

 ABPM in Peritoneal Dialysis Patients
Abnormal circadian BP patterns are common in 
adult PD patients, and blunted nocturnal dipping 
and higher BP loads on ABPM correlate with 
higher left ventricular mass index [13]. Similarly, 
among 47 children on PD, systolic BP loads on 
24  h ABPM were associated with an increased 
risk of elevated left ventricular mass index [19]. 
In another study, ABPM was more sensitive in 
diagnosing hypertension as compared to clinic 
BPs among 25 pediatric PD patients (56 vs. 32%, 
p < 0.05) [102]. As with HD patients, these data 
support the routine use of ABPM in assessing BP 
in patients receiving PD.

 Treatment of Hypertension

 Adjustment of Dry Weight/
Optimization of Dialysis

 Dry Weight
Dry weight is defined as the lowest body weight 
at the end of dialysis at which the patient can 
remain normotensive without antihypertensive 
medication, despite fluid accumulation, until the 

Table 31.1 Blood pressure phenotypes based on casual/
office and ambulatory blood pressure values

Phenotype Office BP Ambulatory BP
Normotensive Normal Normal
Hypertensive High High
White coat hypertensive High Normal
Masked hypertensive Normal High

31 Management of Hypertension in Pediatric Dialysis Patients



596

next dialysis treatment. Stated differently, dry 
weight is the lowest weight a patient can tolerate 
without having symptoms of hypotension [62]. 
When a patient is at their dry weight, it is thought 
that they are less likely to have hypertension from 
volume overload.

However, determination of dry weight is dif-
ficult. Typically, dry weight is often achieved by 
trial and error; dry weight is thought to have 
been achieved when the patient develops signs 
of hypotension, such as drop in BP, cramping, 
yawning, headache, abdominal pain, etc. 
Common clinical methods to assess dry weight 
include monitoring weight pre- and post-dialy-
sis, examination for the presence of edema, jug-
ular venous distension or crackles on lung 
auscultation, or detection of hypotension in 
those with intravascular volume depletion. 
Clinical assessment can be inaccurate in states 
of subtler volume excess/depletion. Markers 
such as change in weight are further confounded 
in a growing child. Due to the limitations of 
relying on clinical assessment to determine dry 
weight, different techniques have been studied 
to aid in the assessment and achievement of dry 
weight.

Biochemical markers of volume status 
include atrial natriuretic peptide, cyclic guani-
dine monophosphate, brain natriuretic peptide, 
and troponin T [31, 139]. Most of the biomarkers 
can be affected by various factors other than vol-
ume status, thus limiting their clinical utility. 
Ultrasound measurement of the inferior vena 
cava diameter and its collapsibility is a simple 
and noninvasive way to assess intravascular vol-
ume status. Challenges that prevent the broad 
use of this parameter include interoperator error 
and patient variability in diameter measurements 
[31, 62]. Bioelectrical impedance analysis, or 
bioimpedance, is a method that determines the 
electrical opposition (impedance) to the flow of 
an electric current through the body. 
Bioimpedance can be applied to both HD and 
PD patients [28]. In adults, bioimpedance analy-
sis has shown that extracellular volume change 
correlated with the ultrafiltration volume [81]. 
Other studies in adults using bioimpedance have 
demonstrated the underestimation of ultrafiltra-

tion volumes by 30% based on ECF volumes pre 
and post HD [62].

Pediatric studies of bioimpedance have dem-
onstrated the utility of this technique, showing 
good correlation of measured blood volume 
change to percentage body weight change [100], 
and serial clinical use to assess dry weight at a 
single center led to improvement in left ventricu-
lar mass index and reduction in LVH [103]. In 
one recent study, the assessment of dry weight by 
bioimpedance was compared to clinical assess-
ment in 30 children with stage 5 CKD, 20 of 
whom were on dialysis (10 HD, 10 PD). 
Assessment by bioimpedance was felt to more 
accurately determine hydration status, and corre-
lated with biomarkers of volume overload such as 
plasma N-terminal pro-B natriuretic peptide and 
cardiovascular markers such as LVH [32]. The 
technology does have limitations. Temperature 
and ion changes that occur during dialysis may 
effect electrical impedance, as may patient fac-
tors such as electrolyte imbalance, hematocrit 
values, and protein levels [62].

Relative plasma volume monitoring during 
HD provides insight into the relative rate of ultra-
filtration compared to the rate of refilling of 
plasma volume from the extravascular space. 
Photo-optical technology measures hematocrit or 
protein values. An increase in hematocrit or pro-
tein concentration is inversely proportional to the 
change in plasma volume. The use of this tech-
nology in adults has led to mixed results, with 
some reporting improvement in determining and 
achieving dry weight [111, 127] and some report-
ing improvement in casual BPs [27] and lower 
systolic BP as measured by 44 h ABPM [122]. 
Several pediatric studies have studied the use of 
plasma volume monitoring [20, 63, 90, 105]. In a 
multicenter prospective study of 20 pediatric 
patients, plasma volume monitoring was used to 
target the 100% ultrafiltration goal, with 50% to 
be removed in the first hour (max plasma volume 
change of 8–12% per hour) and the remaining 
50% over the subsequent time (max plasma vol-
ume change of 5% per hour). They demonstrated 
a decrease in dialysis-associated morbidity, 
reduction in antihypertensive medication usage, 
and improved ABPM profiles. There was no 
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change in weight or left ventricular mass index at 
the end of the 6-month study, which the authors 
attributed to somatic growth in their young 
patients [105]. In 9 pediatric HD patients, sys-
tematic use of plasma volume monitoring to chal-
lenge dry weight and reduce antihypertensive use 
resulted in mean dry weight reduction, decreased 
BP measured both casually and by ABPM, and a 
reduction in antihypertensive burden [20].

Lung ultrasound has also been used to assess 
volume status. In the setting of extracellular fluid 
excess, hydrostatic forces will create a transuda-
tive effusion that leads to a decrease in the acous-
tic mismatch between lung and surrounding 
tissues. This creates a partial reflection and dis-
crete hyper-echogenic reverberation of the ultra-
sound beam arising from the pleural line known 
as “B-lines” [11]. In adults, lung ultrasound find-
ings including B-lines correlated with other 
markers of fluid overload including: clinical 
parameters [98, 131], B type natriuretic peptide, 
inferior vena cava diameter, and bioimpedance 
[18, 134]. In a single-center study of 96 patients 
on HD where lung ultrasound, bioimpedance, 
and echocardiography were prospectively stud-
ied for their ability to predict mortality, pre- 
dialysis B-line score and left ventricular mass 
index were significantly associated with survival 
[123]. A recent pediatric study that included 
patients with ESRD treated with both modalities 
of dialysis and patients with acute kidney injury 
demonstrated a significant correlation between 
B-lines and volume excess as determined by tar-
get weight [11]. Among 13 children on dialysis in 
which objective parameters of volume excess 
were studied including lung ultrasound, bio-
impedance, clinical parameters, and inferior vena 
cava parameter, only lung ultrasound correlated 
significantly with volume overload [10, 11].

Clearly, each of these approaches to determin-
ing dry weight has advantages and disadvantages, 
many of which will depend on local expertise as 
well as the availability of each technique. While 
the utilization of a combination of techniques 
may be ideal [112], each dialysis center should 
follow a standardized approach that allows for 
longitudinal evaluation of each patient.

 Optimization of Dialysis
For both HD and PD, optimization of dialysis 
with respect to control of BP means utilizing dif-
ferent approaches to reduce volume overload 
during the dialysis treatment. Just as important is 
avoidance of intradialytic hypotension, which 
may be associated with myocardial stunning [57, 
58, 88], and prevention of excessive interdialytic 
weight gain.

Adjusting the duration of therapy and/or the 
concentration of dialysate sodium is the main 
strategy used in HD to improve fluid removal. 
Currently, there is increasing evidence that reduc-
tion in dialysate sodium at or slightly below the 
patient’s pre-dialysis serum concentration leads 
to reduction in thirst, interdialytic weight gain, 
and hypertension [17, 97, 129]. A small pediatric 
study consisting of 5 patients demonstrated a 
reduction in interdialytic weight gain and pre- 
dialysis BP when dialysate sodium was reduced 
from 140 to 138 mEq/L [85]. A systematic review 
of 23 studies comparing high vs. low dialysate 
sodium concentration in chronic adult HD 
patients demonstrated that while BP was unaf-
fected by the concentration of dialysate sodium, 
there was an increase in interdialytic weight gain 
in the higher dialysate sodium group and 
increased intradialytic hypotension in the low 
dialysate sodium group [17]. It is, in turn, impor-
tant not to reduce the dialysate sodium too far. 
Mortality was assessed in 3 observational studies 
and demonstrated reduced mortality overall with 
higher dialysate sodium concentrations, but was 
confounded by patients’ serum sodium concen-
trations, which demonstrated an inverse relation-
ship between serum sodium concentration and 
death [17, 53, 54]. Specifically, Hecking et  al. 
demonstrated lower serum sodium (<137 mEq/L) 
was associated with the highest risk of death, 
while dialyzing against a bath >140 mEq/L was 
protective [54].

Increasing dialysis treatment time is another 
factor associated with improved outcomes. Adult 
and pediatric studies have demonstrated improved 
control of BP, faster achievement of dry weight, 
and reduction in medication burden including 
antihypertensive medications with increased 
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dialysis time in both adults [40, 42, 128] and chil-
dren [45, 56]. Increasing time also allows for a 
reduction in the ultrafiltration rate, which reduces 
the risk of myocardial stunning [88]. The current 
recommendation in adult HD patients is to reduce 
the ultrafiltration rate to <13  ml/kg/h, although 
even rates <10 ml/kg/h have been associated with 
increased morbidity and mortality [95, 116].

It should be emphasized that the phenomenon 
of myocardial stunning is not limited to adult 
dialysis patients. Work by Hothi and colleagues 
has shown that excessive intradialytic BP reduc-
tion was associated with myocardial stunning in 
pediatric HD patients [57, 58]. However, no 
“ideal” rate of ultrafiltration has been determined 
for pediatric HD patients. In the absence of data, 
many pediatric dialysis centers, at least in the 
United States, have been following the recom-
mendation for adults mentioned above. Further 
discussion on avoidance of intradialytic hypoten-
sion can be found in a recent review by Raina 
et  al., in which the lack of evidence-based 
approaches to this issue in pediatric HD patients 
is emphasized [107].

Optimization of sodium and water removal in 
PD can be achieved by managing osmotic poten-
tial (dialysate dextrose concentration, dwell time) 
and surface area recruitment and hydrostatic 
pressure (fill volume). The 3 pore model theory 
of peritoneal transport [109] describes 3 various 
sized pores of the peritoneal endothelium through 
which transport of water and solutes occurs. The 
smallest pores are the aquaporin channels, via 
which only water can be transported; these are 
activated by intraperitoneal hyperosmolarity cre-
ated by dextrose-based solutions. There are also 
small pores that allow transport of both small sol-
utes and water, and large pores that transport 
macromolecules. Water removal is optimized by 
short dwell times to maintain the higher osmotic 
potential of the dialysate, and lower fill volumes 
to reduce hydrostatic pressure that would coun-
teract the osmotic potential. In contrast, solute 
removal (including sodium) is optimized by 
increased fill volumes that increase the recruit-
ment of peritoneal surface area, and longer dwell 
time [36].

The drawback of using higher dialysate dex-
trose concentrations is the production of glucose 
degradation products that are toxic to the perito-
neum [33]. This can be avoided in part by the use 
of icodextrin, a maltodextrin polymer produced 
by the metabolism of cornstarch. Icodextrin is 
absorbed from the peritoneal space much more 
slowly via the lymphatics and thus maintains the 
osmotic potential longer. It further exerts its 
effect via colloid osmosis, and therefore exerts its 
effects via the small pores and not the aquaporin 
channels, thus leading to less sodium sieving 
[39]. However, icodextrin is only meant to be 
used for the long dwell, as metabolism over time 
increases its colloid potential. Studies in adults 
have demonstrated equivalent ultrafiltration of 
icodextrin over 10  h and superior ultrafiltration 
beyond that time as compared to 4.25% dextrose 
solutions [25, 96]. A recent retrospective study of 
50 pediatric patients who used icodextrin for a 
long daytime dwell demonstrated improved 
ultrafiltration overall and improved ultrafiltration 
with increasing patient age [113].

Finally, adapted automated PD, where the PD 
cycler alternates between short dwells with low 
fill volumes to enhance ultrafiltration and long 
dwells with large fill volumes to enhance solute 
clearance [9, 34, 35], can be used to improve BP 
control. In a prospective, crossover study in 
adults, adapted PD resulted in increased sodium 
and water removal and improved BPs as com-
pared to conventional PD [35]. To date, no stud-
ies of this approach to PD in children have been 
reported.

 Dietary Intervention: Fluid and Salt 
Intake

The observation that dietary sodium restriction 
and ultrafiltration led to improved BP manage-
ment was noted by Belding Scribner when treat-
ing the first patient to receive chronic dialysis, 
who suffered from malignant hypertension [118]. 
Controlling dietary sodium intake facilitates 
achievement of dry weight [70], and is associated 
with decreased thirst, lower interdialytic weight 
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gain, improved BP control, lower LVMI, and 
decreased mortality in adults [67, 84, 86]. It is 
important to recognize that fluid restriction will 
not be possible if sodium intake is not reduced, as 
increased sodium intake will inexorably increase 
thirst, which leads to greater interdialytic weight 
gain [76]. While most studies of sodium intake 
and dialysis have focused on HD patients, a lim-
ited number of studies in in adults undergoing PD 
have shown that a reduction in sodium intake 
reduces fluid overload and reduces BP in this 
population as well [60].

Restriction of sodium intake, although ideal, 
is difficult to achieve given the high sodium 
intake of many children, including those with 
CKD. Despite guidelines recommending limit-
ing daily sodium intake in children with kidney 
disease and hypertension to between 1500  mg 
and 2300 mg [65], data from a registry of chil-
dren with CKD stage 2–4 demonstrated that 
sodium intake was greater than 3000 mg daily, 
with 25% of adolescents consuming more than 
5000 mg of sodium per day [59]. A study exam-
ining sodium intake among school-aged chil-
dren found that the top ten food categories that 
contributed to 48% of the salt intake are from 
processed foods, with the exception of cow’s 
milk, which naturally has sodium [106]. Similar 
studies in American adults demonstrated that 
70.9% of the salt consumed was sodium added 
to food outside the home [50]. Renal dieticians 
are key members of the treatment team because 
of their role educating the patient and their fam-
ily on low sodium food with high nutritional 
content. The social worker can also play a role 
by providing better access to these often more 
expensive foods.

 Pharmacological Treatment

All classes of antihypertensive medications are 
useful for BP control in the dialysis population, 
although the choice of agent needs to be individ-
ualized [43]. Dosing of many agents may need to 
be adjusted in dialysis patients, as summarized in 
Table 31.2. However, it should be noted that anti-
hypertensive medications are ineffective when 

volume excess is the etiology of hypertension, 
and studies have demonstrated that reliance on 
antihypertensive medications instead of correc-
tion of volume overload leads to persistent hyper-
tension [5].

Antihypertensive medication use in dialysis 
patients has been shown to not only reduce BP, 
but to also improve intermediate markers of car-
diovascular disease. In a recent randomized, con-
trolled trial in hypertensive chronic adult HD 
patients with LVH, lisinopril or atenolol given 
three times a week after dialysis lowered BP on 
44  h ABPM and led to regression of 
LVH.  However, when monthly home BPs were 
assessed, the lisinopril group had higher BPs 
despite a greater number of antihypertensive 
agents and reduction in dry weight; this and other 
events in the study suggested that atenolol was 
overall superior to lisinopril [8].

In our experience in children, beta-adrenergic 
blockers and agents affecting the RAAS are the 
most effective classes of antihypertensive agents 
once volume overload has been corrected. Long- 
acting vasodilating medications (i.e., amlodipine, 
minoxidil) are best avoided as they may impair 
the ability to correct volume overload with fluid 
removal during dialysis. Clonidine may also have 
a role given the activation of the sympathetic ner-
vous system in ESRD [117].

There has been an increased interest in the use 
of diuretics in dialysis patients who still have 
residual renal function [73, 132]. In patients with 
preserved residual renal function, loop diuretics 
may enhance urine output and limit interdialytic 
weight gain [75]. A recent study comparing 
patients who continued loop diuretics after HD 
initiation to those who did not showed that those 
who continued diuretics had lower rates of hospi-
talization and intradialytic hypotension, as well as 
lower interdialytic weight gain over the first year 
of dialysis, but there was no difference in mortality 
[120]. In PD, one small study showed that the use 
of oral loop diuretics led to better volume control 
in the first year after dialysis initiation [89]. There 
have also been studies showing that the use of 
potassium-sparing diuretics in PD patients is use-
ful for correction of hypokalemia [41]. There is 
one study of pediatric PD patients in which diuretic 
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Table 31.2 Antihypertensive medication dosing in children on dialysisa

Class Drug
Usual pediatric dosing 
range Excretion Modifications in dialysis

Angiotensin 
receptor 
blockers

Candesartan 1–6 years:
0.2 mg/kg/day up to 
0.4 mg/kg/day
6–17 years: <50 kg: 
4–16 mg QD
>50  kg: 8–32 mg QD

K (L) No known recommended adjustment 
but clearance reduced if GFR 
<30 mL/min; not removed by 
dialysis; give 50% of usual dose; 
consider dosing after HD session

Losartan 0.75 mg/kg/day to 
1.4 mg/kg/day;
maximum 
100 mg daily

K (L) Not recommended if GFR <30 mL/
min; not removed by dialysis

Olmesartan 20–35 kg: 10–20 mg 
QD
≥35 kg: 
20–40 mg QD

K (L) Clearance reduced if GFR <20 mL/
min; do not exceed 20 mg daily in 
such patients; not removed by dialysis

Valsartan <6 years: 5–10 mg/
day up to 80 mg daily
6–17 years: 1.3 mg/
kg/day up to 2.7 mg/
kg/day; maximum 
160 mg daily

K (L) Clearance reduced if GFR <30 mL/
min; not removed by dialysis

Angiotensin 
converting 
enzyme 
inhibitors

Benazepril 0.2 mg/kg/day up to 
0.6 mg/kg/day; 
maximum 40 mg 
daily

K (L) No pediatric data. 20–50% removed 
by dialysis; Give 25–50% of usual 
dose; consider dosing after HD 
session

Captopril 0.3–0.5 mg/kg/dose 
TID up to 0.6 mg/kg/
day; maximum 
450 mg daily

K No pediatric data. 50% removed by 
dialysis.
Give 25% of usual dose in HD 
patients; consider dosing after HD 
session. Give 50% QD of usual daily 
dose in PD.

Enalapril† 0.08 mg/kg/day up to 
0.6 mg/kg/day; 
maximum 40 mg 
daily

K (L) Not studied in children with GFR <30 
mL/min. 50% removed by dialysis.
Give 50% of usual dose; consider 
dosing after HD session

Fosinopril 0.1 mg/kg/day (up to 
10 mg/day) up to 
0.6 mg/kg/day; 
maximum 40 mg/day

K (L) No known adjustments; not removed 
by dialysis

Lisinopril† 0.07 mg/kg/day (up 
to 5 mg/day) up to 
0.6 mg/kg/day; 
maximum 40 mg 
daily

K Not studied in children with GFR 
<30 mL/min. 50% removed by 
dialysis.
Give 25% of usual dose; consider 
dosing after HD session

Quinapril 5–10 mg/day up to 
80 mg daily

K (L) No pediatric data. For adults with 
GFR 10–30 mL/min, do not exceed 
2.5 mg/day; no data for GFR <10 mL/
min

Ramipril 1.6 mg/M2/day QD up 
to 6 mg/M2/day; 
maximum 20 mg 
daily

K (L) No pediatric data. In adults with GFR 
<40 mL/min, give 25% of usual dose; 
20% removal by dialysis. Consider 
dosing after HD session

α- and 
β-adrenergic 
antagonists

Carvedilol 0.1 mg/kg/dose BID 
(up to 6.25 mg) up to 
0.5 mg/kg/dose; 
maximum 25 mg BID

L (K) No adjustment needed; not removed 
by dialysis
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Table 31.2 (continued)

Class Drug
Usual pediatric dosing 
range Excretion Modifications in dialysis

Labetalol 2–3 mg/kg/day BID 
up to 10–12 mg/kg/
day; maximum 
1200 mg daily

K (L) No adjustment needed; not removed 
by dialysis

β-adrenergic 
antagonists

Atenolol 0.5–1 mg/kg/day up 
to 100 mg daily

K (L) If GFR 15–35 mL/min, do not exceed 
50 mg daily (reduction to 50% of 
usual dose); if GFR <15 mL/min, do 
not exceed 25 mg daily (reduction to 
25% of usual dose). 50% removed by 
dialysis; consider dosing after HD 
session.

Metoprolol Immediate release:
1–2 mg/kg/day BID 
up to 6 mg/kg/day; 
maximum 200 mg 
daily
Extended release:
1 mg/kg/day up to 
2 mg/kg/day; 
maximum 200 mg 
daily

K (L) No adjustment needed; not removed 
by dialysis

Propranolol† 1 mg/kg/day 
TID-QID up to 8 mg/
kg/day; maximum 
640 mg daily

K No adjustment recommended but can 
accumulate in renal impairment; not 
removed by dialysis

Calcium 
channel 
blockers

Amlodipine 0.06 mg/kg/day up to 
0.6 mg/kg/day; 
maximum 10 mg 
daily

L No adjustment needed; not removed 
by dialysis

Diltiazem 1.5–2 mg/kg/day up 
to 6 mg/kg/day; 
maximum 360 mg 
daily

L (K) No adjustment needed; not removed 
by dialysis

Felodipine 2.5–10 mg/day; 
maximum 10 mg 
daily

L No adjustment needed; not removed 
by dialysis

Isradipine 0.05–0.15 mg/kg/dose 
TID/QID up to 
0.8 mg/kg/day; 
maximum 20 mg 
daily

L No adjustment needed; not removed 
by dialysis

Extended- 
release nifedipine

0.25–0.5 mg/kg/day 
up to 3 mg/kg/day; 
maximum 120 mg 
daily

L No adjustment needed; not removed 
by dialysis

Central 
α-agonist

Clonidine 5–20 mcg/kg/day BID 
up to 15 mcg/kg/day; 
maximum 0.9 mg 
daily

K (L) No known adjustments; 5% removed 
on HD

Peripheral 
α-blockers

Prazosin 0.05–0.1 mg/kg/day 
TID up to 0.5 mg/kg/
day; maximum 20 mg 
daily

L No known adjustments; not removed 
by dialysis

(continued)
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use was retrospectively studied [48]. Children who 
received diuretics from the initiation of PD were 
80% less likely to develop oligoanuria compared 
to those who did not receive diuretics; other out-
comes were not examined.

 Native Nephrectomy

Native kidney nephrectomy is typically consid-
ered the last resort in the treatment of hyperten-
sion in dialysis patients, reserved for those who 
remain hypertensive despite the measures dis-
cussed above (Fig.  31.2). The procedure has 
been shown to be effective in treating hyperten-
sion in children with ESRD [14], and newer sur-
gical techniques may allow quick resumption of 
dialysis in children on PD who require this pro-
cedure [29].

Table 31.2 (continued)

Class Drug
Usual pediatric dosing 
range Excretion Modifications in dialysis

Doxazosin 1 mg QD up to 4 mg 
daily; maximum adult 
dose is 16 mg daily

L No known adjustments; not removed 
by dialysis

Terazosin 1 mg QD up to 20 mg 
daily

L No known adjustments; 10% removed 
on HD

Vasodilators Hydralazine 0.25 mg/kg/dose TID 
up to 7.5 mg/kg/day; 
maximum 200 mg 
daily

L No known adjustments; 25–40% 
removed by dialysis. Consider dosing 
after HD session.

Minoxidil 0.1–0.2 mg/kg/day 
QD-BID up to 1 mg/
kg/day; maximum 
50 mg daily

L No known adjustments

Diuretics Chlorthalidone 0.3 mg/kg/day up to 
2 mg/kg/day; 
maximum 50 mg 
daily

K (L) Avoid in oligoanuria or with GFR 
<10 mL/min

Furosemide 0.5–2 mg/kg/dose 
QD-QID up to 6 mg/
kg/day; maximum 
600 mg daily

K (L) Avoid in oligoanuria; not removed by 
dialysis

aRecommendations represent the authors’ opinions although every effort has been made to confirm by consulting appro-
priate references. Manufacturers’ prescribing information is frequently updated and should be consulted whenever 
possible
†Commercially prepared suspension formulation available
Abbreviations used in table: BID twice daily, GFR glomerular filtration rate, HD hemodialysis, K Kidney, kg kilogram, 
L Liver, mcg microgram, mg milligram, PD peritoneal dialysis, QD once daily, QID four times daily, TID three times 
daily

Normalize
extracellular

volume

BP Controlled

BP Uncontrolled

• Maintain normal
 extracellular volume

• Add antihypertensive
 medications
• Consider native kidney
 nephrectomy

Fig. 31.2 Approach to management of hypertension in 
pediatric dialysis patients
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There are two possible explanations for how 
nephrectomy can improve hypertension in 
patients on dialysis. As discussed earlier, the 
RAAS is a well-established cause of hyperten-
sion in CKD and in ESRD, and this may be 
related to the presence of native, diseased kid-
neys. Among 51 HD patients, plasma renin 
 activity was higher among patients who had 
uncontrolled hypertension as compared to those 
whose BP was controlled by ultrafiltration and 
sodium restriction. Among the 18 who had 
uncontrolled hypertension, 17 had significant 
improvement in BPs after native nephrectomies 
[136]. In another study, treating patients with 
CKD with angiotensin converting enzyme inhibi-
tors (ACEi) resulted in increased angiotensin 1–7 
and decreased angiotensin II, whereas ESRD 
patients with ACEi therapy did not have a 
decrease in angiotensin II levels [121]. This may 
help explain why refractory hypertensive ESRD 
patients may benefit from native nephrectomies.

ESRD patients are also known to have 
increased sympathetic nervous system activity 
[26, 117]. The origin of the increased sympa-
thetic nervous system activity may also be from 
the diseased native kidney. This was determined 
in an elegant study in transplant recipients who 
had continued activation of the sympathetic 
 nervous system until they underwent native 
nephrectomies [52].

 Summary

Hypertension is common among both PD and 
HD patients. It is an important modifiable con-
dition, and one of the most important contribu-
tors to excess morbidity and mortality in this 
population. Accurate diagnosis with appropri-
ate BP measurement, especially the use of 
ambulatory BP monitoring, is crucial in order 
to achieve optimal BP control. Management 
begins with the achievement of dry weight and 
avoidance of excessive interdialytic weight 
gain. When hypertension persists despite the 
achievement of euvolemia, antihypertensive 
medications may be required, and in some 
patients, native nephrectomies.
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Management of Anemia 
in Children Receiving Chronic 
Dialysis

Meredith A. Atkinson and Bradley A. Warady

 Introduction

In 1839, the Scottish physician Robert Christison 
noted that anemia was a common feature of kid-
ney disease, writing that “no other natural disease 
came as close to hemorrhage for impoverishing 
the red particles of the blood” [1, 2]. Anemia is a 
comorbidity affecting nearly all children treated 
with chronic dialysis, and its management 
remains challenging for clinicians. The emer-
gence of recombinant human erythropoietin 
(rHuEPO) more than 30 years ago revolutionized 
anemia management in the dialysis population 
and eliminated dependence on red blood cell 
transfusions for most patients. Increased under-
standing of the molecular regulation of EPO pro-
duction and iron metabolism has opened the door 
for the development of novel erythropoiesis- 
stimulating agents (ESA) and renal anemia 
therapies.

 Normal Erythropoiesis 
and Disordered Mechanisms 
in Kidney Disease

The erythropoietic systems maintain homeostasis 
in the red blood cell supply in order to ensure 
adequate tissue oxygen delivery; to achieve this, 
erythrocytes lost to senescence and bleeding 
must be continually replaced. Erythropoiesis 
consists of the generation of mature red cells 
from pluripotent stem cells and includes two dis-
tinct phases: an earlier erythropoietin (EPO)-
dependent phase which includes the proliferation 
and maturation of erythroid precursors and a sec-
ond phase of differentiation of proerythroblasts 
to red cells which is strongly iron-dependent [3] 
(Fig. 32.1).

The glycoprotein hormone EPO is the 30.4- 
kDa product of the EPO gene on chromosome 7 
and is unique among hematopoietic growth fac-
tors in being produced outside the bone marrow 
[5–8]. It is also the key stimulus for erythrocyte 
production in mammals [1, 9]. Prenatally, the liver 
is the primary site of EPO production, but this 
shifts to the kidney after birth, with a small addi-
tional amount continually produced by the liver 
(and which may increase significantly in the 
absence of kidneys) [6]. In the kidney, EPO is 
produced by the interstitial fibroblast-like cells in 
the peritubular capillary beds of the renal cortex 
[6, 9]. After injury, the cells transdifferentiate 
into myofibroblasts which synthesize collagen, 
losing the ability to produce EPO [6]. Once syn-
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thesized, EPO is not stored intracellularly but 
rather is secreted directly into the bloodstream, 
where its volume of distribution approximates 
that of the plasma volume space and circulates 
with a half-life of approximately 5–12 h [1].

Erythrocyte progenitor cells in the bone mar-
row are the principal targets of EPO, which main-
tains erythropoiesis by preventing programmed 
cell death. In normal, non-hypoxic conditions, the 
relatively low baseline level of EPO allows only a 
small fraction of progenitor cells to survive and 
proliferate, while the remaining cells undergo 
apoptosis [9]. However, when blood EPO concen-
tration rises because of either endogenous produc-
tion or after administration of rHuEPO, erythroid 
progenitors escape from apoptosis, proliferate, and 
mature into reticulocytes. Significant resulting 
reticulocytosis becomes apparent 3–4  days after 
an acute increase in plasma EPO [9].

 Hypoxia Stimulates New Red Blood 
Cell Production

The cellular sensing of tissue hypoxia, the key 
signal leading to upregulation of EPO produc-
tion, leads to EPO gene transcription through the 

actions of hypoxia-inducible factors (HIF). The 
HIFs are a family of transcription regulators 
which respond to the oxygen level and control the 
rate of gene transcription by binding to specific 
DNA sequences [10]. HIF-1 is a dimer consisting 
of HIF-α and HIF-β subunits [10]. HIF-α is con-
tinually produced, but in the presence of nor-
moxia is “marked” (hydroxylated) for degradation 
by the HIF-prolyl hydroxylases, enzymes which 
require oxygen as a co-substrate [1] (Fig. 32.2). 
Once hydroxylated, HIF-α is recognized by the 
von Hippel-Lindau protein, polyubiquinated, and 
destroyed [1]. In contrast, HIF-β is also tran-
scribed at a constant level, but is not sensitive to 
normoxic degradation [1]. When tissue hypoxia 
occurs, HIF-α accumulates and translocates to 
the cell nucleus where it forms a heterodimer 
with HIF-β and binds to the hypoxia response 
element of the EPO gene [1, 5, 11] (Fig. 32.3).

The HIF pathway also regulates iron homeo-
stasis both directly and indirectly to meet the 
demands for increased iron associated with eryth-
ropoiesis. The production of HIF-2 in the small 
intestine activates iron absorption genes on the 
apical duodenal surface to foster reduction of 
dietary iron (Fe3+) to ferrous iron (Fe2+) which 
can be imported into enterocytes [12].
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Decreased EPO production by injured 
fibroblast- like epithelial cells is not the only 
mechanism by which endogenous EPO produc-
tion is decreased in kidney disease. The kidney 
functions as a “critmeter” in that it senses oxygen 
tension and then regulates red cell mass by secret-
ing EPO [7]. Diminished oxygen consumption 
by diseased renal tissue leads to dysregulation of 
EPO production by increasing tissue oxygen 
pressure, which in turn leads to decreased HIF 
stability [7]. The result is decreased EPO tran-
scription occurring independently of damage to 
EPO-producing cells.

The action of EPO is mediated through its 
binding to the EPO receptor, which is found on 
the cell membrane of erythroid precursors in the 
bone marrow. Once the EPO receptor is activated, 
a critical cascade of signal transduction results in 

increased survival of the red blood cell precur-
sors [1, 13]. Once bound to its receptor, EPO rap-
idly disappears from the circulation, indicating 
likely internalization [1, 13]. The degree of EPO 
receptor binding depends on the carbohydrate 
content of EPO, with decreased binding affinity 
with increasing glycosylation of the EPO mole-
cule; this likely accounts for the prolonged 
in vivo half-life of hyper-glycosylated EPO ana-
logues as will be discussed later in this chapter 
[9, 14, 15].

 Iron Is Required for the Synthesis 
of Hemoglobin

Iron is required for many physiologic functions 
including oxygen transport and cell growth and 
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survival. The typical adult human body contains 
about 3.5 g of iron, and most of that (2.1 g) is 
incorporated into hemoglobin [16]. Effective 
erythropoiesis depends not only on erythropoie-
tin production, but also on the availability of iron, 
and incorporation of iron into erythroblasts is a 
rate-limiting step in the maturation of red blood 
cells in the bone marrow. Once iron is absorbed, 
there is no specific mechanism for its excretion 
from the body, and so most iron utilized in eryth-
ropoiesis is recycled from iron already present in 
hemoglobin.

Iron is essential for hemoglobin synthesis [3]. 
Hemoglobin consists of four heme groups, each 
of which requires the incorporation of one Fe2+ 
ion for oxygen binding [17]. Each mature red 
blood cell contains approximately 300  million 
hemoglobin molecules, and two-thirds of total 
body iron is located in the erythroid compartment 
[17]. To produce billions of erythrocytes daily, 
approximately 25 mg of iron must be made avail-
able to the bone marrow [3]. The majority of this 
iron is supplied by macrophages which recycle 
iron from senescent red blood cells, while only 
1–2  mg of iron daily comes from intestinal 

absorption [3]. Transferrin is the glycoprotein 
iron transporter that binds tightly but reversibly to 
iron in plasma, preventing the oxidative stress that 
freely circulating iron would induce. Iron that has 
been transported into the circulation bound to 
transferrin is released to erythroblasts via the 
interaction of transferrin with the transferrin 
receptor and receptor-mediated endocytosis [3].

 Hepcidin Regulates the Ferroportin- 
Based Movement of Iron

The iron-regulatory protein hepcidin, a 25-amino 
acid antimicrobial peptide encoded by the HAMP 
gene and produced by hepatocytes, has emerged 
as the key regulator of iron homeostasis [18]. 
Hepcidin regulates both intestinal iron absorption 
and body iron distribution through its posttrans-
lational suppression of cell-membrane expres-
sion of ferroportin, which is the sole cellular iron 
exporter. Small intestinal ferroportin expression 
is upregulated in iron deficiency by HIF-2 [12]. 
Hepcidin binding to ferroportin causes internal-
ization and lysosomal degradation of ferroportin, 
which results in downregulation of dietary iron 
absorption via intestinal enterocytes, and inhibits 
the release of stored iron from reticuloendothelial 
cells [19] (Fig. 32.3).

In this way, hepcidin prevents the utilization 
of absorbed or stored iron for erythropoiesis by 
the bone marrow, a process which in the short 
term may serve as a host-defense mechanism 
intended to sequester iron from invading patho-
gens or malignant cells [20]. A number of path-
ways have been shown to regulate HAMP gene 
expression via mechanisms involving iron status, 
erythropoiesis, and inflammation. Iron loading 
has been shown to increase the production of 
hepcidin, and hepcidin expression is modulated 
based on circulating levels of transferrin-bound 
iron via a BMP-SMAD signaling pathway [6, 
17]. Erythropoietin-stimulated erythroblasts pro-
duce erythroferrone, a hormone which acts 
directly on hepatocytes to suppress HAMP 
mRNA and decrease hepcidin production, with a 
resultant increased iron acquisition from 
 absorption and storage sites [3, 6, 17]. The reduc-
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tion in erythroblast number resulting from EPO 
deficiency diminishes the production of erythro-
ferrone and prevents it from checking hepcidin 
production [6].

Hepcidin expression is induced by inflamma-
tion in general and in particular by the inflamma-
tory cytokine IL-6. It is cleared from the 
circulation by glomerular filtration, leading to 
increased levels in the setting of decreased renal 
function [21]. Hepcidin has been found to be ele-
vated in both adults and children with CKD and 
on dialysis, and levels are positively correlated 
with serum ferritin levels [22, 23]. Hepcidin is 
also cleared from the circulation by hemodialysis 
[23]. A study in the CKiD cohort found that in 
children with mild-to-moderate CKD, higher hep-
cidin levels were associated with lower hemoglo-
bin and an increased risk for incident anemia [21].

 Epidemiology of Anemia 
in Children on Dialysis

 Definition of Anemia

The application of adult normative hemoglobin 
thresholds has been shown to substantially under-
estimate the prevalence of anemia in children with 
kidney disease, as normal hemoglobin levels vary 
by age and sex [24–27]. In 2006, the National 
Kidney Foundation’s Kidney Disease Outcomes 
Quality Initiative (KDOQI) published clinical 
practice guidelines which utilized National Health 
and Nutrition Examination Survey III data from 
1988 to 1994 to define anemia, which reports age- 
and sex-specific 5th percentile values [25]. 
Subsequently in 2012, the Kidney Disease 
Improving Global Outcomes (KDIGO) clinical 
practice guideline for anemia utilized World 
Health Organization age-specific hemoglobin val-
ues to define the level at which an evaluation for 
the cause of anemia in patients with CKD should 
be initiated [28]. KDIGO also recommends that 
hemoglobin should be measured at least every 
3 months in those on dialysis and more frequently 
for clinical indications. In those patients already 
determined to be anemic, the hemoglobin should 
be assessed monthly in those patients treated with 
an ESA [28]. The most recent clinical practice 

guidelines regarding anemia in CKD were pub-
lished in 2017 by the Renal Association (RA) in 
the United Kingdom. The diagnosis of anemia in 
pediatric patients was recommended at a hemoglo-
bin level less than10.5 g/dL in children younger 
than 2 years old and less than 11 g/dL in children 
>2 years old [29] (Table 32.1).

 Incidence, Prevalence, and Risk 
Factors

Anemia is one of the most common and clinically 
significant complications in children on dialysis, 
with many patients requiring treatment with an 
ESA starting in later-stage CKD, before the initia-
tion of dialysis. Within the Chronic Kidney Disease 
in Children (CKiD) cohort study, the median 
hemoglobin declined as the measured glomerular 
filtration rate (GFR) decreased below a level of 
43  ml/min/1.73  m2 [30]. Data from the North 
American Pediatric Renal Trials and Collaborative 
Studies (NAPRTCS) cohort has consistently shown 
that the risk for anemia increases as the CKD stage 
advances, with a prevalence of 73% at stage 3, 87% 

Table 32.1 Definitions of anemia in children with kid-
ney disease

KDOQI

Age group 
(years)

5th percentile hemoglobin level (g/dL)
Boys Girls

1–2 10.7 10.8
3–5 11.2 11.1
6–8 11.5 11.5
9–11 12.0 11.9
12–14 12.4 11.7
15–19 13.5 11.5

KDIGO
Age group 
(years)

Hemoglobin level 
(g/dL)

0.5–5 <11.0
5–12 <11.0
12–15 <12.0
>15 and adult <13.0 (males)

<12.0 (females)
RA

Age group 
(years)

Hemoglobin level 
(g/dL)

<2 Hb 10.5 g/dL

≥2 Hb 11 g/dL
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at stage 4, and >93% at stage 5 [31, 32]. 
Furthermore, of children prescribed an erythropoi-
esis-stimulating agent (ESA), over 20% of those 
with stage 4 CKD and over 40% of children with 
stage 5 CKD demonstrate persistently low hemo-
globin levels [31]. In the International Pediatric 
Peritoneal Dialysis Network (IPPN) registry, low 
serum albumin, increased parathyroid hormone 
(PTH) levels, high serum ferritin, and the use of 
bio- incompatible dialysate were associated with 
low hemoglobin levels [33]. Severe anemia in this 
registry was also associated with risk factors for 
manifestations of fluid overload including low 
urine output, high ultrafiltration requirements, 
hypertension, left ventricular hypertrophy, and 
high transporter state by peritoneal equilibration 
test [33]. This suggests that some dialysis patients 
with anemia, including apparent ESA-resistant 
anemia, may have low hemoglobin levels due to 
dilution of red cell mass secondary to volume over-
load rather than to an impaired erythropoietic 
response. Careful attention to volume status and 
“challenging” dry weight with increased ultrafiltra-
tion in patients with treatment-resistant anemia will 
help to clarify the contribution of volume overload 
to low hemoglobin concentration.

Race is also a recognized risk factor for ane-
mia. Among children enrolled in the CKiD study, 
African-Americans have consistently demon-
strated lower hemoglobin levels than Caucasian 
children, even after adjusting for the level of kid-
ney function [24]. Normal hemoglobin levels 
also vary in healthy children by race, and whereas 
differences in the prevalence of hemoglobinopa-
thy traits, iron deficiency, or socioeconomic sta-
tus do not fully explain this disparity, genetic 
polymorphisms may contribute to these differ-
ences [34, 35]. Existing anemia management 
guidelines do not recommend varying hemoglo-
bin targets or modification of the approach to 
treatment by race [34].

 Adverse Associations

Risk of Death and Hospitalization
Studies in adults with ESKD have consistently 
demonstrated a reduced risk of death and hospi-

talization when hemoglobin levels are ≥11 g/dL. In 
children, however, there is less systematic evi-
dence concerning the risks of anemia, and clini-
cal practice recommendations for anemia 
management are often based primarily on adult 
studies. In observational studies, lower hemoglo-
bin levels in children on dialysis have been 
strongly and independently associated with 
increased mortality risk. Warady and Ho demon-
strated an association between a baseline hema-
tocrit of <33% at 30  days post-initiation of 
dialysis and an increased risk of prolonged hospi-
talization and death in incident ESKD patients 
less than 18 years of age from the NAPRTCS reg-
istry [36]. Using data from the US Centers for 
Medicare and Medicaid Services’ ESRD Clinical 
Performance Measures Project linked with the 
US Renal Data System hospitalization and mor-
tality records, Amaral et  al. assessed whether 
achieving hemoglobin levels of >11 g/dL in 677 
adolescents on hemodialysis was associated with 
a decreased risk of death. In this retrospective 
cohort study, 11.7% of children with a hemoglo-
bin of <11 g/dL at study entry died, compared to 
5% of those with an initial hemoglobin of ≥11 g/dL 
(P  <  0.0001) [37]. In a multivariate analysis, 
hemoglobin of ≥11 g/dL was still associated with 
a decreased risk of death. When hemoglobin was 
re-categorized into hemoglobin levels of <10, 
≥10 to <11, ≥11 to ≤12, and >12 g/dL, the risk 
of mortality declined as the hemoglobin level 
increased. At hemoglobin levels of 11 to ≤12 g/
dL versus <10 g/dL, the mortality risk decreased 
by 70% (HR, 0.30; 95% CI, 0.19–0.74). This 
observational study’s findings were consistent 
with the experience reported in the adult litera-
ture, showing decreased mortality in ESKD 
patients who meet hemoglobin targets of >11 g/dL 
for adolescents on hemodialysis.

In 2013, Borzych-Duzalka et  al. found that 
anemia in children on chronic peritoneal dialysis 
was associated with an increased risk for mortal-
ity and that the risk for death on dialysis was 
independently and inversely associated with 
hemoglobin [33]. Survival rates were higher in 
children with mean hemoglobin >11 g/dL com-
pared to those with lower values [33]. Examining 
the US pediatric peritoneal dialysis population, 
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Dahlinghaus et al. found that hemoglobin ≥11 g/dL 
was associated with lower hospitalization risk, 
but not with a decrease in mortality risk. 
Hemoglobin levels ≥12 g/dL were not associated 
with a decreased risk of hospitalization compared 
to levels of 11–12 g/dL [38]. Published in 2017, a 
40-year retrospective cohort study of children on 
dialysis by Adamczuk et al. found that the mean 
hemoglobin level was higher among survivors 
compared to non-survivors and was a significant 
prognostic indicator. The survivors were more 
frequently treated with ESAs, suggesting that 
treatment of anemia is important in decreasing 
mortality in patients on dialysis [39]. Rheault 
et  al. found that the hazards for both all-cause 
mortality and all-cause hospitalizations were sig-
nificantly lower in children on hemodialysis with 
hemoglobin ≥12  g/dL and that cardiovascular 
hospitalizations were significantly higher in 
those with hemoglobin <10 g/dL [40].

Quality of Life and Physical and Cognitive 
Function
Anemia of CKD has long been associated with a 
negative impact on quality of life. Several studies 
have revealed that the treatment of anemia in 
CKD improves quality of life in adults with CKD 
and ESKD [41–43]. A single blinded, placebo- 
controlled crossover study in 11 children with 
ESKD showed improvement in exercise toler-
ance, physical performance, and school atten-
dance with correction of anemia [44]. Treatment 
of anemia using recombinant human erythropoi-
etin in a multicenter pediatric study of 44 chil-
dren with chronic kidney failure undergoing HD 
also showed marked improvement in their quality 
of life, particularly in activity levels [45]. Another 
cross-sectional study by Gerson et al. examined 
the link between caregiver-reported QoL and 
anemia in a cross-sectional assessment of 116 
adolescents with renal insufficiency on dialysis 
and post-kidney transplantation. The authors 
found that anemia was associated with poorer 
quality of life [46]. By caregiver assessment, 
adolescents with kidney disease and anemia 
(defined as hematocrit of <36%) were less satis-

fied with their health, participated in fewer activi-
ties at school and with friends, and were less 
physically active. These findings mirrored find-
ings of studies examining the correlation between 
anemia and quality of life in adults. Correction of 
anemia has also been associated with better phys-
ical function in children with ESKD. In a small 
series, children on chronic PD treated with 
rHuEPO with resulting increased hematocrit 
demonstrated significantly improved exercise 
capacity as measured by peak oxygen consump-
tion and treadmill time [47].

Regarding cognitive function, one multi-
center trial of subcutaneous erythropoietin 
showed increased Wechsler intelligence scores 
in 11 children with chronic kidney failure who 
were treated for anemia over a 12-month period 
[48]. In the adult literature, several studies have 
demonstrated significant improvement in elec-
trophysiological markers of cognitive function 
with improvement of anemia in patients with 
chronic and end-stage kidney disease, but fur-
ther study is sorely needed in the pediatric dial-
ysis population [49–54].

Cardiac Function
There is observational evidence of an association 
between anemia and left ventricular hypertrophy 
in adults, but evidence supporting cardiac bene-
fits of anemia treatment in children is much more 
limited [55, 56]. Adverse cardiovascular events 
and left ventricular remodeling have both been 
associated with anemia in children with CKD 
and ESKD [57–59]. A single blinded crossover 
trial of 11 children aged 2–12 years on dialysis 
demonstrated an improvement in cardiac index 
by 6  months and  a significant reduction in left 
ventricular (LV) mass by 12  months in those 
treated with rHuEPO [60]. Two additional obser-
vational studies of patients with severe left ven-
tricular hypertrophy (LVH) demonstrated that 
children with lower hemoglobin levels had more 
severe LVH and lower LV compliance [61, 62]. 
Anemia has been identified as an independent 
predictor of LVH, even after controlling for blood 
pressure, in children with pre-dialysis CKD [63].
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 Clinical Management of Anemia

 Symptoms of Anemia

The clinical presentation of anemia depends on 
the rate of hemoglobin decline as erythropoietin 
production slows and the adaptability of the heart 
and lungs to a decreased hemoglobin concentra-
tion. In the case of blood loss during hemodialy-
sis, the rate of ultrafiltration will determine 
severity of symptoms. Symptoms of anemia may 
include fatigue, pallor, somnolence, tachypnea, 
tachycardia, depression, impaired cognition or 
muscle function, and loss of appetite. If anemia is 
more acute from blood loss, patients may experi-
ence dyspnea, dizziness, or headache. Patients 
with concurrent iron deficiency may have fatigue 
and lethargy out of proportion to their degree of 
anemia [64].

 Initial Diagnostic Evaluation 
of Anemia

Prior to initiating treatment with an ESA in ane-
mic children with kidney disease, other poten-
tially correctable causes of anemia should be 
ruled out (Table 32.2).

Because anemia in children on dialysis may 
not be associated solely with erythropoietin defi-
ciency, incident anemia should prompt an initial 
laboratory evaluation to include assessment of 
red cell indices and iron stores and other correct-
able nutritional deficiencies [28]. Deficiencies of 
B12, folate, carnitine, vitamin C, and copper may 
also contribute to anemia in CKD.  The B vita-
mins are water soluble and are removed during 
dialysis, and B12 deficiency causes megaloblas-
tic anemia because B12 is needed for DNA syn-
thesis [65]. Folate is also required for DNA 
synthesis during erythropoiesis and deficiency is 
associated with a macrocytic anemia. In a small 
study, when a deficiency in folate was corrected 
in 15 children on dialysis, 11 demonstrated 
increased hemoglobin with  the mean level 
increased by 8%. ESA dose requirements 
decreased as well, with  a mean decrease of 
20 units/kg [66, 67]. Chronic hemodialysis is a 

leading cause of secondary carnitine deficiency 
due to its ready dialyzability [68]. Some studies 
have suggested that L-carnitine supplementation 
can prolong red blood cell life span and stimulate 
erythropoiesis by inhibiting apoptosis, but there 
have been no large-scale randomized clinical tri-
als conducted to evaluate whether supplementa-
tion is effective as an adjunctive treatment for 
anemia in dialysis patients [68]. Vitamin C 
enhances absorption of dietary iron, contributes 
to the mobilization of intracellular stored iron, 
and increases carnitine synthesis, but there have 
been no clinical trials to assess the effects of vita-
min C supplementation on anemia in dialysis 
patients [69]. Caution is also warranted as exces-
sive vitamin C ingestion can be associated with 
renal oxalate deposition and acute kidney injury, 
both of which could have a negative impact on 
residual kidney function [70]. Copper deficiency 
is relatively rare, but can arise from excessive 

Table 32.2 Potential causes of anemia in children with 
chronic kidney disease

Erythropoietin deficiency and/or dysregulation
Iron-restricted erythropoiesis
  Absolute iron deficiency
  Functional iron deficiency
  Impaired iron trafficking
Inflammation and hepcidin upregulation
Chronic blood loss
  Frequent phlebotomy
  Hemodialysis circuit losses
  GI losses
  Menstrual losses
Acute blood loss
  Surgical losses
  GI losses
Uremia and oxidative stress
Hyperparathyroidism and myelofibrosis
Hypervolemia
Nutritional deficiencies
  B12, folate, carnitine, vitamin C, copper
Medications
  Angiotensin-converting enzyme inhibitors
  Non-adherence with anemia therapies
  Drug toxicity
  Pure red cell aplasia associated with erythropoiesis- 

stimulating agents
Infectious causes
  Parvovirus B19-induced aplastic anemia
  Infection-associated inflammation
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zinc intake and may be associated with a micro-
cytic anemia and leukopenia, and is correct-
able with supplementation [71]. Anemia with 
concurrent lymphopenia or thrombocytopenia 
should prompt an evaluation for malignancy, 
autoimmune disease, or drug toxicity.

Uremia itself contributes to anemia in children 
on dialysis. Accumulated uremic toxins and asso-
ciated oxidative stress can induce changes in 
erythrocyte cell membranes and cytoskeletons 
which promote hemolysis and a shortened cell 
life span, with red cell survival time decreased by 
as much as 50% compared to healthy subjects 
[72]. Thus, inadequate dialysis may contribute to 
the risk for anemia. In adults on chronic hemodi-
alysis, more hours of dialysis per week have been 
associated with higher hemoglobin levels and a 
lower required ESA dose [73, 74].

 Erythropoietin Levels

EPO deficiency is a diagnosis of exclusion. In the 
setting of normal renal function, plasma EPO lev-
els increase exponentially with decreasing hemo-
globin, and values may rise from the normal 
range of approximately 15 units/liter to as high as 
10,000  units/liter [9]. Thus, measuring plasma 
levels of EPO in children with kidney disease is 
not useful to clarify the contribution of relative 
EPO deficiency to anemia, because even if EPO 
levels are detectable above the normal range, they 
may still be inappropriately low for the degree of 
anemia present.

 Laboratory Assessment of Iron Status

In clinical practice, the most commonly utilized 
biomarkers of stored iron remain serum ferritin 
and transferrin saturation (TSAT). KDIGO rec-
ommends iron supplementation in children on 
dialysis to maintain TSAT >20% and ferritin 
>100  ng/mL and recommends IV iron supple-
mentation in children on hemodialysis [28]. Both 
ferritin and TSAT have limited sensitivity and 
specificity to predict bone marrow iron stores and 
erythropoietic response to iron supplementation. 

Distinguishing hepcidin-mediated impaired iron 
trafficking from absolute iron deficiency anemia 
presents a clinical challenge, as both disorders 
are characterized by a microcytic anemia with 
low reticulocyte counts, decreased serum iron 
concentration, and low transferrin saturation. 
However, serum ferritin levels can be helpful in 
distinguishing the disorders; absolute iron defi-
ciency is associated with a low ferritin concentra-
tion, while impaired trafficking is characterized 
by normal or elevated serum ferritin, reflecting 
iron sequestration in the reticuloendothelial sys-
tem. In contrast, in patients with functional iron 
deficiency on ESA therapy, the rate of enteral 
iron absorption or release from reticuloendothe-
lial cells is inadequate to meet the demands for 
erythropoiesis; these patients often have low 
TSAT values with normal or high levels of ferri-
tin, suggesting that patients may benefit from 
treatment with intravenous iron [75, 76]. The 
limitations of serum ferritin as a marker of acces-
sible stored iron are, however, well established, 
including higher ferritin levels being associated 
with lower hemoglobin levels and ferritin serving 
as an acute phase reactant [33, 77]. Although fer-
ritin is measured in serum, its function is as an 
intracellular iron-storage protein. Although we 
assume in clinical practice that the serum con-
centrations reflect some steady-state “leakage” of 
intracellular ferritin, the process by which ferritin 
enters the circulation is not well understood [76].

TSAT has recognized limitations as well, 
including diurnal fluctuations and reduction in 
the setting of malnutrition and chronic disease 
[78]. There is thus a need for diagnostic tests 
which more accurately predict the need for or 
response to iron therapy. A study in pediatric 
dialysis patients found that the reticulocyte 
hemoglobin content (Ret-He), which is not an 
acute phase reactant and reflects iron availability 
for incorporation into reticulocytes over the pre-
vious 2–4  days, performed better than either 
 ferritin or TSAT to distinguish between iron defi-
ciency and suboptimal ESA dosing [78]. Thus, 
Ret-He may be an attractive alternative indicator 
of iron status in clinical practice, although it 
remains limited currently as it is only measured 
by flow cytometry [78]. Percentage of hypochro-
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mic red blood cells (% HRC) is another labora-
tory marker of iron status that can assess iron 
availability for incorporation into red cells. % 
HRC >6% suggests poor hemoglobin production 
due to iron deficiency and may be helpful in dis-
tinguishing patients with elevated ferritin levels 
who may benefit from additional, potentially 
intravenous iron supplementation [79]. %HRC 
also requires flow cytometry for measurement, 
which may limit its availability in clinical labora-
tories which measure hemoglobin by electrical 
impedance and do not have access to the equip-
ment or software required for testing [80].

 Goal Hemoglobin Levels in Children 
on Dialysis

There have been a series of clinical practice guide-
lines for the management of anemia in dialysis 
patients published over the last 10–15 years, which 
have included recommendations for target hemoglo-
bin levels. In 2007, the National Kidney Foundation 
Kidney Disease Outcomes Quality Initiative 
(KDOQI), in response to data from adult trials in 
which the use of ESAs to target higher hemoglobin 
levels was associated with adverse outcomes, pub-
lished a revised recommendation advising that in 
patients receiving an  ESA, the hemoglobin target 
should generally be in the range of 11–12 g/dL and 
should not exceed 13 g/dL [81]. Subsequently, the 
KDIGO guidelines were created from systematic 
literature searches and supplemental evidence from 
October 2010 to March 2012. They did not recom-
mend a hemoglobin threshold for initiation of ESAs 
in pediatric patients, but recommended that provid-
ers consider all potential benefits and harms prior to 
starting ESA therapy. For pediatric patients on 
ESAs, the target hemoglobin recommended was 
11–12 g/dl [28]. The National Institute for Health 
and Care Excellence (NICE) in the United Kingdom 
last updated its guidelines in 2015. For patients who 
are on ESAs, the recommended hemoglobin target 
was 10 to 12 g/dL in children >2 years old and adults 
and 9.5–11.5 g/dL in children younger than 2 years 
old [82]. In terms of initiation of ESA treatment, a 
common threshold in clinical practice is a hemoglo-
bin <10 g/dL.

 Recombinant Human 
Erythropoietin Therapy

 Available Forms of rHuEPO

The human EPO gene was isolated in 1985, with 
commercial production of rHuEPO beginning 
soon thereafter. Epoetin alfa was approved by the 
US Food and Drug Administration in 1989 [8]. 
The development and widespread use of rHuEPO 
in both adults and children eliminated depen-
dence on red blood cell transfusions which could 
be complicated by transfusion-associated viral 
infections, iron overload, and allosensitization 
[83]. Both endogenous and recombinant EPO 
have microheterogeneity in carbohydrate struc-
tures with variation in sialic acid content, and the 
molecules with increased sialic acid content 
demonstrate increased in vivo half-life [84]. The 
observation that the biologic properties of spe-
cific rHuEPO products varied with their molecu-
lar structure led to the hypothesis that 
reengineering the EPO molecule with the addi-
tion of carbohydrate chains, and increasing sialic 
acid content, could enhance potency and increase 
half-life [85] (Fig. 32.4). Now there are several 
types of both short- and long-acting ESAs avail-
able worldwide, and new formulations continue 
to emerge requiring ongoing attention to the rela-
tive safety and efficacy in children compared to 
adults.

 Epoetin

Epoetin alfa was the first rHuEPO commercial-
ized in the United States, followed by epoetin 
beta in Europe. Epoetins alfa and beta, both 
 produced in Chinese hamster ovary cells, have 
minor structural differences but the same physi-
ological effects [84]. There is no definitive evi-
dence of superiority in patient outcomes for any 
particular epoetin brand [28]. As the patents for 
the first epoetins expired, biosimilar agents show-
ing only minor differences in clinically inactive 
components to those of the licensed products 
emerged and were approved in the United States 
and Europe; this process will likely continue, 

M. A. Atkinson and B. A. Warady



619

leading to wider entry of these agents into the 
clinical markets [86]. Short-acting epoetin for-
mulations achieve maximum efficacy when 
dosed one to three times weekly and demonstrate 
a longer half-life when given subcutaneously 
(19–24 h) than intravenously (6–8 h) [81].

 Darbepoetin Alfa

Darbepoetin alfa is an erythropoietin analogue 
with two additional sialic acid-containing carbo-
hydrates resulting in extended in vivo biological 
activity. Darbepoetin alfa has been shown to have 
equivalent efficacy as rHuEPO to maintain hemo-

globin when dosed weekly or every other week in 
children with CKD [28, 66, 87, 88] (Fig. 32.5).

Darbepoetin alfa may be administered intrave-
nously or subcutaneously, and while the drug 
clearance, half-life, and bioavailability are simi-
lar in adults and children regardless of the route 
of administration, absorption when given subcu-
taneously may be more rapid in children [81]. 
The longer dosing interval inherent to treatment 
with darbepoetin compared to rHuEPO has made 
subcutaneous darbepoetin alfa an attractive alter-
native for anemia management in younger chil-
dren, with the potential for improving adherence 
due to the need for less frequent drug administra-
tion. A randomized clinical trial in children with 
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CERA

Darbepoetin alfa

Epotein beta

Epoetin alfa

0 20 40 60 80 100 120 140

CERA = continuous erythropoietin receptor activator

Mean half-line (h)

Fig. 32.4 Mean in vivo 
half-lives of available 
erythropoiesis- 
stimulating agents 

RhEPO

Receptor 1 Receptor 1
Receptor 2 Receptor 2

Carbohydrate
side chains Additional

carbohydrate
side chains

a b Darbepoietin alfa

Fig. 32.5 Molecular structures of rhEPO (a) and darbepoetin alfa (b). (Modified from Refs. 84, 85)
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CKD stages 4 and 5 demonstrated that darbepo-
etin alfa is as safe and effective as rHuEPO for 
the correction of anemia [88]. A longitudinal 
European registry study similarly demonstrated 
that children treated with darbepoetin alfa did not 
experience increased rates of adverse events such 
as infection or severe hypertension [89]. A poten-
tial limitation of darbepoetin alfa in children, 
however, is the reported discomfort associated 
with injection. In a blinded, randomized, con-
trolled trial, children who received subcutaneous 
darbepoetin alfa reported higher levels of post- 
injection pain by a visual analogue scale com-
pared to those who got epoetin beta, consistent 
with an increased impression of pain as reported 
by their parents and nurses [90]. A potential 
explanation is the more physiological pH of the 
buffer in the epoetin beta preparation than the 
darbepoetin alfa preparation [83]. Other pediatric 
studies have, however, not found pain to be more 
frequent or severe in patients receiving darbepo-
etin [88].

 CERA

Continuous erythropoietin receptor activator 
(CERA) is an EPO analogue that was created by 
the integration of a single 30-kDa polymer chain 

into the EPO molecule, increasing its molecular 
weight to twice that of epoetin and extending its 
elimination half-life to around 130  h [91] 
(Fig. 32.6).

Unlike endogenous EPO and epoetin, which 
are internalized and degraded following binding 
to the EPO receptor, CERA escapes degradation 
by dissociating from the receptor, allowing sus-
tained in vivo efficacy of the compound [92]. A 
study in children on peritoneal dialysis demon-
strated that CERA safely and effectively main-
tained hemoglobin levels when dosed once or 
twice monthly, although the doses required to 
meet goal hemoglobin levels were higher than 
those required in previously published adult stud-
ies [93]. A study in 64 children on hemodialysis 
aged 6–17 found that CERA given once every 
4  weeks was efficacious in maintaining 
 hemoglobin levels with a safety profile consistent 
with that of adults [94].

 ESA Dosing for Children

rHuEPO quantities are traditionally expressed as 
units, with 1  unit equaling the erythropoietic 
effect of bone marrow stimulation with 5 μmol of 
cobalt chloride, an historic treatment for anemia 
prior to the rHuEPO era [1]. Darbepoetin alfa 

Epoetin CERA

N-linked glycosylation
chains

30 kDa methoxy-polyethylene
glycol polymer chain

Protein backbone
(165 aminoacids)

Fig. 32.6 Comparison of molecular structures of epoetin and CERA. (Modified from Ref. 91)
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quantity is expressed in micrograms, with the 
biological activity of 1 μg corresponding to that 
of 200 units of rHuEPO [9]. The starting dose for 
epoetin alfa or beta is generally 20–50  IU/kg 
three times weekly (given subcutaneously or 
intravenously) [28]. The initial recommended 
darbepoetin alfa dose is 0.45  μg/kg subcutane-
ously or intravenously dosed once weekly or 
0.75 μg/kg dosed every 2 weeks [28]. The CERA 
dose is measured in micrograms. In the study of 
children on chronic hemodialysis performed to 
determine the required starting dose of CERA 
based on the previous weekly epoetin alfa/beta or 
darbepoetin alfa doses, a conversion factor of 
4 μg of CERA every 4  weeks for each weekly 
dose of 125  IU epoetin alfa or beta, or 0.55 μg 
darbepoetin, was found to be most efficacious 
[94]. Published CERA dosing recommendations 
in children are intended for transition from 
another ESA. The goal after ESA initiation is for 
a rate of increase in hemoglobin concentration of 
no more than 1–2  g/dL per month [28] 
(Table 32.3).

ESA dose adjustments after treatment initia-
tion should generally not be made until after the 
first 4 weeks of therapy, and no more often than 
every 2  weeks in the outpatient setting, as the 
effects of therapy are not likely to be seen after 
shorter intervals [28]. Decisions on dosing adjust-
ments should be made based on the hemoglobin 
rate of rise after initiation and the stability of 
hemoglobin during maintenance therapy [21]. 

When a decrease in hemoglobin is necessary, 
ESA dose should be decreased but not necessar-
ily held, as a pattern of holding and reinitiating 
ESA therapy can lead to hemoglobin cycling 
around the desired target range [95]. Long-acting 
ESAs like darbepoetin alfa and CERA, with their 
increased half-life and lower binding affinity for 
the EPO receptor, stimulate erythropoiesis for 
longer periods of time and thus may cause higher- 
than- intended hemoglobin levels in clinical prac-
tice. This can be avoided by using lower starting 
doses and making less frequent dose adjustments 
than in children treated with short-acting ESAs 
[87].

 Children May Require Higher 
Absolute ESA Doses than Adults

The dosing requirements of rHuEPO differ 
between children and adults. Young children have 
been reported to require higher weight-related 
rHuEPO doses than adults, ranging from 275–
350 units/kg/week for infants to 200–250 units/kg/
week for older children [96]. Despite their lower 
body weight, children and adolescents on chronic 
hemodialysis have also been found to require 
higher absolute doses of rHuEPO than adults to 
maintain hemoglobin in goal range [97, 98]. In 
contrast to typical drug dosing in children which 
is based on body size to account for a decreased 
volume of distribution, rHuEPO dose require-
ments appear to be independent of weight [97, 
99]. The potential mechanisms for increased 
rHuEPO dose requirement in children are not 
clear, but may include increased presence of non- 
hematopoietic erythropoietin binding sites (e.g., 
endothelial, kidney, brain, and skeletal muscle 
cells) resulting in increased drug clearance or 
increased erythropoietin demand during periods 
of accelerated body growth [9, 96, 99]. Data from 
the International Pediatric Peritoneal Dialysis 
Network (IPPN) showed that the weekly ESA 
dose scaled to body weight was inversely corre-
lated with age, but when normalized to body sur-
face area the dose was independent of age, with a 
median (IQR) weekly ESA dose of 4208 (2582, 
6863) units per m2 [33]. It has also been shown 

Table 32.3 Erythropoiesis stimulating agent dosing 
guide for initiation in children

Starting dose Interval Route
Epoetin alfa/
beta

20–50 IU/kg Three times 
per week

SC or 
IV

Darbepoetin 
alfa

0.45 μg/kg
0.75 μg/kg

Weekly
Every 
2 weeks

SC or 
IV

CERA 4 μg per each 
prior weekly 
dose of:
  125 IU 

epoetin
  0.55 μg 

darbepoetin

Every 
4 weeks

SC or 
IV

SC subcutaneously, IV intravenously
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that an absolute rHuEPO dose of 1000  units 
given IV to both adults and children can increase 
hemoglobin by 0.4 g/dL, suggesting that dosing 
schemes based on hemoglobin deficit rather than 
weight may be useful [61, 99]. The doses of 
CERA required by children have also been 
reported as higher than those required in adults 
[93]. Finally, studies in adults with non-dialysis 
CKD have shown epoetin alfa administered sub-
cutaneously at higher doses but extended inter-
vals (ranging from 20,000 to 80,000 units every 2 
or 4 weeks) to be non-inferior to weekly dosing 
regimens in maintaining hemoglobin [100, 101]. 
This could be an attractive option for allowing 
less-frequent ESA dosing in regions where dar-
bepoetin alfa is not readily available, although 
extended interval epoetin alfa dosing has not yet 
been systematically assessed in children.

 Safety of ESA Therapy

Although there are benefits associated with ESA 
use, clinical trials in adults have raised concern 
about the safety of using escalating ESA doses to 
normalize hemoglobin. The CHOIR trial per-
formed in adults with non-dialysis CKD found 
that using epoetin alfa to target a higher hemo-
globin level was associated with an increased risk 
for death, MI, stroke, or CHF [49]. In the 2009 
TREAT trial, adults with CKD receiving darbe-
poetin to achieve hemoglobin >13  g/dL also 
demonstrated an increased risk for stroke [102]. 
Consequently, in 2011 the US FDA changed the 
ESA product labeling to recommend the lowest 
possible ESA dose to prevent red blood cell 
transfusions and that the dose should be reduced 
or interrupted for hemoglobin >11  g/dL [103]. 
However, this label change did not distinguish 
between pediatric and adult CKD patients. 
Although no such randomized controlled trials 
have been conducted in pediatric patients, obser-
vational data has demonstrated that higher ESA 
doses are associated with an increased risk for 
mortality in children on chronic dialysis [33, 38, 
104]. No clinical trials in adults have identified 
whether the higher hemoglobin level or the 
higher ESA dose specifically contributes to the 
increased risk for adverse outcomes, but a pro-

spective study in adults on dialysis found that 
those with naturally occurring higher hemoglo-
bin levels >12 g/dL were not at increased risk for 
mortality [105, 106]. In a similar study conducted 
in ESA-treated children on dialysis, Rheault et al. 
demonstrated that hemoglobin level >12  g/dL 
was not associated with an increased risk for 
either mortality or hospitalization [40].

The specific mechanisms for the adverse car-
diovascular outcomes observed with ESA use 
have yet to be defined, but may include trophic 
effects on vascular endothelial or smooth muscle 
cells [107]. Greater blood viscosity at higher 
hemoglobin concentrations may also contribute by 
increasing vascular endothelial wall stress [1]. 
While exposure to supraphysiologic EPO concen-
trations may have detrimental off-target effects, 
the disparate burden and duration of cardiovascu-
lar disease and other comorbidities including dia-
betes in adults compared to children may result in 
the risk for such ESA-associated outcomes being 
substantially lower in children on dialysis. 
However, given the lack of evidence, similar levels 
of caution are applied to ESA use in children. 
Other reported side effects of ESAs include hyper-
tension, which seems to be independent of 
achieved hemoglobin level, and increased risk for 
vascular access thrombosis [108].

 Novel Erythropoiesis-Stimulating 
Agents

Novel ESA-independent CKD-related anemia 
therapies are in varying stages of development. 
Small-molecule hypoxia-inducible factor (HIF) 
stabilizers/prolyl hydroxylase domain inhibitors 
modulate HIF-controlled gene products and are 
capable of inducing endogenous erythropoietin 
production even in the setting of decreased renal 
oxygen consumption, likely by increasing hepatic 
erythropoietin production [12]. They have been 
shown to increase hemoglobin and decrease hep-
cidin in adult trials, but trials have not yet been 
conducted in children [109–111]. Inhibitors of 
HIF can be administered orally in highly bio-
available preparations. Investigational strategies 
for direct hepcidin modulation include monoclo-
nal antibodies aimed directly at hepcidin or at the 
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inflammatory stimuli that induce its production, 
including IL-6 [111]. Fully human anti-hepcidin 
antibodies have been successfully developed and 
applied in animal models [112].

 ESA Hyporesponsiveness: 
Definition and Risk Factors

There will be patients who, despite iron supple-
mentation combined with escalating ESA dosing, 
fail to increase hemoglobin levels above 10  g/
dL. KDIGO defines initial ESA hyporesponsive-
ness as no increase in hemoglobin concentration 
from baseline after the first month of appropriate 
weight-based dosing and acquired ESA hypore-
sponsiveness as a requirement for two increases 
in ESA doses up to 50% beyond the dose which 
they had previously required to maintain a stable 
hemoglobin concentration [28]. An alternative 
definition is a persistent hemoglobin deficit after 
3 months of high-dose ESA treatment (rHuEPO 
in excess of 400 units/kg weekly or darbepoetin 
alfa in excess of 1 μg/kg weekly) [67, 113].

In the IPPN registry, ESA resistance and esca-
lated ESA dosing have been associated with 
inflammation, fluid retention, and hyperparathy-
roidism [33]. The observational association 
between higher ESA doses and mortality in pedi-
atric patients may, in turn, reflect the impact of 
chronic inflammatory processes which negatively 
impact patient survival, rather than a direct ESA 
effect on the risk for death. While ESA hypore-
sponsiveness may be chronic, it can also be seen 
in the context of shorter-term clinical events such 
as infections or surgical procedures which may 
negatively impact the response to ESA therapy. 
Thus, the potential risks and benefits of escala-
tion in ESA dose vs. administration of intrave-
nous iron vs. red blood cell transfusion in this 
setting must be assessed for individual patients 
[28]. Attention should also be paid to determin-
ing whether affected patients may be suffering 
from vitamin or mineral deficiencies resulting 
from malnutrition. Other potential causes of ESA 
hyporesponsiveness include the following:

 Bone Disease Secondary 
to Hyperparathyroidism

Severe hyperparathyroidism can contribute to 
anemia and ESA hyporesponsiveness due to 
decreased bone marrow production of red blood 
cells due to myelofibrosis [96, 114, 115].

 Medications

There are a variety of medications that can con-
tribute to anemia in dialysis patients including, 
but not limited to, ACE inhibitors and anti- 
metabolites causing bone marrow suppression. A 
review of the medication list for potential medi-
cations contributing to anemia should be under-
taken for any dialysis patient with ESA-resistant 
anemia.

 Aluminum Toxicity

Although aluminum-based compounds are used 
far less frequently in the management of hyper-
phosphatemia than in the past, awareness of alu-
minum toxicity is important. Chronic use of 
aluminum-based antacids and phosphate binders 
remains the most common cause of aluminum 
toxicity in patients with ESKD. In animal stud-
ies, aluminum has been shown to induce partial 
resistance to EPO and to increase heme  oxygenase 
activity, which subsequently increases destruc-
tion of the heme protein [116, 117].

 Hypervolemia

Patients with less residual urine output and who 
are clinically judged to be fluid-overloaded dem-
onstrate lower hemoglobin levels, suggesting that 
some portion of treatment-resistant anemia may 
in fact be due to the chronic dilution of the red 
cell mass in an expanded extracellular volume 
[33]. This should be addressed with more effec-
tive ultrafiltration.
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 Anti-rHuEPO Antibodies

ESA-induced pure red cell aplasia (PRCA) is an 
increasingly rare hematologic disorder that was 
first described in the late 1990s. PRCA is charac-
terized by a severe and progressive normocytic 
anemia, reticulocytopenia, and the almost com-
plete absence of erythroid precursors in the bone 
marrow, with affected patients becoming transfu-
sion dependent [118]. ESA-induced PRCA is 
secondary to the development of neutralizing 
antibodies which block the interaction between 
an ESA (including epoetin alfa or beta, darbepo-
etin alfa, or endogenous EPO) and its receptor 
[118]. Most initial cases of ESA-induced PRCA 
were seen in countries where epoetin alfa formu-
lated with a polysorbate 80 stabilizer was admin-
istered to CKD patients subcutaneously; 
regulatory advisories have subsequently discour-
aged this practice [119].

 Red Blood Cell Transfusion

Despite best efforts in anemia management, and 
often in the setting of ESA hyporesponsiveness, 
patients sometimes do require packed red blood 
cell transfusion. The decision to transfuse 
should not be based on an arbitrary hemoglobin 
level, but rather guided by symptoms and after 
weighing the specific risks and benefits for the 
individual patient. Red blood cell transfusions 
are associated with an increased risk for the 
development of human leukocyte antigen (HLA) 
antibodies. In adults, leukoreduction of blood 
products is an ineffective means to decrease 
HLA sensitization, and red cell transfusions 
lead to clinically significant increases in HLA 
antibody strength and breadth [120, 121]. These 
antibodies serve as a barrier to future transplan-
tation and may adversely affect graft outcomes 
[120, 121]. More studies are needed to define 
the risks associated with red cell transfusion in 
children with regard to HLA sensitization and 
graft outcomes.

 Iron Therapy

KDIGO recommends iron supplementation in 
children on dialysis to maintain TSAT >20% and 
ferritin >100  ng/mL and recommends intrave-
nous iron supplementation in children on hemo-
dialysis [28].

 Oral Iron Supplementation

Most children on dialysis will require iron sup-
plementation as part of their anemia treatment 
plan in order to maintain hemoglobin levels and 
replete iron stores. Children on hemodialysis in 
particular may have chronic blood loss via the 
dialysis circuit which exacerbates iron defi-
ciency. Enteral iron supplementation is rela-
tively inexpensive, highly available, and 
generally safe and efficacious in children with 
chronic kidney disease, although GI side effects 
of nausea or constipation are sometimes 
reported. Although true intolerance is relatively 
rare, it may be a contributing factor to the poor 
adherence that may arise to prescribed oral sup-
plementation. In addition, co-administration of 
iron with phosphate binders or antacids can 
limit absorption due to changes in gastric pH 
[64]. The usual dosing range for oral iron sup-
plementation is 3–6  mg/kg/day of elemental 
iron, either daily or divided into two daily doses. 
The most commonly available oral iron prepara-
tions come in ferrous (Fe2+) or ferric (Fe3+) 
forms, including ferrous sulfate and ferric iron 
polymaltose complexes [16]. Ferrous sulfate has 
better bioavailability (10–15%) than ferric iron 
and is available in prolonged release forms [16]. 
Some ferric polymaltose complex formulations 
are available with added vitamins C, B12, and 
folic acid to enhance iron absorption and replete 
other vitamins associated with red blood cell 
production. However, there is no evidence that 
ferric iron formulations are superior to ferrous 
preparations for oral supplementation in chil-
dren on dialysis.
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 Intravenous Iron Supplementation

Children on dialysis often benefit from iron prep-
arations administered intravenously due to the 
poor enteral absorption or poor tolerance associ-
ated with oral administration. There are an 
increasing number of available iron preparations 
for clinicians opting for intravenous therapy 
(Table 32.4).

Early IV iron compounds were formulated as 
inorganic iron oxyhydroxide complexes, which 
could result in the release of labile iron directly 
into the plasma leading to the formation of highly 
reactive free radicals associated with severe tox-
icity, including hypotension. Newer preparations 
surround the iron oxyhydroxide core with carbo-
hydrate shells of different sizes and polysaccha-
ride branch characteristics [123]. The shell 
characteristics determine how long the iron 
remains circulating, with larger molecular weight 
formulations such as iron dextran resulting in 
longer plasma residence, while products with 
smaller shells are more labile and likely to release 
iron directly into the plasma before it can be 
metabolized in the reticuloendothelial system 
[124–126]. Intravenous iron therapy can be deliv-
ered as a loading phase, using consecutive doses 

to replete iron stores, or as smaller maintenance 
doses given weekly.

IV iron has been shown to be effective in 
repleting iron stores in children. In 2005, 
Gillespie and Wolf published a meta-analysis that 
combined clinical data on IV iron use in children 
on HD [127]. They evaluated nine studies includ-
ing eight cohort studies and one prospective trial 
with historical controls, and they showed 
increased hemoglobin, ferritin, and transferrin 
saturation levels and reduced use of ESAs with 
IV iron use. In 2004, Warady et al. performed an 
RCT to examine the preferential route of iron 
administration for children. The authors prospec-
tively randomized 35 iron-replete children 
<20  years old with ESKD on hemodialysis to 
receive either IV iron dextran with each dialysis 
session (n = 18) or oral iron daily (n = 17) for up 
to 16 weeks. In both groups the hemoglobin was 
stable, but the IV iron group experienced a sig-
nificant increase in serum ferritin and the oral 
iron group did not. There was no statistically sig-
nificant difference in ESA dosing detected 
between the two groups [128]. Sodium ferric glu-
conate complex has also been shown in pediatric 
studies to safely and effectively increase and 
maintain iron parameters in children undergoing 

Table 32.4 Physiochemical characteristics and pharmacokinetics of iron formulations for intravenous administration 
(with permission [122])

Properties Ferumoxytol
Ferric carboxy 
maltose Iron dextran Iron sucrose Ferric gluconate

Molecular mass (D) 731,000 150,000 410,000 252,000 200,000
Carbohydrate shell Polyglucose 

sorbitol 
carboxymethylether

Carboxymaltose Dextran 
polysaccharide

Sucrose Gluconate, 
loosely 
associated 
sucrose

Median shell/
particle diameter 
(nm)

26.3 23.1 12.2 8.3 8.6

Relative catalytic 
iron release

+ + ++ +++ +++

Relative stability of 
elemental iron 
within the 
carbohydrate shell

High High High Medium Low

Relative osmolality Isotonic Isotonic Isotonic Hypertonic Hypertonic
Administration (iv 
push) rates

30 mg/s Bolus push 50 mg (1 ml)/
min

Approximately 
20 mg/min

12.5 mg/min

t1/2 (h) Approximately 15 7–12 5–20 6 Approximately 1
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hemodialysis, with pharmacokinetic data demon-
strating that mean serum iron concentrations 
increase in a dose-dependent manner after intra-
venous administration [129–131].

 Iron Safety

Given trial evidence in adults that higher ESA 
doses are associated with adverse cardiovascular 
outcomes, using IV iron to reduce ESA dose 
requirements is an attractive treatment option. 
However, the administration of IV iron, even 
with new formulations, is not without risk. 
Concerns about potential adverse effects of IV 
iron supplementation include iron overload, 
adverse reactions including anaphylaxis, and 
increased risk when administered in the context 
of active infections. There have not been any 
pediatric studies focused on the long-term effects 
of IV iron supplementation in patients on chronic 
dialysis. The DRIVE trial, conducted in adults on 
dialysis, demonstrated that IV ferric gluconate 
was effective at raising hemoglobin and decreas-
ing ESA dose requirements in patients with fer-
ritin levels 500–1200 ng/mL and TSATs ≤25%, 
dispelling the widely held belief that patients 
with ferritin levels in this range were unlikely to 
benefit from IV iron [132]. However, further 
study is needed to determine whether IV iron 
supplementation is effective and safe in children 
with higher ferritin levels. KDIGO recommends 
avoidance of IV iron in patients with active sys-
temic infections [28]. There is biologic plausibil-
ity to this, as iron may impair neutrophil and 
T-cell function and serve as a growth factor for 
pathogens [133]. However, there have been few 
studies testing this hypothesis. Ishida et  al. 
showed, using observational data, that adults on 
hemodialysis who received IV iron within 
14 days of hospitalization for a bacterial infec-
tion had no increased risk for 30-day or 1-year 
mortality or readmission or death within 30 days, 
but no comparable studies have been conducted 
in children [133]. Goldstein et  al. conducted a 
RCT in 145 children with CKD to compare the 
safety and efficacy of varying doses of iron 
sucrose. They showed that a 0.5 mg/kg dose was 

non-inferior to higher-dosing regimens (1  mg/kg 
and 2 mg/kg) in terms of reaching a composite 
endpoint of hemoglobin in the range of 10.5–
14 g/dL, TSAT 20–50%, and a stable ESA dose, 
supporting the practice of utilizing the lowest 
effective dose of IV iron in children [134].

Dialysis contributes to oxidative stress, the 
result of pro-oxidant molecules overwhelming 
the antioxidant defense mechanisms [135]. 
Studies performed in adults on hemodialysis 
have demonstrated that IV iron infusions are 
associated with an increased accumulation of 
biomarkers of oxidative stress [135]. Bolus or 
rapid IV infusion may be more likely to trigger 
an oxidative response and slow IV intradialytic 
infusion may be preferable in minimizing inflam-
matory or oxidative response, but no studies have 
specifically examined this in children [136–138]. 
There is a shortage of research to evaluate the 
effect of differences in formulation and pharma-
cokinetics of such agents and to determine 
whether repeated induction of oxidative stress 
has longer-term sequelae in terms of inflamma-
tion and cellular and tissue iron deposition.

 Novel Routes of Iron 
Supplementation

Ferric pyrophosphate citrate (FPC, Triferic®) was 
approved by the US FDA in April 2016 for the 
replacement of iron to maintain hemoglobin in 
adults on hemodialysis [139]. FPC is dissolved in 
dialysate and administered via dialysis. In con-
trast to the IV iron administration of other iron 
preparations which can lead to the presence of 
non-transferrin-bound iron in the circulation and 
potentially trigger the generation of pro-oxidant 
and atherogenic molecules, FPC is quickly trans-
ferrin bound and removed from the circulation 
[140]. Pratt et al. conducted a pediatric study in 
which FPC was administered via the dialysate 
(added to bicarbonate concentrate) or intrave-
nously (via the venous blood return line) to 22 
hemodialysis patients <18  years of age during 
dialysis treatment and found it was well tolerated 
[141]. The mean serum total iron concentrations 
peaked 3–4 h after administration, and iron expo-
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sure based on maximum serum concentration 
was greater after dialysate administration com-
pared to the intravenous route [141]. Serum iron 
concentrations were also higher in 12–<18-year- 
old subjects after dosing compared to <12-year- 
olds [141]. Ferric citrate is a novel oral phosphate 
binder which also supplies elemental iron and 
has the potential benefit of providing therapy for 
at least two CKD comorbidities in a single agent, 
a potentially adherence-enhancing strategy. The 
ferric ion in ferric citrate combines with dietary 
phosphorus in the GI tract, but the excess ferric 
ions are reduced by the bowel mucosa to ferrous 
iron and absorbed into the systemic circulation 
[142]. Although ferric pyrophosphate citrate and 
oral ferric citrate have been approved for use in 
adults, the safety and efficacy of these agents 
have yet to be systematically assessed in children 
with CKD.

 Future Directions

Anemia remains one of the most common comor-
bidities affecting children on dialysis, with dys-
regulated erythropoietin production and 
iron-restricted erythropoiesis the mechanisms 
targeted by most currently available clinical ther-
apies. An ongoing treatment challenge is identi-
fying the optimal target hemoglobin levels for 
children in terms of promoting survival, growth, 
cognitive function, and overall health, as the rec-
ommendations for “target” hemoglobin levels in 
dialysis patients are largely based on data extrap-
olated from adult studies. It is critical that emerg-
ing anemia therapies continue to have their safety 
and efficacy assessed in pediatric dialysis popu-
lations so that our patients can benefit from 
advances in treatment strategies.
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Immune Function 
and Immunizations in Dialyzed 
Children
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 Introduction

Chronic kidney disease (CKD) and end-stage kid-
ney disease (ESKD) are associated with signifi-
cant alterations in immune function. On the one 
hand, CKD is associated with a state of chronic 
inflammation, which in turn has been associated 
with increased muscle catabolism, vascular calci-
fication, insulin resistance, and malnutrition [1]. 
However, patients with CKD and ESKD also have 
immunodeficiency, as manifested by an increased 
risk for infection and sepsis and impaired response 
to vaccinations [1]. Infection is a leading reported 
cause of death in children with ESKD [2, 3]. 
Peritoneal dialysis (PD) continues to be plagued 
with the infectious complication of peritonitis, 
and hemodialysis (HD) is complicated by the 
development of catheter- related bacteremia. 
Excluding transplantation, infection is reported to 
be the most common reason for dialysis modality 
termination in children [2]. The treatment and the 
prevention of infections are therefore important 

elements in the care of pediatric dialysis patients, 
both for reduction of mortality and morbidity, and 
in the setting of PD, for preservation of the perito-
neal membrane function. This chapter will pro-
vide a brief review of currently available 
information regarding the immune dysfunction 
associated with CKD and ESKD.  In addition, 
because delivery of routine childhood and supple-
mental vaccinations remains a cornerstone of 
infection prevention, data regarding response to 
immunizations in children with CKD and altera-
tions to the routine immunization schedule for 
healthy children required for children with CKD 
will be presented.

 Immune Dysfunction

Information regarding immune function in chil-
dren with CKD or ESKD is sparse. The incidence 
of peritonitis and catheter-related infections in 
children is higher than that found in adults, and 
infants and children up to 6 years of age develop 
peritonitis more frequently than older children. 
Immaturity of the immune system also contrib-
utes to the immune system dysfunction in chil-
dren with CKD and ESKD. Therefore, the results 
obtained from adults cannot be directly extrapo-
lated to children. A complete review of innate 
and acquired immunity in CKD is beyond the 
scope of this chapter; however, the following pro-
vides a brief overview of this complex topic.
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 White Blood Cell Differentiation 
and Function

Lymphopenia has been noted in adult dialysis 
patients; however, the percentages of B-cells, 
T-cells, and T-cell subsets are usually normal 
[4–11]. Several studies evaluating lymphocyte 
number and the percentages of B-cells, T-cells, 
T-cell subsets, and NK cells in the peripheral 
blood of children with CKD or ESKD have pro-
duced conflicting results [12–18]. Children with 
pre-dialytic CKD have been reported to have 
alterations in memory T-cell subsets, and 
reduced numbers of memory B-cells have been 
reported in children on dialysis [19, 20]. 
Possible explanations for the reduced numbers 
of memory B-cells are a general suppression, 
suboptimal T helper activity, or disturbances in 
the B-cell migration process caused by uremia 
or dialysis treatment. Irrespective of the mecha-
nism of memory B-cell reduction, the conse-
quence might be a lower capacity to mount a 
secondary immune response, resulting in a 
decreased response to vaccination and predispo-
sition to increased infection rates [20, 21].

In addition to alterations in the number or per-
centage of T-cells, abnormalities of T-cell- 
mediated immune responses have been 
demonstrated in CKD [7, 22–25]. T-cells from 
dialysis-treated patients show a combination of 
reduced proliferation and signs of activation [26–
28]. The abnormal T-cell proliferation of uremic 
patients might be due to a defect within the T-cell 
population itself, to circulating inhibiting factors 
in uremic serum, or to the function of accessory 
cells such as monocytes [25, 29–39]. In children, 
data on this subject are scarce and conflicting. 
Two studies could not establish a difference in 
lymphocyte proliferation between children with 
CKD, dialyzed or not, and healthy children [12, 
13]. George et al. performed an analysis of T-cell 
populations in children with CKD and demon-
strated significant skewing toward advanced dif-
ferentiation phenotypes in both the CD8 and 
CD4 subsets, which may represent features of 
advanced immune exhaustion and senescence 
[40]. Various alterations in cytokine production, 
particularly IFN-γ (gamma), have been reported 

in children with CKD, with one study demon-
strating normalization of these abnormalities 
with HD [17, 41, 42].

 Phagocytic Cells and Receptors

Reduced chemotaxis, adhesion, migration, and 
phagocytosis characterize the dysfunction of 
neutrophils and monocytes demonstrated in 
patients on dialysis [27, 43–46]. Data on the 
characteristics and function of phagocytes in 
children with CKD are limited [47, 48]. 
Interestingly, one study demonstrated that treat-
ment with recombinant human growth hormone 
enhanced the oxidative burst activity of neutro-
phils in uremic children [47]. Wasik and col-
leagues concluded that PD improves phagocytosis 
and intracellular killing of bacteria by peritoneal 
macrophages but not by peripheral blood neutro-
phils in ESKD patients [48]. In another study of 
pediatric patients with ESKD, marked dysregula-
tion in inflammatory cell chemokine receptor 
expression and responsiveness was noted and 
was more pronounced in the subgroup of patients 
who had multiple serious bacterial infections in 
the preceding year [49].

Limited information is available on the impact 
of CKD on IgG receptor (Fcγ(gamma)R) and 
complement receptor (CR) expression or func-
tion [50–54]. These receptors are important com-
ponents in the interaction between humoral and 
cellular immunity and facilitate the phagocytic 
process. Some authors described an increased 
CD16 (Fcγ(gamma)RIII)-positive monocyte 
population in adult PD and HD patients when 
compared to healthy controls, a phenotype that 
has been linked to tissue macrophages in the con-
text of the state of maturation [50, 51]. In chil-
dren with pre-dialytic CKD and ESKD, studies 
have demonstrated a lower expression of 
Fcγ(gamma)RII (CD32) on peripheral blood 
monocytes and neutrophils compared to healthy 
children [41, 55–58]. Furthermore, reduced CR 
type 1 (CR1) expression, which is important for 
inducing phagocytosis of complement-coated 
bacteria, on lymphocytes and increased expres-
sion of Fcγ(gamma)R and CR on peritoneal 
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 macrophages and neutrophils have been shown in 
pediatric CKD patients [41, 55–58].

 Immunoglobulins

Low levels of IgG and/or subclasses have been 
described in patients on PD, attributed to perito-
neal loss in most of the studies [59–70]. However, 
two studies in children reported that the immuno-
globulin deficiency was already present before 
dialysis started, which suggests inhibition of syn-
thesis by the uremic state [63, 64]. In one study, a 
deficiency of one or more IgG subclasses was 
present in 40% of children with CKD, with IgG2 
being the major subclass affected [64]. Children 
receiving PD had the lowest serum Ig levels [64].

The role of serum IgG or subclass deficiency 
in the pathogenesis of PD-associated peritonitis 
is unclear. Studies in adults could not establish a 
relationship between the peritonitis incidence 
and IgG or subclass deficiency [65, 70]. In chil-
dren, a study by Kuizon et al. found a significant 
relationship between IgG and the incidence of 
peritonitis [71]. In another study, although not all 
children with IgG deficiency had a high inci-
dence of peritonitis, all of the children with a 
high number of peritonitis episodes were in the 
IgG-deficient group [64]. On the contrary, a study 
by Lalan et al. found that while hypogammaglob-
ulinemia is a frequent complication of peritoneal 
dialysis during infancy, it was not associated with 
an increased risk of peritonitis, and some infants 
developed peritonitis even after therapeutic IVIG 
administration [72].

In summary, numerous abnormalities in 
immune function have been described in CKD; 
however, these deficiencies are not consistently 
seen in pediatric patients. In addition, although 
the uremic state is likely a major contributor to 
this immune dysfunction, it seems plausible that 
a variety of uremic toxins may impact the indi-
vidual components of the immune reaction in 
disparate ways. For the dialysis patient, it follows 
that a dialysis prescription measured only in 
terms of small solute clearance cannot be 
expected to optimize all of the factors that influ-
ence immune function. In addition, the impact of 

the dialysis procedure itself on immune function 
and activation must be considered. Thus, specific 
CKD-related treatment strategies to improve 
immune function, beyond the obvious goals of 
optimizing nutrition and correcting mineral bone 
disorder, metabolic imbalance, and anemia, 
remain elusive. It bears mentioning that despite 
data demonstrating low IgG levels in children 
receiving PD, there are no data at this time to sup-
port the routine use of intravenous immunoglob-
ulin infusions for peritonitis treatment or 
prevention. One treatment strategy that is avail-
able specifically to minimize risk for infection in 
pediatric dialysis patients is the timely delivery 
of routine and supplemental immunizations, and 
the remainder of the chapter focuses on this topic.

 Immunizations

Children with CKD and dialysis may have reduced 
response to and/or reduced duration of antibody 
after immunization and therefore may be at 
increased risk for infection from vaccine- 
preventable diseases. In order to minimize this risk, 
they require all the recommended childhood immu-
nizations according to the standard schedule and 
additional vaccines and booster doses [73–77].

The completion of the vaccination schedule 
before renal transplantation (RTx) is of particular 
importance. Due to the complexity of clinical 
care of these children, immunizations can be 
delayed, overlooked, or not properly recorded. In 
fact, in a recent retrospective case series, only 22 
out of 254 dialysis patients (9%) presented com-
plete vaccination coverage prior to RTx. In par-
ticular, vaccination coverage against hepatitis B 
and MMR was more reasonable compared to 
varicella and pneumococci (89%, 83%, 59%, and 
42%, respectively) [78]. The United States Renal 
Data System (USRDS) 2013 report revealed that 
among prevalent pediatric dialysis patients, 
approximately 40% received seasonal influenza 
vaccine between 2008 and 2011, and only 16% 
received vaccination against Streptococcus pneu-
moniae [79].

Although immunization recommendations for 
dialysis patients slightly vary among countries 

33 Immune Function and Immunizations in Dialyzed Children



636

[80] and different health authorities [73–76], all 
inactivated vaccine and toxoids are safe and 
effective when used in dialysis patients with the 
same doses and schedules as recommended for 
immunocompetent persons. There is no contrain-
dication for live vaccines (except a precaution for 
live-attenuated influenza vaccine) in dialysis 
patients unless they are on immunosuppressive 
medications [73–76].

Accordingly, diphtheria, tetanus, acellular 
pertussis (DTaP), Haemophilus influenzae 
type b, polio, measles-mumps-rubella (MMR), 
Streptococcus pneumoniae, varicella zoster, 
and hepatitis B vaccines continue to be recom-
mended. Parallel to modifications in standard 
schedules, rotavirus vaccine, tetravalent conju-
gated meningococcal vaccine, hepatitis A vac-
cine, and finally human papillomavirus (HPV) 
vaccine have been included in the immuniza-
tion schedule of dialysis patients. BCG vaccine 
is recommended before the age of 6  years in 
some countries [73–76, 80].

In the following sections, available data con-
cerning vaccine response in pediatric dialysis 
patients is provided, and any modification of the 
standard schedule that may be required for chil-
dren on dialysis will be discussed.

 Diphtheria, Tetanus, and Pertussis 
Vaccine

Diphtheria/tetanus toxoids and acellular pertussis 
(DTaP) vaccine should be administered in infants 
as recommended for healthy children. After three 
primary dose series, booster doses at 12–23 months 
(DTaP-containing vaccines), 4–6  years, and 
9–15  years of age (tetanus, reduced diphtheria, 
acellular pertussis  – Tdap) are recommended. 
Thereafter, tetanus and diphtheria toxoids (Td) 
10 years apart are given [73–76].

A multicenter study in infants vaccinated 
while on dialysis revealed protective antibody 
titers to both diphtheria and tetanus toxoids in 7/8 
patients (88%) [81]. Studies in older children and 

young adults on dialysis showed seroconversion 
after diphtheria and/or tetanus toxoids at a rate of 
69–89% compared to 93–100% in healthy chil-
dren [82, 83]. On the other hand, in older chil-
dren, the rates of patients with a positive 
pretransplant vaccination titer against DTP were 
38.5%, 60.0%, and 21.3%, respectively [84]. 
Thus, in older children on dialysis, efforts should 
be made to ensure that booster immunizations 
against tetanus and diphtheria are provided.

 Haemophilus influenzae Type b (Hib) 
Conjugate Vaccine

In a multicenter study performed by the Pediatric 
Peritoneal Dialysis Study Consortium, antibody 
levels were measured in ten infants vaccinated 
with Hib conjugate vaccine while on dialysis 
[85]. This study found that 9/10 (90%) patients 
had protective antibody levels after vaccination 
and that antibody levels remained protective for 
as long as 22  months postvaccination [85]. In 
another study, antibody levels measured 2 months 
after the third dose of Hib conjugate vaccine 
were protective in all 42 pediatric dialysis patients 
studied [86]. Thus, this vaccine appears to be 
highly immunogenic in pediatric dialysis patients, 
and these children should receive this vaccine 
according to the standard schedule.

 Hepatitis B Vaccine

Suboptimal response to hepatitis B vaccine is 
well documented among adult dialysis patients, 
and as such the ACIP recommends that adult 
patients on dialysis receive an augmented dose 
of 40 μg of either Recombivax HB or Engerix-B 
[87]. In children, there are only a few studies. 
Two small case series of pediatric CKD/dialysis 
patients and RTx recipients demonstrated 
that three doses of 5  μg (age <10  years) or 
10  μg (age >10  years) or 20  μg hepatitis B 
vaccines resulted in a protective antibody titer 
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of ≥10 mIU/mL in more than 90% of cases (91–
97%), if checked 2 months after the final immu-
nization [86, 88]. Another prospective study 
revealed a seroconversion rate of 72% (n = 26/36) 
following three dose series of 10 μg hepatitis B 
vaccine in children with CKD stages II–V [89]. 
Revaccination with full doses is recommended 
for persons who do not develop protective anti-
body levels. Despite vaccination, 15% of pediat-
ric RTx candidates were seronegative [90].

Current recommendations specify that dialy-
sis patients less than 20  years of age receive 
10 μg hepatitis B immunization according to the 
standard schedule (0–1–6  months), with the 
caveat that “higher doses might be more immu-
nogenic” in pediatric HD patients [74, 76]. A 
recent retrospective multicenter study on pediat-
ric HD patients showed that seroconversion rates 
are highest when administered 10 μg multidose 
boosters (97%) or 20  μg single- or multidose 
boosters (86% and 83%) compared to the aug-
mented (40  μg) booster dose(s). Therefore, no 
specific recommendations have been made for 
augmented doses for pediatric hemodialysis 
patients [91].

Regardless of the dose of vaccine given, the 
ACIP recommends that postvaccination testing 
be performed 1–2  months after the primary 
series is completed and that up to three addi-
tional doses be given to patients who do not 
develop protective antibody levels (>10 mIU/
mL). Antibody levels should then be measured 
annually and booster doses provided to patients 
if antibody levels fall <10 mIU/mL [73–76]. 
Protective antibody levels waned more rapidly 
in children who were immunized after starting 
dialysis (median: 37 months) than in those who 
received primary hepatitis B immunizations 
during childhood (106.3 months). Additionally, 
a lower percentage of patients immunized post-
transplant had protective antibody levels than 
those with pre-dialysis CKD and on dialysis 
(66.7% vs. 96.4%) [88]. Therefore, vaccination 
in early stages of CKD is recommended [92] or 

at least two immunizations be given prior to the 
point at which dialysis or transplant is neces-
sary, whenever possible [88].

 Inactivated Polio Virus Vaccine

Since 1999, the AAP and ACIP recommenda-
tions have specified that only inactivated vaccine 
(IPV), rather than the live-attenuated oral vac-
cine, be used for routine immunization in all chil-
dren [93] including dialysis patients. Vaccine 
coverage rate among pediatric dialysis patients is 
around 81% in a European multicenter study 
[78]. Another study performed in older children 
on dialysis who had antibody levels measured 
after vaccination with IPV found that 42/49 
(86%) patients either had protective antibody lev-
els to all three serotypes prior to vaccination or 
had at least a fourfold increase in antibody levels 
following immunization [94]. Because this vac-
cine contains only inactivated virus, it may be 
safely given to dialysis patients who are also on 
immunosuppressive medications.

 Measles, Mumps, Rubella Vaccine

Measles, mumps, and rubella (MMR) vaccine is 
one of the live-attenuated viral vaccines currently 
on the childhood immunization schedule. There 
is no contraindication for MMR in children on 
dialysis unless they are receiving immunosup-
pressive therapy including corticosteroids [95]. 
Once corticosteroids are discontinued, it is gener-
ally recommended that MMR vaccination be 
delayed for at least 1 month [95] and it should be 
given at least 1 month prior to RTx. Additionally, 
when MMR and varicella vaccines are given 
shortly before, simultaneously with, or after an 
antibody-containing blood product, response to 
the vaccine can be diminished. Therefore, these 
vaccines either should be administered ≥2 weeks 
before receipt of a blood product or should be 
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delayed 3–8  months after receipt of the blood 
product, depending on the type of product [96].

MMR vaccine can be used as early as 
6 months of age. If transplant has not occurred 
by the age of 12 months, the schedule for the 
MMR vaccine should be restarted with two 
doses at a minimal interval of 4 weeks between 
doses [97, 98].

There have been several studies evaluating 
response to MMR in pediatric dialysis patients. 
In a study performed by Schulman et al., ten dial-
ysis patients 15–33  months of age were vacci-
nated with MMR after which only 70% developed 
protective titers to measles, 50% to mumps, and 
80% to rubella [99]. Furthermore, only 3/10 
(30%) had protective titers to all three viruses 
[99]. A subsequent study performed by Flynn 
et al. vaccinated nine infants, six of whom were 
on dialysis, at a mean age of 11.6 months [100]. 
Eight of these patients were subsequently trans-
planted at a mean age of 16 months, and at the 
time of transplantation, 89% had protective titers 
to measles, 88% to mumps, 100% to rubella, and 
88% to all three viruses [100]. Another study per-
formed in Germany measured antibody levels in 
62 pediatric dialysis patients 2  months after 
immunization with MMR and found that all 
patients had positive antibody titers [86]. 
However, a recent European survey showed that 
only 77.4% and 73.0% of RTx candidates (age at 
transplantation: 9.9 ± 5.8 years) were seroposi-
tive against measles and mumps, despite a com-
plete childhood vaccination schedule [78]. 
Furthermore, another recent European multi-
center study showed that one third of pediatric 
nephrology centers reported not checking MMR 
antibodies during dialysis period or pre-RTx 
preparations [80]. Although these data suggest 
that many pediatric patients on dialysis may 
respond well to MMR vaccine, because immuni-
zation posttransplant is contraindicated, antibody 
titers should be measured prior to proceeding to 
transplant, and repeat vaccination given to 
patients with negative titers [95] . It should be 

kept in mind that children who were seronegative 
or not vaccinated against measles during pre-
transplantation period may experience severe 
measles infection and fatal measles complica-
tions after RTx [101].

 Varicella Zoster Vaccine

Varicella zoster virus (VZV) vaccine is also a 
live-attenuated viral vaccine and is therefore con-
traindicated in dialysis patients on immunosup-
pressive medication and status post RTx [102]. 
Because of the significant risk for morbidity and 
mortality from varicella zoster infection post-
transplant, there have been several studies to 
evaluate the immunogenicity of this vaccine in 
children with kidney failure and on dialysis. 
Early studies using the previously recommended 
single immunization with VZV vaccine in chil-
dren with chronic kidney failure and on dialysis 
demonstrated seroconversion rates of 85–88%, 
compared to a rate of 99% in healthy children 
[103, 104]. Subsequently, two multicenter, pro-
spective studies evaluated antibody levels after a 
two-dose regimen of VZV vaccine in children 
with pre-dialysis CKD and on dialysis [105, 
106]. Both studies revealed that nearly all patients 
seroconverted after the second dose of vaccine, 
with a 98% seroconversion rate in one study and 
100% in the other [105, 106]. Unfortunately, very 
few infants were included in these studies, and 
thus seroconversion rates in infants and toddlers 
on dialysis after either a one- or two-dose regi-
men are not known. Given these data, it is reason-
able to consider measuring antibody levels prior 
to RTx and to provide supplemental vaccination 
if positive antibody titers are not demonstrated. 
In line with this, two recent studies from Europe 
showed that pretransplant rate of positive vari-
cella titers was 79.2% and VZV antibodies were 
measured during dialysis period or pre-RTx prep-
arations as a policy in 15 out of 18 pediatric 
nephrology centers [80].
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Growing experience suggests that MMR and 
varicella vaccines can be administered at least 1 
year after RTx, in clinically stable patients 
without a recent (within 2  months) rejection 
episode. Even though these patients are under 
minimal immunosuppression, the vaccination 
option should be evaluated on an individual 
basis [97].

 Pneumococcal Vaccine

All children on dialysis should be vaccinated 
with the 13-valent conjugated pneumococcal 
vaccine (PCV13) as is recommended for healthy 
children to decrease the risk of invasive pneumo-
coccal infection [73–75]. Despite adequate anti-
body response to conjugated vaccine in children 
and adults on dialysis [107, 108], due to the 
increased risk for pneumococcal disease in dial-
ysis patients, they should also receive supple-
mental immunization with the 23-valent 
polysaccharide vaccine (PPSV23) after the age 
of 2 to expand serotype coverage [73–76, 109, 
110]. In Europe, only 42% of children received a 
complete vaccination schedule against pneumo-
coccus before RTx [84]. The timing of the sup-
plemental immunization with PPSV23 vaccine 
varies depending on the age of the patient and 
the number of previous immunizations with 
PCV13 (for specific recommendations, see 
Table  33.1, CDC and ECDC websites [73–75, 
109, 110]). Briefly, at least 8 weeks after primary 
immunization with PCV13, PPSV23 can be 
given and repeated after 5 years. Revaccination 
is important as several studies have suggested 
that although PPSV23 vaccine produces a rea-
sonable antibody response in children on dialy-
sis, there may be a rapid decline in antibody 
levels [84, 86, 111]. A recent study showed that 
only 69.4% of patients exhibited a positive vac-
cination titer against pneumococci serotypes 
before transplantation [78].

 Hepatitis A, Meningococcal, Human 
Papillomavirus, and Rotavirus 
Vaccines

Children on dialysis may receive these vaccines 
as recommended for healthy children with the 
caveat that the live-attenuated rotavirus vaccine 
be avoided in children on immunosuppressive 
therapy. There are currently no data available on 
response to hepatitis A or rotavirus vaccines in 
children on dialysis. Because of the low preva-
lence of hepatitis A infections, its vaccine is not 
widely applied in Europe [80]. Although menin-
gococcal and HPV vaccines are included in 
many countries’ standard vaccination schedules 
[73–75, 80], a recent study from Europe showed 
that only 27.3% and 47.9% of pediatric RTx 
candidates had vaccination coverage against 
HPV and meningococcus [78]. Another study 
from the USA evaluated antibody response to 
the standard three-dose vaccine series of the 
HPV in 57 girls aged 9–21 years old with CKD, 
on dialysis, or with status post Rtx. Seropositivity 
was 100% in the CKD and dialysis groups, but a 
less robust response to the vaccine was observed 
among those with a RTx [112], which high-
lighted the importance of immunization before 
transplantation.

 Influenza Vaccine

Routine annual influenza vaccination is recom-
mended for all persons aged ≥6 months who do 
not have contraindications [73, 113]. The influ-
enza vaccine is available either as an inactivated 
vaccine (IIV) or a live-attenuated vaccine 
(LAIV). The CDC has a precaution about usage 
of LAIV in persons with kidney dysfunction, 
including those on dialysis. Therefore, only the 
inactivated vaccine should be given to patients 
on dialysis [73–75, 113]. The composition of 
the influenza vaccine changes each year based 
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on the strains of viruses likely to circulate in the 
upcoming year, and, therefore, this vaccine must 
be given annually, typically in the fall [113]. 
Children under the age of 9  years who are 
receiving the influenza vaccine for the first time 
should receive two doses, given at least 1 month 
apart [74, 113].

Because of the significant risk for morbidity 
and mortality associated with influenza infection 
in pediatric patients with CKD and dialysis, there 
have been several studies evaluating vaccine 
response in this population that reported very 
good vaccine responses [114, 115]. Although 
these studies suggest that influenza vaccine pro-
duces a reasonable response in pediatric dialysis 
patients, because of the significant risk for mor-
bidity and mortality from influenza infection in 
these patients, household contacts should receive 
vaccination in an effort to decrease the risk for 
exposure to influenza [73, 74, 113].

 Bacille Calmette-Guerin (BCG) 
Vaccine

Children with CKD may receive BCG vaccine as 
recommended for healthy children at 2 months. 
Alternatively, it can be performed before the age 
of 6, according to PPD test results [73]. There is 
a significant variation about BCG vaccine admin-
istration among European countries [75]. A 
recent survey showed that BCG vaccine is rou-
tinely performed in only five countries (Greece, 
Lithuania, Poland, Turkey, and the UK), while 
PPD or Quantiferon test is applied to CKD 
patients in 12 centers from eight countries [80]. 

The difference among national immunization 
programs may be partly due to the low preva-
lence or eradication of tuberculosis in some 
European countries, so that health authorities do 
not recommend BCG vaccine.

 Summary

In conclusion, several abnormalities of the 
immune system have been reported in children 
with CKD. Given the complexity of the multifac-
torial processes involved as well as the heteroge-
neity of the patients studied, it is difficult to 
elucidate the exact mechanisms leading to the 
increased risk of infection. In the meantime, in an 
effort to minimize risk for vaccine-preventable 
disease, pediatric patients on dialysis should 
receive all age-appropriate vaccines currently 
recommended for healthy children according to 
the standard schedule, with the exception of the 
avoidance of the live-attenuated influenza vac-
cine in all dialysis patients and avoidance of the 
other live vaccines (rotavirus vaccine, MMR, 
VZV) in CKD and dialysis patients treated with 
immunosuppressive medications. Because MMR 
and VZV vaccines are contraindicated posttrans-
plant, every effort to provide immunization prior 
to the introduction of immunosuppressive medi-
cation posttransplantation should be made. 
Supplemental and/or augmented doses of hepati-
tis B vaccine should be given as indicated. 
Additional vaccination against Streptococcus 
pneumonia, Neisseria meningitides, and HPV 
should be performed. Antibody levels should be 
monitored regularly to evaluate protection.
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Practical points around vaccine administration in children with CKD/Dialysis
[73, 74, 76, 97, 98]

• Children with CKD/dialysis should receive all the recommended childhood immunizations
according to the standard schedule whenever possible. Vaccination in early stages of CKD has
better seroconversion rates than late vaccination. 

• Inactive vaccines should be given at least 2 weeks prior to transplantation. Live vaccines (MMR
and Varicella) should be administered at least four weeks prior to renal transplantation.

If an organ becomes available within 4 weeks of receiving MMR vaccine, a clinical
decision must be made by weighing the risks of proceeding with transplant and starting 
immunosuppression in the face of recent live viral vaccine administration, and the
efficacy of post-exposure prophylaxis such as IVIG, vs. the risk of remaining on the wait
list. 

For varicella vaccine, using antiviral treatment (usually IV acyclovir) and proceeding with
transplant may be considered even if the patient received varicella vaccine within 3-4
weeks.

• Live attenuated influenza vaccine should not be given to CKD/dialysis patients.

• Live vaccines may be given 1 month after discontinuation of steroid therapy, 3 months or more 
after completion of other immunosuppressive chemotherapy, or 6 months after treatment with
anti-B-cell antibodies.

• MMR and varicella vaccines should be administered ≥2 weeks before receipt of a blood product or
should be delayed 3–8 months after receipt of the blood product, depending on the type of
product.

• MMR and varicella vaccines can be administered at the age of 6 months, if early transplantation is
desired. If transplant has not occurred by the age of 12 months, the schedule for the MMR vaccine
should be restarted with two doses at a minimal interval of 4 weeks between doses. 

Which vaccines cannot be administered simultaneously?

• The immune response to one live-virus vaccine might be impaired if administered within 28 days
of another live-virus vaccine. If MMR and varicella vaccines are not administered simultaneously,
administration should be separated by 28 day interval.

• PCV13 and PPSV23 should not be administered simultaneously and preference is for PCV13 first,
followed by PPSV23. 

• Since Men-ACWY decreases seroconversion of PCV13, it should be delayed at least four weeks 
after completion of PCV series (in those with asplenia). 

Which primary/booster vaccinations can be postponed to after transplantation? 

For which vaccines should antibodies be measured routinely after vaccinations to verify an
adequate immune response? 

• Any of the inactivated virus vaccines can be postponed to post-transplantation period for the sake 
of timely transplantation, but ideally want to get it done prior for better seroconversion rates. 

• Standard age-appropriate inactivated vaccine series should be administered 3 to 6 months after 
transplantation

Ideally, CKD patients or those on dialysis should be tested for seroconversion 1-3 months after
complete vaccination series for Hepatitis B (3 doses), varicella (2 doses) and MMR (2 doses). 
If antibody titers are positive, they can go into renal transplantation. If anti-HBs <10 mIU/ml, 
an augmented dose series should be administered. If still seronegative for MMR and Varicella, 
an extra dose may be administered.  

 

33 Immune Function and Immunizations in Dialyzed Children



644

References

 1. Hauser AB, Stinghen AEM, Kato S, et  al. 
Characteristics and causes of immune dysfunc-
tion related to uremia and dialysis. Perit Dial Int. 
2008;28(Suppl 3):S183–7.

 2. Warady BA, Sullivan EK, Alexander SR.  Lessons 
from the peritoneal dialysis patient database: a report 
of the North American pediatric renal transplant coop-
erative study. Kidney Int Suppl. 1996;53:S68–71.

 3. Groothoff JW, Gruppen MP, Offringa M, et  al. 
Mortality and causes of death of end-stage renal dis-
ease in children: a Dutch cohort study. Kidney Int. 
2002;61:621–9.

 4. Lin CY, Huang TP. Serial cell-mediated immunologi-
cal changes in terminal uremic patients on continuous 
ambulatory peritoneal dialysis therapy. Am J Nephrol. 
1988;8:355–62.

 5. Deenitchina SS, Ando T, Okuda S, et  al. Cellular 
immunity in hemodialysis patients: a quantitative 
analysis of immune cell subsets by flow cytometry. 
Am J Nephrol. 1995;15:57–65.

 6. Chatenoud L, Herbelin A, Beaurain G, Descamps- 
Latscha B. Immune deficiency of the uremic patient. 
Adv Nephrol Necker Hosp. 1990;19:259–74.

 7. Kelly CJ. T cell function in chronic renal failure and 
dialysis. Blood Purif. 1994;12:36–41.

 8. Lewis SL, Kutvirt SG, Cooper CL, Bonner PN, 
Holmes CJ.  Characteristics of peripheral and peri-
toneal lymphocytes from continuous ambulatory 
peritoneal dialysis patients. Perit Dial Int. 1993;2(13 
Suppl):S273–7.

 9. Cohen G, Haag-Weber M, Horl WH. Immune dysfunc-
tion in uremia. Kidney Int Suppl. 1997;62:S79–82.

 10. Lewis SL, Bonner PN, Cooper CL, Holmes 
CJ.  Prospective comparison of blood and peritoneal 
lymphocytes from continuous ambulatory peritoneal 
dialysis patients. J Clin Lab Immunol. 1992;37:3–19.

 11. Davies SJ, Suassuna J, Ogg CS, Cameron 
JS. Activation of immunocompetent cells in the peri-
toneum of patients treated with CAPD.  Kidney Int. 
1989;36:661–8.

 12. Drachman R, Schlesinger M, Shapira H, Drukker 
A.  The immune status of uraemic children/adoles-
cents with chronic renal failure and renal replacement 
therapy. Pediatr Nephrol. 1989;3:305–8.

 13. Hisano S, Miyazaki C, Hatae K, et  al. Immune sta-
tus of children on continuous ambulatory peritoneal 
dialysis. Pediatr Nephrol. 1992;6:179–81.

 14. Bouts AH, Out TA, Schroder CH, et al. Characteristics 
of peripheral and peritoneal white blood cells in chil-
dren with chronic renal failure, dialyzed or not. Perit 
Dial Int. 2000;20:748–56.

 15. Aksu N, Keskinoglu A, Erdogan H, Yavascan O, Mir 
S, Kansoy S. Does immunologic status predict perito-
nitis in children treated with CAPD? Adv Perit Dial. 
1998;14:243–6.

 16. Ensari C, Ekim M, Ikinciogullari A, Tumer N, Ensari 
A.  Are uraemic children immunologically compro-
mised? Nephron. 2001;88:379–81.

 17. Nairn J, Hodge G, Henning P. Intracellular cytokines 
in peripheral blood leucocytes in children with chronic 
renal failure. Pediatr Nephrol. 2006;21:251–6.

 18. Albertazzi A, Cappelli P, Di Marco T, Maccarone M, 
Di Paolo B. The natural history of uremic neuropathy. 
Contrib Nephrol. 1988;65:130–7.

 19. Bouts AH, Davin JC, Krediet RT, et al. Children with 
chronic renal failure have reduced numbers of mem-
ory B cells. Clin Exp Immunol. 2004;137:589–94.

 20. Nairn J, Hodge G, Henning P. Changes in leukocyte 
subsets: clinical implications for children with chronic 
renal failure. Pediatr Nephrol. 2005;20:190–6.

 21. Bouts AHM, Davin JC. Immune function of children 
on dialysis. In: Warady BA, Schaefer FS, Fine RN, 
Alexander SR, editors. Pediatric dialysis. Dordrecht/
Boston/London: Kluwer; 2004. p. 369–82.

 22. Lydyard P, Grossi C.  Development of the immune 
system. In: Roitt I, Brostoff J, Male D, edi-
tors. Immunology. 5th ed. London: Mosby; 1998. 
p. 156–70.

 23. Meier P, Dayer E, Blanc E, Wauters JP. Early T cell 
activation correlates with expression of apoptosis 
markers in patients with end-stage renal disease. J Am 
Soc Nephrol. 2002;13:204–12.

 24. Raska K Jr, Raskova J, Shea SM, et al. T cell subsets 
and cellular immunity in end-stage renal disease. Am 
J Med. 1983;75:734–40.

 25. Kurz P, Kohler H, Meuer S, Hutteroth T, Meyer 
zum Buschenfelde KH.  Impaired cellular immune 
responses in chronic renal failure: evidence for a T 
cell defect. Kidney Int. 1986;29:1209–14.

 26. Descamps-Latscha B, Chatenoud L.  T cells and 
B cells in chronic renal failure. Semin Nephrol. 
1996;16:183–91.

 27. Descamps-Latscha B.  The immune system in end- 
stage renal disease. Curr Opin Nephrol Hypertens. 
1993;2:883–91.

 28. Descamps-Latscha B, Jungers P.  New molecular 
aspects of chronic uraemia and dialysis-related immu-
nocompetent cell activation. Nephrol Dial Transplant. 
1996;11(Suppl 2):121–4.

 29. Beaurain G, Naret C, Marcon L, et  al. In vivo 
T cell preactivation in chronic uremic hemodia-
lyzed and non-hemodialyzed patients. Kidney Int. 
1989;36:636–44.

 30. Kamata K, Okubo M, Sada M.  Immunosuppressive 
factors in uraemic sera are composed of both dial-
ysable and non-dialysable components. Clin Exp 
Immunol. 1983;54:277–81.

 31. Lim WH, Kireta S, Leedham E, et  al. Uremia 
impairs monocyte and monocyte-derived dendritic 
cell function in hemodialysis patients. Kidney Int. 
2007;72:1138–48.

 32. Meuer SC, Hauer M, Kurz P, Meyer zum Buschenfelde 
KH, Kohler H.  Selective blockade of the antigen-
receptor-mediated pathway of T cell activation in 
patients with impaired primary immune responses. J 
Clin Invest. 1987;80:743–9.

 33. Tsakolos ND, Theoharides TC, Hendler ED, et  al. 
Immune defects in chronic renal impairment: evi-

A. N. Chua and S. A. Bakkaloğlu



645

dence for defective regulation of lymphocyte response 
by macrophages from patients with chronic renal 
impairment on haemodialysis. Clin Exp Immunol. 
1986;63:218–27.

 34. Girndt M, Sester M, Sester U, Kaul H, Kohler 
H. Molecular aspects of T- and B-cell function in ure-
mia. Kidney Int Suppl. 2001;78:S206–11.

 35. Girndt M, Kohler H, Schiedhelm-Weick E, Meyer 
zum Buschenfelde KH, Fleischer B. T cell activation 
defect in hemodialysis patients: evidence for a role of 
the B7/CD28 pathway. Kidney Int. 1993;44:359–65.

 36. Descamps-Latscha B, Herbelin A, Nguyen AT, et al. 
Balance between IL-1 beta, TNF-alpha, and their 
specific inhibitors in chronic renal failure and main-
tenance dialysis. Relationships with activation mark-
ers of T cells, B cells, and monocytes. J Immunol. 
1995;154:882–92.

 37. Caruana RJ, Leffell MS, Lobel SA, Campbell HT, 
Cheek PL. Chronic T-lymphocyte activation in chronic 
renal failure: a study of hemodialysis, CAPD and pre-
dialysis patients. Int J Artif Organs. 1992;15:93–8.

 38. Rabb H, Agosti SJ, Pollard S, Bittle PA, Ramirez 
G.  Activated and regulatory T lymphocyte popula-
tions in chronic hemodialysis patients. Am J Kidney 
Dis. 1994;24:443–52.

 39. Sester U, Sester M, Hauk M, Kaul H, Kohler H, 
Girndt M.  T-cell activation follows Th1 rather than 
Th2 pattern in haemodialysis patients. Nephrol Dial 
Transplant. 2000;15:1217–23.

 40. George RP, Mehta AK, Perez SD, et al. Premature T 
cell senescence in Pediatric CKD. J Am Soc Nephrol. 
2017;28:359–67.

 41. Bouts AHM, Davin JC, Krediet RT, et  al. Increased 
T-cell cytokine production in children with chronic 
renal failure normalizes after starting dialysis. Blood 
Purif. 2002;20:516.

 42. Zachwieja J, Zaniew M, Runowski D, Lewandowska- 
Stachowiak M, Stefaniak E, Siwinska A.  Abnormal 
cytokine synthesis as a consequence of increased 
intracellular oxidative stress in children treated with 
dialysis. Nephron Clin Pract. 2005;101:c100–8.

 43. Descamps-Latscha B, Herbelin A. Long-term dialysis 
and cellular immunity: a critical survey. Kidney Int 
Suppl. 1993;41:S135–42.

 44. Vanholder R, Ringoir S.  Infectious morbidity and 
defects of phagocytic function in end-stage renal dis-
ease: a review. J Am Soc Nephrol. 1993;3:1541–54.

 45. Vanholder R, Ringoir S, Dhondt A, Hakim 
R. Phagocytosis in uremic and hemodialysis patients: 
a prospective and cross sectional study. Kidney Int. 
1991;39:320–7.

 46. Braun N. Expression of adhesion molecules and acti-
vation markers on lymphocytes and monocytes during 
hemodialysis. Blood Purif. 1997;15:61–76.

 47. Derfalvi B, Nemet K, Szalai C, et al. In vitro effect of 
human recombinant growth hormone on lymphocyte 
and granulocyte function of healthy and uremic chil-
dren. Immunol Lett. 1998;63:41–7.

 48. Wasik M, Blaim M, Kolewska D, Janota-Krawczyk E, 
Tomaszewska-Panczyk M, Sieniawska M.  Changes 

in the phagocytic cells in children treated with con-
tinuous ambulatory peritoneal dialysis. Arch Immunol 
Ther Exp (Warsz). 1997;45:189–94.

 49. Sherry B, Dai WW, Lesser ML, Trachtman 
H.  Dysregulated chemokine receptor expression 
and chemokine-mediated cell trafficking in pedi-
atric patients with ESRD.  Clin J Am Soc Nephrol. 
2008;3:397–406.

 50. Nockher WA, Scherberich JE.  Expanded CD14+ 
CD16+ monocyte subpopulation in patients with 
acute and chronic infections undergoing hemodialy-
sis. Infect Immun. 1998;66:2782–90.

 51. Brauner A, Lu Y, Hallden G, Hylander B, Lundahl 
J.  Difference in the blood monocyte phenotype 
between uremic patients and healthy controls: its rela-
tion to monocyte differentiation into macrophages in 
the peritoneal cavity. Inflammation. 1998;22:55–66.

 52. Carcamo C, Fernandez-Castro M, Selgas R, Jimenez 
C, Molina S, Vara F. Long-term continuous ambula-
tory peritoneal dialysis reduces the expression of 
CD11b, CD14, CD16, and CD64 on peritoneal mac-
rophages. Perit Dial Int. 1996;16:582–9.

 53. Ruiz P, Gomez F, Schreiber AD. Impaired function of 
macrophage Fc gamma receptors in end-stage renal 
disease. N Engl J Med. 1990;322:717–22.

 54. Halma C, Daha MR, Feitsma RI, et al. Does haemo-
dialysis impair macrophage Fc receptor function? 
Nephrol Dial Transplant. 1992;7:618–22.

 55. Bouts AHM. Fcγ receptor expression on phagocytic 
cells in children with CRF. Perit Dial Int. 2000;20:112.

 56. Bouts AHM, Davin JC, Monnens LA, et  al. 
Complement receptors in blood and dialysate of chil-
dren on peritoneal dialysis. Blood Purif. 2002;20:515.

 57. Bouts AH, Krediet RT, Davin JC, et  al. IGG and 
complement receptor expression on peripheral 
white blood cells in uraemic children. Nephrol Dial 
Transplant. 2004;19:2296–301.

 58. Bouts AH, Davin JC, Krediet RT, et al. IgG and com-
plement receptor expression in children treated by 
peritoneal dialysis. Pediatr Nephrol. 2005;20:1161–7.

 59. Fivush BA, Case B, May MW, et  al. 
Hypogammaglobulinemia in children undergoing 
continuous ambulatory peritoneal dialysis. Pediatr 
Nephrol. 1989;3:186–8.

 60. Bunchman TE. Chronic dialysis in the infant less than 
1 year of age. Pediatr Nephrol. 1995;9(Suppl):S18–22.

 61. Schroder CH, Bakkeren JA, Weemaes CM, et al. IgG2 
deficiency in young children treated with continuous 
ambulatory peritoneal dialysis (CAPD). Perit Dial Int. 
1989;9:261–5.

 62. Katz A, Kashtan CE, Greenberg LJ, et  al. 
Hypogammaglobulinemia in uremic infants receiving 
peritoneal dialysis. J Pediatr. 1990;117:258–61.

 63. Kemper MJ, Meyer-Jark T, Muller-Wiefel DE. IgG2 
deficiency in uremic children is not restricted to 
peritoneal dialysis treatment. Pediatr Nephrol. 
1997;11:684–6.

 64. Bouts AHM, Davin JC, Krediet RT, et  al. IgG and 
subclasses in children before and after starting perito-
neal dialysis. Immunol Lett. 1997;56:333.

33 Immune Function and Immunizations in Dialyzed Children



646

 65. Poyrazoglu HM, Dusunsel R, Patiroglu T, et  al. 
Humoral immunity and frequency of peritonitis in 
chronic peritoneal dialysis patients. Pediatr Nephrol. 
2002;17:85–90.

 66. Descamps-Latscha B, Herbelin A, Nguyen AT, et al. 
Immune system dysregulation in uremia. Semin 
Nephrol. 1994;14:253–60.

 67. Preud’homme JL, Hanson LA.  IgG subclass defi-
ciency. Immunodefic Rev. 1990;2:129–49.

 68. Kuijpers TW, Weening RS, Out TA. IgG subclass defi-
ciencies and recurrent pyogenic infections, unrespon-
siveness against bacterial polysaccharide antigens. 
Allergol Immunopathol (Madr). 1992;20:28–34.

 69. Oxelius VA. IgG subclass levels in infancy and child-
hood. Acta Paediatr Scand. 1979;68:23–7.

 70. Krediet RT, Koomen GC, Vlug A, et al. IgG subclasses 
in CAPD patients. Perit Dial Int. 1996;16:288–94.

 71. Kuizon B, Melocoton TL, Holloway M, et  al. 
Infectious and catheter-related complications in pedi-
atric patients treated with peritoneal dialysis at a single 
institution. Pediatr Nephrol. 1995;9(Suppl):S12–7.

 72. Lalan S, Dai H, Warady BA. Hypogammaglobulinemia 
in infants receiving chronic peritoneal dialysis. Pediatr 
Nephrol. 2017;32:503–9.

 73. Advisory Committee on Immunization Practices. 
Recommended immunization schedule for chil-
dren and adolescents, United States, 2019. Accessed 
at www.cdc.gov/vaccines/schedules/hcp/child- 
adolescent.html on 8 Jan 2020.

 74. Advisory Committee on Immunization Practices. 
Recommended child and adolescent immunization 
schedule by medical condition, United States, 2019. 
Accessed at https://www.cdc.gov/vaccines/schedules/
hcp/imz/child- indications.html on 8 Jan 2020.

 75. European Centre for Disease Prevention and Control 
Network. Accessed at http://vaccine- schedule.ecdc.
europa.eu/Pages/Scheduler.aspx on 8 Jan 2020.

 76. Guidelines for Vaccinating Dialysis Patients and 
Patients with Chronic Kidney Disease. Summarized 
from Recommendations of the Advisory Committee 
on Immunization Practices (ACIP); December, 2012. 
Accessed at https://www.cdc.gov/vaccines/pubs/
downloads/dialysis- guide- 2012.pdf on 8 Jan 2020.

 77. Neu AM. Immunizations in children with chronic kid-
ney disease. Pediatr Nephrol. 2012;27:1257–63.

 78. Höcker B, Aguilar M, Schnitzler P, et al. Incomplete 
vaccination coverage in European children with end- 
stage kidney disease prior to renal transplantation. 
Pediatr Nephrol. 2018;33(2):341–35.

 79. US Renal Data System: USRDS 2013 Annual Data 
Report: Atlas of chronic kidney disease and end- stage 
renal disease in the United States. National Institutes 
of Health, National Institute of Diabetes and Digestive 
and Kidney Diseases, Bethesda, 2013. https://www.
usrds.org/atlas13.aspx.

 80. Bakkaloğlu SA, Özdemir Atikel Y, Paglialonga 
F, et  al. Vaccination practices in pediatric dialysis 
patients across Europe. A European Pediatric Dialysis 

Working Group and European Society for Pediatric 
Nephrology Dialysis Working Group Study. Nephron. 
2018;138(4):280–6.

 81. Neu AM, Warady BA, Furth SL, et al. Antibody levels 
to diphtheria, tetanus, and rubella in infants vaccinated 
while on PD: a study of the pediatric peritoneal dialy-
sis study consortium. Adv Perit Dial. 1997;13:297–9.

 82. Girndt M, Pietsch M, Kohler H. Tetanus immuniza-
tion and its association to hepatitis B vaccination in 
patients with chronic renal failure. Am J Kidney Dis. 
1995;26:454–60.

 83. Ghio L, Pedrazzi C, Assael BM, et  al. Immunity to 
diphtheria and tetanus in a young population on a 
dialysis regimen or with a renal transplant. J Pediatr. 
1997;130:987–9.

 84. Höcker B, Aguilar M, Schnitzler P, et al. Vaccination 
titres pre- and post-transplant in paediatric renal trans-
plant recipients and the impact of immunosuppressive 
therapy. Pediatr Nephrol. 2018;33(5):897–910.

 85. Neu AM, Lederman HM, Warady BA, et  al. 
Haemophilus influenza type b immunization in infants 
on peritoneal dialysis. Pediatr Nephrol. 1996;10:84–5.

 86. Laube GF, Berger C, Goetschel P, et al. Immunization 
in children with chronic renal failure. Pediatr Nephrol. 
2002;17L:638–42.

 87. Centers for Disease Control and Prevention. 
Recommendations for preventing transmission of 
infections among chronic hemodialysis patients. 
MMWR. 2001;50(RR-05):1–46.

 88. Watkins SL, Alexander SR, Brewer ED, et  al. 
Response to recombinant hepatitis B vaccine in chil-
dren and adolescents with chronic renal failure. Am J 
Kidney Dis. 2002;40:365–72.

 89. Kamath N, Vasudevan A, Iyengar A. Seroconversion 
following hepatitis B vaccination in children with 
chronic kidney disease. Saudi J Kidney Dis Transpl. 
2019;30(2):334–8.

 90. Miller-Handley H, Paulsen G, Hooper DK, 
et  al. Durability of the hepatitis B vaccination in 
 pediatric renal transplant recipients. Clin Transpl. 
2018;32(5):e13247.

 91. Misurac JM, Van De Voorde RG, Kallash M, et  al. 
Immunogenicity of augmented compared with stan-
dard dose hepatitis B vaccine in pediatric patients on 
dialysis: a Midwest Pediatric Nephrology Consortium 
Study. Clin J Am Soc Nephrol. 2017;12:772–8.

 92. Sheth RD, Peskin MF, Du XL. The duration of hepa-
titis B vaccine immunity in pediatric dialysis patients. 
Pediatr Nephrol. 2014;29(10):2029–37.

 93. American Academy of Pediatrics Committee on 
Infectious Diseases. Prevention of poliomyeli-
tis: recommendations for use of only inactivated 
polio vaccine for routine immunization. Pediatrics. 
1999;104:1404–6.

 94. Sipilä R, Hortling L, Hovi T. Good seroresponse to 
enhanced-potency inactivated poliovirus vaccine in 
patients on chronic dialysis. Nephrol Dial Transplant. 
1990;5:352–5.

A. N. Chua and S. A. Bakkaloğlu

http://www.cdc.gov/vaccines/schedules/hcp/child-adolescent.html
http://www.cdc.gov/vaccines/schedules/hcp/child-adolescent.html
https://www.cdc.gov/vaccines/schedules/hcp/imz/child-indications.html
https://www.cdc.gov/vaccines/schedules/hcp/imz/child-indications.html
http://vaccine-schedule.ecdc.europa.eu/Pages/Scheduler.aspx
http://vaccine-schedule.ecdc.europa.eu/Pages/Scheduler.aspx
https://www.cdc.gov/vaccines/pubs/downloads/dialysis-guide-2012.pdf
https://www.cdc.gov/vaccines/pubs/downloads/dialysis-guide-2012.pdf
https://www.usrds.org/atlas13.aspx
https://www.usrds.org/atlas13.aspx


647

 95. Centers for Disease Control and Prevention. Measles, 
mumps, and rubella vaccine use and strategies for 
elimination of measles, rubella and congenital 
rubella syndrome and control of mumps: recommen-
dations of the Advisory Committee on Immunization 
Practices (ACIP). MMWR, 58. 1998;47(RR-08):1.

 96. General Best Practice Guidelines for Immunization: 
Best Practices Guidance of the Advisory Committee 
on Immunization Practices (ACIP). Timing and 
spacing of immunobiologics. https://www.cdc.gov/
vaccines/hcp/acip- recs/general- recs/timing.html. 
Last accessed at 31.01.2020.

 97. Suresh S, Upton J, Green M, Pham-Huy A, Posfay- 
Barbe KM, Michaels MG, Top KA, Avitzur Y, 
Burton C, Chong PP, Danziger-Isakov L, Dipchand 
AI, Hébert D, Kumar D, Morris SK, Nalli N, Ng VL, 
Nicholas SK, Robinson JL, Solomon M, Tapiero 
B, Verma A, Walter JE, Allen UD.  Live vaccines 
after pediatric solid organ transplant: proceedings 
of a consensus meeting, 2018. Pediatr Transplant. 
2019;23(7):e13571.

 98. Danziger-Isakov L, Kumar D, AST ID Community 
of Practice. Vaccination of solid organ transplant 
candidates and recipients: guidelines from the 
American society of transplantation infectious 
diseases community of practice. Clin Transplant. 
2019;33(9):e13563.

 99. Schulman SL, Deforest A, Kaiser BA, et  al. 
Response to measles-mumps-rubella vaccine in chil-
dren on dialysis. Pediatr Nephrol. 1992;6:187–9.

 100. Flynn JT, Frisch K, Kershaw DB, et al. Response to 
early measles-mumps-rubella vaccination in infants 
with chronic renal failure and/or receiving peritoneal 
dialysis. Adv Perit Dial. 1999;15:269–72.

 101. Kalman S, Bakkaloğlu SA, Ozkaya O, Buyan N, 
Söylemezoğlu O.  Measles: a rare communicable 
disease in a child with renal transplantation. Pediatr 
Transplant. 2002;6:432–4.

 102. Centers for Disease Control and Prevention. 
Prevention of varicella: recommendations of the 
Advisory Committee on Immunization Practices 
(ACIP). MMWR. 1996;45(RR-11):1–36.

 103. Broyer M, Boudailliez B. Varicella vaccine in chil-
dren with chronic renal insufficiency. Postgrad Med 
J. 1985;61(Suppl 4):103–6.

 104. Zamora I, Simon JM, Da Silva ME, et al. Attenuated 
varicella virus vaccine in children with renal trans-
plants. Pediatr Nephrol. 1994;8:190–2.

 105. Furth SL, Hogg RJ, Tarver J, et al. Varicella vaccina-
tion in children with chronic renal failure: a report 
of the Southwest Pediatric Nephrology Study Group. 
Pediatr Nephrol. 2003;18:33–8.

 106. Webb NJ, Fitzpatrick MM, Hughes DA, et  al. 
Immunisation against varicella in end stage 
and pre-end stage renal failure. Arch Dis Child. 
2000;82:141–3.

 107. Vieira S, Baldacci ER, Carneiro-Sampaio M, et al. 
Evaluation of antibody response to the heptavalent 
pneumococcal conjugate vaccine in pediatric chronic 
kidney disease. Pediatr Nephrol. 2009;24:83–9.

 108. Mitra S, Stein GE, Bhupalam S, Havlichek 
DH.  Immunogenicity of 13-valent conjugate pneu-
mococcal vaccine in patients 50 years and older with 
end-stage renal disease and on dialysis. Clin Vaccine 
Immunol. 2016;23(11):884–7.

 109. Kim DK, Hunter P, Advisory Committee on 
Immunization Practices. Recommended adult 
immunization schedule, United States, 2019. Ann 
Intern Med. 2019;170(3):182–92.

 110. Vandecasteele SJ, Ombelet S, Blumental S, 
Peetermans WE. The ABC of pneumococcal infec-
tions and vaccination in patients with chronic kidney 
disease. Clin Kidney J. 2015;8(3):318–24.

 111. Furth SL, Neu AM, Case B, et  al. Pneumococcal 
polysaccharide vaccine in children with chronic 
renal disease: a prospective study of antibody 
response and duration. J Pediatr. 1996;128:99–101.

 112. Nelson DR, Neu AM, Abraham A, Amaral S, 
Batisky D, Fadrowski JJ. Immunogenicity of human 
papillomavirus recombinant vaccine in children with 
CKD. Clin J Am Soc Nephrol. 2016;11(5):776–84.

 113. Grohskopf LA, Alyanak E, Broder KR, Walter EB, 
Fry AM, Jernigan DB.  Prevention and Control of 
seasonal influenza with vaccines: recommenda-
tions of the Advisory Committee on Immunization 
Practices  — United States, 2019–20 influenza 
season. MMWR Recomm Rep. 2019;68(No. 
RR-3):1–21.

 114. Furth SL, Neu AM, McColley SA, Case B, Steinhoff 
M, Fivush B. Immune response to influenza vaccina-
tion in children with renal disease. Pediatr Nephrol. 
1995;9:566–8.

 115. Donmez O, Akaci O, Albayrak N, Altas A.  Safety 
and effectiveness of a 2009 H1N1 vaccine in chronic 
kidney disease children. Nephron Clin Pract. 
2014;128(3–4):341–4.

33 Immune Function and Immunizations in Dialyzed Children

https://www.cdc.gov/vaccines/hcp/acip-recs/general-recs/timing.html
https://www.cdc.gov/vaccines/hcp/acip-recs/general-recs/timing.html


649© Springer Nature Switzerland AG 2021 
B. A. Warady et al. (eds.), Pediatric Dialysis, https://doi.org/10.1007/978-3-030-66861-7_34

Neurocognitive Functioning 
in Pediatric Dialysis

Stephen R. Hooper and Erum Aftab Hartung

 Introduction

Children and adult survivors of childhood-onset 
chronic kidney disease (CKD) have a greater fre-
quency of neurodevelopmental and cognitive 
challenges compared with the general population 
[1, 2]. The impact of this neurodevelopmental 
vulnerability persists into adulthood and contrib-
utes to clinical manifestations such as a lower 
intelligence quotient and a lower frequency of 
postsecondary education compared with the gen-
eral population [2]. The mechanisms responsible 
for the brain dysfunction observed with CKD 
have not been established, although a number of 
mechanisms have been hypothesized and are dis-
cussed below. The goals of this chapter are to 
explore potential mechanisms leading to brain 
dysfunction—including renal-brain connec-
tions—summarize known neurocognitive and 
neurologic findings, and consider possible man-
agement strategies for neurocognitive dysfunc-
tion in children affected by CKD, particularly 
once they reach end-stage kidney 
disease (ESKD).

 The Interaction of Brain 
Development, Kidney Disease, 
and Dialysis

 Brain Development

Brain development is quite rapid during early 
childhood and, subtler but equally as critical, in 
later childhood and adolescence. Consequently, 
expectations for developmental attainment and 
general cognitive performance change as the 
child ages. The timing of this rapid neurodevel-
opmental growth places the developing brain at 
particular risk from injury or disease during 
infancy and childhood. Dennis et al. [3] and oth-
ers [4] have suggested that the degree and sever-
ity of insult is likely related to when the insult 
occurs in the neurodevelopmental sequence and 
the cognitive reserve of the individual. Studies of 
other childhood chronic health conditions present 
from birth or shortly thereafter have found delays 
in language, motor skills, and overall develop-
mental level [5–8]. In addition, children with 
early traumatic brain injury have shown deficits 
in academic achievement, behavior, cognitive, 
and motor functioning at the time of injury [9, 
10], and these deficits persist long past the initial 
insult [11]. Given the rapid rate of this early neu-
rodevelopmental growth, these deficits may be 
worse than brain insults obtained in later years 
[12]. Although there are relatively few studies of 
the longitudinal impact of CKD in infancy and 
early childhood, several studies suggest an 
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increased risk of developmental delays in chil-
dren with early-onset chronic kidney disease 
(CKD) or end-stage kidney disease (ESKD) [13–
15] and in children with a longer duration of 
CKD or dialysis [16–19]. Further research is 
needed to improve our understanding of how 
CKD affects the developing brain and how fac-
tors such as age of onset, prematurity, disease 
severity, duration of disease, and treatment 
modality moderate immediate and downstream 
neurocognitive outcomes.

 Kidney-Brain Connections

Given the above findings from the available pedi-
atric neurocognitive and neurological literature, 
there is a clear connection between the kidney 
and brain. These observations generate key ques-
tions: How does kidney dysfunction contribute to 
brain dysfunction or damage? What do we know 
about possible mechanisms and how can they 
affect brain structure, brain function, and brain 
development?

Potential mechanisms of neurocognitive 
impairment in CKD include metabolic neuronal 
toxicity, vascular injury, and endothelial dysfunc-
tion, all of which are likely interrelated. At its 
simplest level, CKD may impact the nervous sys-
tem by not effectively filtering neurotoxic chemi-
cals and metabolites from the bloodstream, 
leading to metabolic neuronal injury. This mech-
anism may be most evident when the individual 
reaches end-stage kidney disease. Alterations in 
vascular integrity also may be present secondary 
to the metabolic changes associated with CKD as 
well as by its comorbidities such as hypertension, 
anemia, and dyslipidemia. Vascular injury may 
be further perpetuated by endothelial dysfunc-
tion, mediated by chronic inflammation, hyper-
coagulability, and oxidative stress [20].

In addition to the potential direct effects of kid-
ney dysfunction on the brain, medical manage-
ment of CKD and ESKD may affect neurocognitive 
outcomes. Factors such as malnutrition, alumi-
num intoxication, and psychosocial deprivation 
have historically contributed to adverse neurocog-
nitive outcomes in children with CKD [21]. More 

modern treatment protocols may help to mitigate 
these effects by optimizing nutrition, reducing 
aluminum exposure by eliminating aluminum- 
containing phosphate binders and optimizing 
dialysis water treatment, and paying greater and 
more consistent attention to children’s cognitive, 
educational, and psychosocial needs during medi-
cal treatment. Similarly, improved management 
of anemia in children with ESKD may also buffer 
the impact of CKD on the nervous system based, 
in part, on findings in adults with ESKD [22]. 
Dialysis itself may also contribute to neurocogni-
tive dysfunction in the long term, as discussed 
further in the next section.

Metabolic Changes in CKD CKD causes reten-
tion of a large number of uremic toxins that differ 
in their molecular weight, protein binding, and 
ability to be removed by dialysis [23]. Many of 
these uremic toxins have known or putative roles 
in cerebral dysfunction. For example, guanidino 
compounds, which are known to have pro- 
convulsant properties [24, 25], have been found 
in elevated levels in the serum, urine, cerebrospi-
nal fluid, and brain tissue of patients with CKD 
[26–28]. Another pathway known to be altered in 
CKD is the kynurenine pathway of tryptophan 
metabolism, which is also implicated in the 
pathogenesis of various cognitive and neurode-
generative disorders independent of CKD [29]. 
In one study of adults with stage 4 CKD, higher 
serum levels of kynurenic acid were associated 
with lower cognitive functioning, while higher 
serum levels of indole-3 acetic acid (IAA) were 
correlated with anxiety and depression [30].

The advent of metabolomic profiling, in 
which hundreds of compounds can be measured 
in a single sample, may help to broaden our 
understanding of the numerous metabolic 
changes associated with CKD and their rela-
tionship to neurocognitive function. In one 
study of adults on maintenance hemodialysis, 
metabolic profiling of pre-dialysis plasma sam-
ples showed that levels of four metabolites 
related to phenylalanine, benzoate, and gluta-
mate metabolism were associated with impaired 
executive function [31].
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Imaging methods, such as magnetic resonance 
spectroscopy (MRS), may also help to deepen 
our understanding of the relationship between 
metabolic changes and neurocognitive dysfunc-
tion in CKD.  For example, in one study of 
 children with stage 1–5 CKD, including children 
on dialysis, MRS of the brain showed that the 
intelligence quotient (IQ) correlated negatively 
with the brain myoinositol/creatine ratio and pos-
itively with the N-acetyl aspartate (NAA)/cre-
atine ratio [32]—neurometabolites related to 
neurotransmission and tissue damage or necrosis, 
respectively.

Some studies of the effects of dialysis and 
transplant on neurocognition also support the 
hypothesis that metabolic changes are at least par-
tially responsible for neurocognitive dysfunction 
in CKD. In one small study, an electrophysiologic 
measure of cognitive potential, the P300 latency, 
was found to be impaired in adults with ESKD 
and also was found to normalize 3 months after 
successful kidney transplantation, presumably 
due to normalization of metabolic processes [33]. 
In another pilot study, transition of patients from 
conventional dialysis to nocturnal daily hemodi-
alysis, which improves clearance of uremic tox-
ins, was associated with improved psychomotor 
efficiency, attention, and working memory [34].

Vascular Integrity Another potentially strong 
linkage between kidney disease and brain impair-
ment relates to the vascular integrity in both of 
these organs. Indeed, there are a number of simi-
larities in the vascular supply to both the brain and 
kidney, with both being low-resistance end organs 
that manage high volumes of blood flow. Murray 
[35] and others have argued for a linkage between 
the kidney and the brain that is based on a model 
of accelerated vascular cognitive impairment.

Adults with CKD and ESKD are at much 
higher risk for cerebrovascular complications 
than the general population. In the 2006 United 
States Renal Data System Annual Report, the 
incidence of stroke was 15.1% in hemodialysis 
patients and 9.6% in CKD patients, compared to 
only 2.6% in non-CKD Medicare patients [36]. 
Preliminary evidence also has begun to show sig-

nificantly higher rates of stroke, even in children 
with mild to moderate CKD [37]. Although coex-
isting risk factors, such as hypertension, diabetes, 
and dyslipidemia, contribute to stroke risk in 
many adults with CKD, having a glomerular fil-
tration rate (GFR) of <60  mL/min/1.73m2 has 
been shown to be independently associated with 
an increased risk of stroke [38]. Even in adults 
with CKD, but without a known clinical history 
of stroke or transient ischemic attacks, magnetic 
resonance imaging (MRI) studies have revealed a 
high prevalence of cerebrovascular abnormali-
ties. In a study of more than 1000 adults, Liu 
et  al. [39] found that GFR <60 mL/min/1.73m2 
was associated with an increased prevalence of 
markers of cerebral small vessel disease (e.g., 
lacunes, white matter hyperintensities, cerebral 
microbleeds, enlarged perivascular space) in 
individuals <60 years old, even after adjustment 
for comorbidities such as hypertension and dia-
betes. In nondiabetic adults, aged 30–60  years, 
with stage 3–4 CKD, Martinez-Vea et  al. [40] 
found that 1/3 had silent cerebral white matter 
lesions, with vascular nephropathy being the 
strongest independent risk factor for the presence 
of these lesions. Similarly, Kobayashi et al. [41] 
found a high prevalence of silent brain infarction 
(SBI) in adults with CKD, with hypertensive 
nephrosclerosis showing a strong association 
with SBI.

Although the pediatric data are more limited, 
MRI studies in children with CKD also show evi-
dence of alterations in cerebral vascular integrity. 
Among children who received a kidney trans-
plant before 5  years of age, Valanne et  al. [42] 
showed a 54% prevalence of ischemic lesions in 
vascular border zones. Although overt MRI 
lesions are much less common in children and 
young adults with milder CKD [43], a study of 
cerebral blood flow (CBF) using arterial spin- 
labeled (ASL) MRI showed that individuals aged 
8–25  years with CKD had higher global CBF 
than healthy controls (primarily related to ane-
mia). In addition, white matter CBF was posi-
tively correlated with blood pressure in CKD 
patients but not in healthy controls, suggesting 
abnormal cerebrovascular autoregulation in indi-
viduals with CKD [44]. This study also showed 
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that regional differences of CBF in the precuneus 
correlated with executive dysfunction. These 
findings provide some early mechanistic insights 
into how hypertension, a known risk factor for 
decreased neurocognitive performance in chil-
dren both without [45] and with CKD [46, 47], 
may contribute to neurocognitive dysfunction.

Other factors that may contribute to impaired 
cerebral vascular integrity and cognitive impair-
ment include hyperhomocysteinemia, oxidative 
stress, and inflammation. Hyperhomocysteinemia 
is common in patients with CKD [48] and may 
contribute to neurocognitive dysfunction both via 
endothelial pro-inflammatory effects and via its 
direct effects on the N-methyl-D-aspartate recep-
tor [49, 50]. Oxidative stress, mediated by altera-
tions in endothelial nitric oxide signaling, also 
has been linked to brain dysfunction in adults 
with CKD and in experimental models [51, 52].

 The Impact of Dialysis on Kidney- 
Brain Connections

Chronic Dialysis Although clearance of uremic 
toxins by dialysis may improve neurocognitive 
function, chronic dialysis is associated with 
physiologic changes that may negatively impact 
brain function. In adults, initiation of hemodialy-
sis (HD) is associated with a higher incidence of 
dementia-related symptoms when compared to 
patients initiating peritoneal dialysis (PD), even 
after adjustment for comorbidities and control-
ling for factors that influence dialysis modality 
selection [53]. In a longitudinal study, cognitive 
function declined faster in adults on dialysis 
compared to those with CKD, and the decline 
was faster in patients on HD than patients on PD 
[54]. Factors contributing to cerebral dysfunction 
in dialysis may include repeated episodes of 
cerebral hypoperfusion caused by hypotension 
and fluid shifts, which can lead to increased risk 
of brain ischemia and watershed infarcts. In a 
study using positron emission tomography- 
computed tomography (PET-CT) in older adults 
on hemodialysis, global CBF was found to 
decline significantly during HD (mean decline of 
10 ± 15%), and the degree of CBF decline was 

associated with higher ultrafiltration (UF) vol-
ume and UF rate [55]. Although HD is associated 
with greater degrees of hemodynamic changes 
compared to PD, the risk of stroke has been 
shown to increase in older adults within 30 days 
of initiating either dialysis modality [56], sug-
gesting that cerebral hypoperfusion can occur 
with both HD and PD.

Even in stable chronic dialysis patients, HD 
has been shown to be associated with short-term 
changes in cognitive performance.  In studies of 
adult patients receiving HD, Costa et al. [57] and 
Dasgupta et  al. [58] demonstrated deterioration 
of cognitive function when comparing perfor-
mance before HD versus immediately after 
HD. Murray et al. [59] showed that global cogni-
tive function in adults varies during a dialysis 
cycle, with worse performance during the HD 
session and best performance either shortly 
before or on the day after the session.

As discussed in more detail in the next sec-
tions, multiple studies in children receiving 
chronic dialysis have shown impaired neurocog-
nitive performance in various domains [60–68]. 
However, there is very little literature examining 
the extent to which dialysis-related physiologic 
changes contribute to neurocognitive impairment 
in children. In their study of children who 
received a kidney transplant before age 5 years, 
Valanne et al. [42] described three patients who 
had marked widening of the cortical and central 
cerebrospinal fluid spaces on CT scans performed 
while receiving chronic dialysis; importantly, it 
was reported that these abnormalities resolved on 
posttransplant MRI (Fig. 34.1). They postulated 
that this reversible “pseudoatrophy” was a result 
of reversible contraction of brain tissue caused by 
factors such as fluid/electrolyte shifts, hypoalbu-
minemia, or medications [42]. However, more 
definitive physiologic studies of the effects of 
dialysis on the pediatric brain are needed.

Acute Dialysis Dialysis disequilibrium syn-
drome can arise acutely during or immediately 
after a dialysis session, most commonly in patients 
receiving their first HD treatment [69]. Symptoms 
of dialysis disequilibrium can include headache, 
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confusion, nausea, restlessness, and coma. These 
symptoms are primarily related to cerebral edema 
and increased intracranial  pressure caused by 
osmotic movement of water into the brain.

There are two hypotheses for the mechanisms 
responsible for an osmotic gradient between the 
blood and the brain, namely, the “reverse urea” 
hypothesis and the “idiogenic osmoles” hypothe-
sis [70]. The “reverse urea” effect is thought to 
occur because rapid removal of blood urea by 
dialysis leads to a blood-brain urea gradient, caus-
ing osmotic movement of water into the brain 
[71]. The “idiogenic osmoles” hypothesis arose 
from animal experiments in which rapid HD was 
associated with significantly higher brain tissue 
osmolality compared to the blood, which could 
not be fully explained by changes in electrolyte or 
urea concentrations [72]. This led the authors to 
conclude that the increased brain osmolality was 
caused by the new formation of organic mole-
cules; however, a subsequent study of rapid HD in 
another animal model could not confirm the pres-
ence of “idiogenic osmoles” [73].

Regardless of the underlying mechanism, the 
primary method to prevent dialysis disequilib-
rium is to lower the blood urea concentration 
slowly, either via slow continuous HD or hemo-
filtration or by targeting lower urea reduction 
ratios [69]. Another approach to mitigate dialysis 
disequilibrium, and perhaps associated neuro-
cognitive impairment, includes increasing blood 
osmolality by increasing dialysate sodium con-
centration [74] or by infusing mannitol [75].

 Neurocognitive Functioning 
and Neuroimaging in Pediatric 
Dialysis

 Neurocognitive Functioning 
in Pediatric Dialysis

Over the past 5 decades, the cognitive function 
of small cohorts of children receiving various 
forms of renal replacement therapy (RRT) has 

a

b

Fig. 34.1 This CT scan presents reversible “pseudoatro-
phy” in a patient on dialysis. (a) shows the presence of 
larger and misshapen lateral ventricles as well as widen-
ing of the subarachnoid spaces in frontal brain regions 
during dialysis. (b) shows an apparent resolution of these 
abnormalities in the same patient several years posttrans-
plant. (Reprinted with permission from Wiley & Sons)
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been evaluated. Although informative, results 
from investigations conducted prior to 1990 
were likely significantly influenced by uncon-
trolled anemia, aluminum exposure, and poten-
tially less stringent nutritional, dialytic, and 
transplantation services compared with present-
day management. Despite the improvement in 
these treatments [76], even more contemporary 
findings continue to be plagued by small sample 
sizes, samples that combined multiple forms of 
treatments and associated treatment protocols 
without differentiation, and samples that com-
bine patients with wide age ranges. Further, 
there is little consistency across the neurocogni-
tive measures used so as to compare one study to 
the next. These are not research oversights by 
investigators in the dialysis literature, but rather 
the result of the challenges of subject ascertain-
ment and the medical needs of the children. A 
summary of the findings from the available con-
temporary studies over the past three decades is 
provided in Table 34.1.

Early studies and overviews of the CKD liter-
ature indicated significant concerns for several 
developmental delays—including gross motor 
and language functions and other neurological 
problems (e.g., microcephaly) in both dialyzed 
and non-dialyzed infants with severe CKD and 
ESKD [79, 80]. As can be seen in Table  34.1, 
infants and very young children on dialysis show 
developmental delays and significantly lower IQ 
scores compared to healthy children [60–64]. 
With respect to overall developmental function-
ing, many children on dialysis have been reported 
to be in the intellectual disability range. For older 
children and adolescents, a similar pattern of 
findings has been present, with overall intellec-
tual functioning being approximately 9–11 points 
lower than controls [65]. Further, older children 
and adolescents also have had evidence of poorer 
abilities in their gross motor, fine-motor coordi-
nation, visuomotor skills, short-term memory, 
verbal abilities, and attention [66–68, 81]. More 
specifically, memory impairments are particu-
larly noteworthy relative to the healthy control 
populations, and this impairment is greatest with 
dialysis-dependent ESKD [68].

A variety of executive function problems also 
have been reported, with particular concerns noted 
for problems in working memory, initiation, and 
sustaining capabilities [68]. Significant problems 
also have been reported in academic achievement 
across reading, spelling, and math areas, increased 
school absences, more frequent grade retentions, 
and the presence of formal learning disabilities 
[82, 83]. Unfortunately, we have a paucity of 
information regarding the impact of CKD and 
dialysis on specific language functions, overall 
motor skills, and adaptive behavior in children.

In contrast, several studies have not uncovered 
significant differences between children with 
ESKD and controls in the areas of memory, 
selected executive functions, academic achieve-
ment, or self-assessment of health-related quality 
of life [65, 66, 68, 84]. Furthermore, follow-up 
studies of children who have received kidney trans-
plants, typically following some time on dialysis, 
generally have shown relative improvements in 
overall cognitive functioning. For instance, atten-
tion appears to be most severely affected with dial-
ysis-dependent ESKD but reportedly improves 
after transplantation [15, 21, 81]. Qvist et al. [85] 
reported low average to average IQ in school-age 
children who received transplants before age 
5 years, with as many as a quarter of the children 
continuing to show some type of neurocognitive 
impairment several years posttransplant. 
Improvements in both verbal and nonverbal IQ 
have been consistently reported following kidney 
transplantation [60, 86–88], with about a 10–12-
point improvement in IQ being demonstrated at 
least one month or more posttransplant. Significant 
improvements also have been observed in process-
ing speed, reaction time, and working memory 
[81]. Nevertheless, having ESKD in childhood 
does not appear to bode well for individuals as they 
move into older childhood or adulthood, with find-
ings suggesting lower verbal and nonverbal intel-
lectual capacities [2], lower academic achievement, 
and the presence of metacognitive executive dys-
functions [15]. Shorter duration of dialysis in child-
hood and older age at the time of renal replacement 
 therapies—including transplant—also have been 
related to better outcomes [2, 15, 89].
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Table 34.1 Summary of neurocognitive outcome studies in children and adolescents with ESKD and/or receiving 
renal replacement therapy

Study Study population Neurocognitive outcomes
Davis et al. 
(1990)

37 children, 25 males and 12 females, 
undergoing primary transplant 
evaluation; 20 on dialysis at 
pretransplant evaluation; 17 with 
conservative management; mean age 
at transplant was 17.6 months

Bayley Mental Developmental Index mean was 77 at 
pretransplant and 91 at posttransplant. Bayley 
Psychomotor Developmental Index was about 69 at 
pretransplant and about 86 at posttransplant. Early 
transplant improved both motor and cognitive 
developmental status in infants

Fennell et al. 
(1990)

56 children with CKD; 29 receiving 
dialysis or transplant and 27 receiving 
conservative management; 56 age-, 
race-, and gender-matched health 
controls; average age = 13.4 yrs

Patients with CKD performed more poorly than controls 
on visuomotor skills, short-term memory, and verbal 
abilities. No differences between groups on measures of 
attention. No differentiation of different types of renal 
replacement therapies

Lawry et al. 
(1994)

24 children with CKD, 9 receiving 
dialysis, 13 receiving transplant, and 2 
CKD

Patients receiving transplant performed better on 
academic achievement tests of written language. They 
also showed better school performance in English 
compared to dialysis patients

Hulstijn- 
Dirkmaat 
et al. (1995)

31 children, 18 males and 13 females; 
mean age = 2.5 yrs; 16 receiving HD 
and 15 CKD

The overall sample was delayed when compared to 
normal expectations with a Bayley Index of 78.5. Those 
receiving HD performed evenly more poorly when 
compared to the CKD group, with scores reflecting 
intellectual disabilities (Bayley mean = 67.6)

Mendley and 
Zelko (1999)

9 children, 5 males and 4 females; 5 
were receiving PD, 3 HD, and 1 
conservative treatment; mean age at 
pretransplant was 14.2 yrs

Transplant patients significantly improved in reaction 
time, working memory, and attention posttransplant

Warady et al. 
(1999)

28 children who started PD < 
3 months of age; 24 received 
transplant at about 2.1 yrs. of age

At 1 year of age, 79% were in average range on 
developmental testing; 4% were in the below average 
range of development. At approximately 4 yrs. of age, the 
percentages remained stable. At approximately 5 yrs. of 
age, nearly all children were attending school full time 
and in age-designated classrooms

Ledermann 
et al. (2000)

20 infants, ranging from birth to 
12 months, in long-term peritoneal 
dialysis

Small head circumference approaching microcephaly, 
with increased head growth over time. There were 16 
survivors, with 14 showing normal development post 
RRT

Brouhard 
et al. (2000)

124 subjects: 62 ESRD subjects on 
dialysis (26) or transplant (36) and 62 
sibling controls; mean age was 
13.8 yrs

Patients with ESRD performed significantly lower than 
controls on IQ, academic achievement (reading, spelling, 
and math). Increased time on dialysis was associated with 
lower scores

Crocker et al. 
(2002)

4 children with congenital (n = 13) or 
acquired (n = 11) ESRD; 15 dialysis 
and 9 CKD; no CNS syndromes and 
no suspected CNS medication effects

Neuropsychological testing showed no group differences 
in IQ, academic achievement, or short-term memory. The 
congenital ESRD group performed significantly worse on 
tasks of fine-motor coordination, long-term memory

Bawden et al. 
(2004)

44 children, 22 on dialysis or awaiting 
transplant and 22 sibling controls

Children with ESRD exhibited lower IQs of 
approximately 9–11 points across both verbal and 
nonverbal abilities than their sibling controls. Significant 
differences also were noted in fine-motor coordination 
and visuoconstructive abilities; however, the groups were 
commensurate in their academic achievement, memory, 
ratings of behavior, and self-esteem. Overall 
neurocognitive functioning was deemed more favorable 
than expected for children with ESRD

(continued)
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 Neuroimaging Findings in Pediatric 
Dialysis

In addition to neurocognitive function, the impact 
of CKD has been demonstrated in various neuro-
imaging and electroencephalographic (EEG) 
procedures, as noted above. From the approxi-
mately 15 or so neuroimaging studies that have 
been conducted to date, structural analyses via 
magnetic resonance imaging (MRI) and comput-
erized tomography (CT) have documented the 
presence of a variety of anomalies including 
chronic infarct lesions, ischemic watershed zone 
white matter lesions, early signs of cerebral vas-
cular disease as demarcated by deep white matter 
hyperintensities and white matter lesions, and 
cerebral atrophy [90]; however, virtually none of 
the childhood studies have isolated children on 
dialysis, or various forms of dialysis, in their 
descriptions, with the work by Valanne et al. [42] 
being the one exception thus far.

Electrical conduction dysfunction has also 
been reported, with EEG abnormalities being 
reported in 42% of a pediatric cohort with CKD 
from infancy, and it has been associated with 
poorer kidney function and severity of anemia in 
adults [21, 42, 91]. Hurkx et  al. [92] found no 
differences in auditory pathway nerve conduction 

between children with CKD and children under-
going PD. For the entire combined sample, high 
inter-peak latencies were found in the somato-
sensory cortex and were attributed to decreased 
cortical conduction via the thalamus. Brainstem 
conduction was normal for the combined group, 
with no differences noted between those with 
CKD and those receiving PD; however, delayed 
conduction was noted in the thalamocortical 
region for children less than 30 months of age for 
the combined sample, perhaps being secondary 
to delayed myelination in very young children 
with CKD.  In addition to specific conduction 
abnormalities, children with CKD may be at risk 
for generalized conduction abnormalities which 
manifest as a seizure disorder as reported in 0% 
to 20% of children with CKD [92, 93]. The appli-
cation of these findings to children receiving 
dialysis, though, remains unknown at present.

 Management of Cognitive 
Dysfunction in Children on Dialysis

Given the chronic nature of ESKD and its asso-
ciated neurodevelopmental challenges, it is 
likely that children and adolescents with ESKD 
are in need of a variety of management strate-

Table 34.1 (continued)

Study Study population Neurocognitive outcomes
Eijsermans 
et al. (2004)

10 children, 8 males and 2 females, 
with chronic renal failure with HD for 
at least 1 month; mean age = 12.3 yrs

Presence of significant gross motor problems in the 
majority of children on dialysis, with only 1 participant 
showing fine-motor problems. No concerns were noted in 
self-assessments of health-related quality of life

Gipson et al. 
(2006)

20 children with CKD, ages 7.5–
19 yrs. (Mean = 13.4), with 12 
receiving dialysis and 8 conservative 
therapy; 18 healthy controls

Intellectual function for the CKD group was within the 
low average to average range (M = 89.32) and 
significantly lower than the controls (M = 112.18). After 
controlling for IQ, the CKD group performed 
significantly lower than the controls on all memory 
functions. The CKD group also was significantly lower 
on some executive functions (initiation, sustaining) but 
performed similarly to controls on other executive 
functions (inhibition, set shifting)

Duquette 
et al. (2007)

30 children with CKD, including 15 
receiving dialysis; 41 healthy controls

Compared to healthy controls, children with CKD 
experienced more grade retentions, school absences, and 
lower achievement skills in math and reading. They also 
satisfied criteria for a low achievement definition of 
learning disabilities more so than the controls

Note. Table adapted from Moodalbail and Hooper [77] and Gipson and Hooper [78]
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gies. This is true regardless of their treatment 
modality. There are various medical complica-
tions that many of these children experience that 
interfere with day-to-day functioning (e.g., 
school absences, medication compliance issues, 
etc.), and they likely will experience frequent 
challenges in the school and preschool settings 
secondary to their cognitive dysfunction and 
kidney-related medical complications. For 
example, there are high rates of low birth weight 
and prematurity in the CKD population, with 
rates as high as 18%, and these factors can influ-
ence brain development and associated cognitive 
functioning along with the kidney disease. 
Similarly, there are concomitant high rates of 
seizure disorders in children with kidney dis-
ease, with these rates ranging from approxi-
mately 7% to 18% for children on dialysis [85, 
94], particularly those receiving HD [95]. These 
rates increase during dialysis to 29% for children 
who have had a prior history of seizures. Further, 
with respect to the presence of seizures pre-dial-
ysis or the manifestations of seizures during 
dialysis, it is important for the pediatric nephrol-
ogist to understand potential adjustments to the 
anticonvulsant medications that might be 
required, particularly during the dialysis pro-
cess, so as to lessen the chance of seizure occur-
rence [96]. Taken together with these (and other) 
medical management strategies, the manage-
ment of the cognitive dysfunction in pediatric 
ESKD also requires significant attention by the 
pediatric nephrologist and the interdisciplinary 
health-care team.

Although there are no evidence-based educa-
tional management strategies or interventions 
explicitly linked to CKD, there are a number of 
empirically based interventions that have a dem-
onstrated track record in working with children 
with learning and developmental difficulties. In 
addition to the necessary medical interventions 
detailed across many of the chapters in this text, 
management of the neurodevelopmental chal-
lenges also should be considered and imple-
mented via a developmental framework; that is, 
these should be considered with the developmen-
tal level of the child in mind for their most effica-
cious applicability to a pediatric dialysis 

population, and they should be discussed rou-
tinely with the family by the interdisciplinary 
team of professionals caring for the child [97].

 Early Intervention

The infant, toddler, and preschool periods of 
development are critical to the growth of the 
child. This time period, encompassing birth to 
approximately 5 years of age, is a remarkable 
time of development. It is the time when gross 
motor skills evolve into crawling, walking, run-
ning, jumping, and skipping. It is also the time 
when fine-motor skills evolve into grasping a 
snack with the rake of a hand to scribbling with a 
crayon to eventual adaptive skills and other 
important functions such as dressing and writing. 
This time period is critical in terms of the ongo-
ing development of cognitive abilities, pre- 
academic skills, and increasingly complex social 
interactions [98]. As such, these first 5 years of 
life are at least as important as any other 5-year 
span in an individual’s life and perhaps can influ-
ence outcomes across the life span [13, 99].

The quality of neurodevelopmental outcomes 
also may be dependent on the type and quality of 
the early intervention services that they receive. 
The accumulating evidence suggests that the 
results of early efforts to remediate or attenuate a 
child’s deficits can be successful. Although more 
evidence exists to support the benefits of early 
intervention for children at environmental risk 
[98], research that supports services for young 
children with biological impairments, such as 
those receiving dialysis, is also growing. For 
example, Black et  al. [100] examined the influ-
ence of home visiting on infants with failure to 
thrive syndrome using a standardized home inter-
vention curriculum that focused on maternal sen-
sitivity, parent-infant relationships, and child 
development. This group was compared with a 
group of typical infants and with a group of other 
infants with failure to thrive who did not receive 
home intervention, but were seen in a medical 
clinic for routine care. At 8-year follow-up, chil-
dren in the typical growth group were taller and 
heavier and had better arithmetic scores than the 

34 Neurocognitive Functioning in Pediatric Dialysis



658

clinic-only group. The home intervention group 
had intermediate results. There were no group dif-
ferences in IQ, reading, or mother-reported 
behavior problems; however, children in the home 
intervention group had fewer teacher- reported 
problems and better work habits than the clinic-
only group. How such a program would impact 
the developmental trajectory of young children 
with ESKD receiving dialysis remains to be deter-
mined; however, such an intervention may be 
quite applicable to the young dialysis population.

Additionally, it is important to note that there 
are a number of early intervention programs 
designed to improve specific developmental 
areas, such as motor functions, language abilities, 
and social-emotional skills in the early years 
[98]. It is suspected that young children with 
ESKD will respond positively to these types of 
early intervention approaches and programs. In 
the meantime, it will be important for pediatric 
nephrologists to be aware of such programs in 
their communities, or at least the early interven-
tion programs and professionals, so as to work 
with their families and local developmental 
experts in providing the early intervention ser-
vices that might be necessary for the preschool 
child with ESKD and receiving dialysis.

 School Age

Despite many medical advances in pediatric 
nephrology, children with CKD are at risk for 
school-based challenges and failures. Further 
investigation is needed to potentially improve 
academic outcomes for this population through 
hospital-based intervention and special education 
planning. Although high rates of neurocognitive 
impairment have been reported, observational 
studies of school placements have revealed that 
most children with CKD attend regular education 
settings with or without special education and 
that their overall achievement skills are not overly 
impaired [101]. However, children with ESKD 
do show increased rates of school difficulties 
across all subject areas, and they experience 
increase rates of school absenteeism and grade 
retentions as shown in Table  34.1. Additional 

research is needed to better understand the spe-
cial education and general learning needs of chil-
dren with ESKD. There are, however, a variety of 
evidence-based instructional strategies that are 
likely applicable to children with ESKD.

Specifically, the interventions that have been 
developed for various aspects of reading have a 
clear scientific foundation with numerous studies 
demonstrating their effectiveness for children with 
reading disorders. For example, there is a prepon-
derance of evidence to indicate the importance of 
explicit instruction in the alphabetic principle and 
phonological processing as critical components to 
reading intervention for children with reading rec-
ognition problems. Indeed, the National Reading 
Panel [102] showed the effects to be large in magni-
tude. Similarly, repeated reading interventions have 
been shown to improve reading fluency [103], and 
the development and use of strategies have been 
employed to improve reading comprehension [104]. 
Similar efforts have shown positive outcomes in the 
areas of mathematics [105] and written language 
[106, 107]. Another area that has evolved for chil-
dren with various neurological and neurodevelop-
mental disorders is cognitive rehabilitation therapy; 
however, such computer-based treatments have not 
been applied to children with CKD or ESKD. The 
presence of neurocognitive difficulties in this popu-
lation of children raises the potential for the use of 
these computer-based treatment strategies, particu-
larly with respect to their applicability to the home, 
school, and clinic settings [108].

 Adolescence and Adult Transition

In addition to many of the treatments available 
for school-age children, adolescents with ESKD 
face many barriers during their transition to early 
adulthood. The transition to adulthood is an 
important period in human development that 
requires an individual to increase his/her level of 
autonomy, find gainful employment, and build 
social relationships. Childhood-onset CKD/
ESKD and the associated medical complications 
can prevent many adolescents from making this 
transition and facing these developmental chal-
lenges successfully [109]. Improvement of the 
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current survival rates for adolescents with ESKD 
of 80% at 10 years must be coupled with success-
ful transition expectations [110, 111].

To date, intervention research geared toward 
the medical and psychosocial barriers that impede 
transition to adulthood is in development, and 
intervention research geared toward understanding 
the cognitive barriers to transition remains nonex-
istent. Over 8 years ago, Bell et al. [112] noted the 
importance of the possible interaction between 
cognitive functioning and successful health-care 
transition for adolescents and emerging adults 
with end-stage kidney disease. They asserted the 
importance of the cognitive/developmental level 
of the patient as a key factor in successful transi-
tion, along with a host of other factors including 
available health resources, family functioning, and 
the need for family education about the challenges 
of health-care transition. Further, Bell et  al. dis-
cussed the importance of collaboration and clear 
communication between the pediatric and adult 
health-care teams in the transition process, and 
this will be especially important for the adult 
nephrologist assuming the care of an emerging 
young adult receiving dialysis.

In spite of minimal response-to-intervention 
research within this population, several possibili-
ties exist that might prove instrumental in smooth-
ing the transition for adolescents with ESKD.  In 
addition to the special education issues noted 
above, Icard et al. [113] examined specific transi-
tion issues including vocational rehabilitation ser-
vices and mental health needs and stressed the need 
for the development of evidence-based transition 
programs that would facilitate the movement from 
late adolescence into adulthood [110]. The issue of 
medical transition also is critical to this population, 
particularly given the importance of medication 
adherence [114] and the treatment of the associated 
medical needs that will continue into adulthood.

 Conclusions and Directions

This chapter outlined the neurodevelopmental 
challenges of children with ESKD, with a partic-
ular focus on the effects of dialysis on the brain. 

While it appears that nearly every neurocognitive 
function can be affected by ESKD and dialysis, 
the literature is compromised by a variety of 
methodological issues including small sample 
sizes, samples of convenience, highly heteroge-
neous samples (e.g., wide age ranges, different 
ages of treatment), heterogeneous treatments, 
and lack of consistency of measurement across 
studies [77]. Future studies clearly need to 
address these methodological issues in order to 
provide a clearer picture of the neurocognitive 
outcomes in children receiving dialysis.

Despite these methodological problems, it 
does appear that children receiving dialysis dem-
onstrated significantly lower IQ when compared 
to controls, and they show a variety of other neu-
rocognitive and learning difficulties as well. 
Children receiving hemodialysis may be at par-
ticular risk for showing neurocognitive impair-
ments and higher rates of seizures, although this 
will require additional study, especially the pos-
sibility that there could be improvement post-
transplant. Findings from the available literature 
also suggest that shorter durations of dialysis and 
early kidney transplant hold potential for lessen-
ing the degree of neurocognitive impairments. 
The application of developmentally appropriate 
interventions to optimize their cognitive trajec-
tory and opportunities for independence as adults 
also is important, particularly as children move 
closer to ESKD and the possibility of renal 
replacement therapies. At a minimum, utilization 
of a multidisciplinary or interdisciplinary team 
model would be important to assist in managing 
the shifting developmental needs of the individ-
ual with ESKD and his/her family from a life 
course perspective, with ongoing neurodevelop-
mental surveillance being a critical component of 
that approach. Using a multidisciplinary and sci-
entifically rigorous approach, we anticipate the 
coming decade to provide opportunities to prog-
ress from quantifying the developmental chal-
lenges to identifying the underlying mechanisms 
and associated evidence-based interventions for 
the cognitive dysfunction demonstrated in chil-
dren requiring dialysis and other renal replace-
ment therapies.
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 Psychosocial Adjustment

Children receiving dialysis and their families are 
faced with complex treatment regimens and 
uncertainty regarding the future of their health. 
Additional factors unique to dialysis include 
treatment demands causing a disruption to typi-
cal routines, unknown dialysis treatment dura-
tion before receiving a kidney transplant (if 
eligible), and knowledge that they will likely 
have to return to dialysis at some point in the 
future. Thus, it is not surprising that children and 
their families may have challenges related to 
emotional and behavioral adjustment. Since 
children and adolescents exist within a family 
system, it is important to consider the impact 
that dialysis has on parents and caregivers, as 
their function can, in turn, influence the child. 
Given that emotional health can influence dis-
ease outcomes, it is important to understand how 
dialysis care impacts the child and family as a 
whole. Table 35.1 provides a summary of rele-
vant factors.

 Child Adjustment

There are some children who experience a rela-
tively smooth adjustment to dialysis. However, 
there are others who find the process stressful, 
resulting in emotional and behavioral difficulties. 
Contributing factors to adjustment may include 
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the child’s age, history of traumatic medical 
experiences, urgency (expected progression from 
chronic kidney disease care versus emergency 
initiation of dialysis), and support network.

Emotional Adjustment Internalizing symptoms 
are prevalent among children and adolescents 
undergoing dialysis. Pediatric dialysis patients 
have been found to have higher rates of internal-
izing symptoms [5], specifically depressive symp-
toms [50], than either kidney transplant patients 
or healthy comparison groups. In a sample of 67 
patients undergoing either hemodialysis (HD) or 
peritoneal dialysis (PD), over half reported the 
presence of depressive symptoms, with 10% 
reporting high symptoms and 43% reporting low 
symptoms [38]. However, a different study found 
that children on dialysis were less likely to be 
depressed compared with children at earlier stages 
of CKD [52]. Bakr et al. [8] studied 19 children 
on hemodialysis and found that the prevalence of 
psychiatric disorders in their sample was 52.6%, 
with adjustment disorders and depression most 
common. Consistent with other studies, the 
patients on dialysis had higher rates of psychiatric 
disorders than a comparison group of pre-dialysis 
patients. In a group of children diagnosed with 
end-stage kidney disease (ESKD) early in life, 
either on dialysis or with a kidney transplant at the 
time of assessment, 50% scored in the borderline 
to impaired range on a measure of overall psycho-
logical adjustment [54].

Behavioral Adjustment Studies that have 
assessed externalizing symptoms in this popula-

tion are not as prevalent as studies of internaliz-
ing symptoms or disorders, but a small number 
suggest a higher rate of externalizing symptoms 
(i.e., disruptive or noncompliant behavior, hyper-
activity) in children on dialysis versus a norma-
tive population. One study found that 26.3% of a 
dialysis sample scored above the clinical cutoff 
in the clinical range for externalizing symptoms 
on the Child Behavior Checklist (CBCL; [5]). 
Marciano et  al. [55] examined a group of 136 
children with chronic kidney disease (CKD) who 
were pre-dialysis, on dialysis, or received a trans-
plant. On an assessment of overall emotional- 
behavioral functioning, children with CKD had 
significantly more parent-reported symptoms 
across domains (emotional problems, behavioral 
problems, hyperactivity, and peer problems) 
compared to a healthy control group. The preva-
lence of emotional and behavioral disorders was 
57.5%; however, in those who reported poor 
quality of life, the rate increased to 77.8%.

Social Adjustment The demands of dialysis 
place a significant social burden on children and 
families. School attendance declines, opportuni-
ties for social activities and peer relationships 
decrease, participation in extracurricular activi-
ties is limited, and increased dependence on par-
ents and other adults (i.e., healthcare staff) may 
adversely influence development of self-esteem 
and self-efficacy. Managing ESKD is an endeavor 
filled with uncertainty and lifestyle restrictions 
related to the demands of treatment. Children on 
dialysis are challenged to adjust to a range of sig-
nificant stressors, in a situation that simultane-
ously limits social and emotional resources that 
enable active coping. In other words, when it 
comes to adjustment and coping, they are 
expected to do a lot, often with very little. For 
example, in one study of emotional functioning, 
the patients who reported the most depressive 
symptoms also reported very little to no peer 
social support [38].

One domain of social adjustment that is par-
ticularly challenging for patients on dialysis is 
adjusting to changes in physical appearance. 
Comorbidities of ESKD and treatment side 

Table 35.1 Psychological issues experienced by chil-
dren on dialysis and their families

Child Symptoms of depression and anxiety
Behavior problems, including hyperactivity
Lower self-esteem related to changes in 
physical appearance
School problems
Peer and social problems

Family Symptoms of depression and anxiety
Increased stress
Poor sleep
Lack of social support
Disruption to family life/activities
Siblings feel left out

K. L. Rich et al.
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effects can significantly alter or influence the 
physical appearance of patients, which in turn 
may impact their quality of life and social- 
emotional adjustment. Patients with short stature, 
a CKD-related comorbidity, report lower self- 
esteem compared to normative population data 
[71]. One study examining 483 children with 
CKD found that height gains and growth hor-
mone use were associated with improved physi-
cal and social functioning [3]. Girls with ESKD 
report more concerns about their physical appear-
ance [60], and one study indicated that both low 
and high levels of depressive symptoms were 
associated with less satisfaction with physical 
appearance [38].

Demands of treatment limit school attendance 
and academic achievement. In a group of 136 
pre-dialysis, dialysis, and transplant patients, 
34.6% reported failing and repeating a grade in 
school, with over half reporting that this was 
because of medical treatment [55].

The social effects of pediatric dialysis and 
transplant are long term. Adult survivors of pedi-
atric ESKD have lower rates of employment, 
fewer offspring, and lower income than the gen-
eral population, as well as diminished physical 
and health-related quality of life [82]. In a 30-year 
follow-up study, Tjaden et al. [80, 81] found that 
comorbidities, return to dialysis, short stature, 
and fewer achieved milestones related to auton-
omy were associated with adverse outcomes, 
such as unemployment and lower educational 
achievement. There was some evidence that this 
group of patients experienced some “catchup” 
over time in terms of living with a partner and 
completing higher education; however, the num-
ber who were unable to work for medical reasons 
also increased.

A recent examination of outcomes deemed 
most important for patients with CKD indicated 
that patients valued outcomes that directly 
affected their lifestyle; maintaining a sense of 
normalcy was a priority [36]. Alternative dialysis 
modalities that present with fewer lifestyle 
restrictions may offer opportunities to improve 
social-emotional development and quality of life. 
There is evidence that pediatric patients prefer 
home HD, because it offers greater flexibility and 

freedom to live a “normal” life, versus in-center 
HD which requires patients to be at the hospital 
multiple days per week [83]. Home nocturnal HD 
and even in-center nocturnal HD also offer flexi-
bility and have been shown to improve school 
attendance and quality of life and reduce some 
aspects of treatment burden, such as dietary and 
fluid restrictions [30, 41].

 Parent and Family Adjustment

The impact of childhood chronic illness, such as 
ESKD requiring dialysis, understandably extends 
beyond the patient to one’s caregivers and family 
system [47]. Parents of children receiving dialysis 
treatment often juggle many demands, including 
dialysis treatment time and travel burdens, diet 
restrictions for their child, financial and employ-
ment strains, and fears associated with their 
child’s life-threatening condition, among many 
others. In addition, some parents may be consid-
ering or undergoing living kidney donor evalua-
tions, navigating both caregiver and patient roles 
themselves. Across the pediatric chronic illness 
literature, parental mental health and stress has 
been shown to be associated with child psycho-
logical and physical health outcomes [16]. Thus, 
it is critically important that parental mental 
health be assessed, monitored, and intervened 
upon via family-centered care to promote optimal 
outcomes for both patients and their families [49].

Parent Psychological Adjustment A number 
of studies have examined parental psychological 
adjustment in families of children receiving dial-
ysis treatment. Many of these studies have been 
qualitative in nature (see [2] for review). In a 
study of 32 parents of children with ESKD (38% 
of sample receiving dialysis), 27% of the total 
sample reported clinically significant depressive 
symptoms, whereas 34% reported anxiety symp-
toms above the scale’s cutoff [26]. Similar rates 
of depression (28%) were endorsed among a 
sample of 32 parents of children receiving PD 
treatment [86]. In a more recent study by 
Zelikovsky and colleagues [96] (2007; 30% of 
sample receiving dialysis), mothers experienced 
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greater depressive symptoms than fathers, 
although mean scores for both groups on a stan-
dardized depression measure were in the “mini-
mal” range. Among yet another sample of parents 
of children receiving PD, over half of the sample 
endorsed clinically significant scores on a global 
psychological distress screening measure [51].

Rates of depression, anxiety, and sleep prob-
lems have been found to be higher in parents of 
children undergoing PD compared to parents of 
kidney transplant recipients [7]. Other factors 
found to be associated with adverse parental 
psychological outcomes include lower socio-
economic status, larger family size, increased 
social impairment of child, and lower satisfac-
tion with dialysis care and treatment [25]. 
Moreover, use of avoidant coping strategies and 
increased parenting stress associated with a 
child’s renal disease have also been found to 
significantly predict depressive symptoms in 
both mothers and fathers [96].

Parent Stress In a qualitative interview-based 
study of 31 parents of children receiving three 
times weekly HD, the most common stressors 
endorsed included health system issues (e.g., long 
waits for lab draws, insurance challenges, fre-
quent appointments), financial stressors (94%), 
growth, appearance and development of child 
(90%), fluid/diet restrictions, educational difficul-
ties for child (87%), lack of social support, and 
anxiety about child’s critical state [13]. These 
findings were supported by an interview study of 
20 parents who discussed stressors related to the 
(1) hospital environment (e.g., painful procedures, 
disempowerment, appointment burden), (2) role 
of a “medicalized parent” (guilt, time-consuming, 
anger), and (3) disruption of family norms [84]. 
Similarly, Tsai et  al. [86] found that parents of 
children undergoing dialysis treatment reported 
lower family incomes and higher unemployment 
rates compared to national averages.

As such, parents of children receiving dialysis 
treatment have reported greater stress than par-
ents of children who underwent kidney trans-
plantation, particularly in the area of “daily 

psychosocial strains” [11, 91]. Avsar et  al. [7] 
found that caregiver burden scores were 2.6 times 
higher in the dialysis group when compared to 
parents in the transplant group. Moreover, moth-
ers tend to endorse greater parenting stress than 
fathers [91, 96]. Given the significance of assess-
ing and understanding parental stress and burden, 
Parham et  al. [64] developed the validated par-
ent-report 60-item Paediatric Renal Caregiver 
Burden Scale, which can be used with dialysis 
populations.

Family Adjustment Families of children with 
ESKD on HD report significantly more disrup-
tions to family life (77%) than families of those 
with chronic kidney disease not yet receiving 
dialysis treatment (31%). Similarly, parents in 
the dialysis group endorsed greater marital 
strain (65%) than the non-dialysis group [70]. 
Family adjustment, in turn, impacts the patient’s 
emotional and physical health outcomes. For 
example, in a study of 41 parents of children 
receiving dialysis treatment or undergoing 
transplantation, higher family conflict predicted 
increased child externalizing symptoms and a 
higher number of prescription medications. On 
the contrary, better family cohesion was associ-
ated with fewer hospitalizations [78].

Across several studies, the majority of parents 
of children receiving dialysis also acknowledged 
the impact of illness on their parenting 
approaches. For example, parents reported 
increased protection of or leniency toward their 
children on dialysis [70]. Others reported restrict-
ing the activities of their healthy children to 
reduce the impact on their child with ESKD and 
regularly relying on others (e.g., grandparents) to 
primarily care for healthy siblings [13].

Sibling Adjustment Changes in parenting prac-
tices and family functioning may also impact sib-
lings of children undergoing dialysis. In a small 
study of 15 siblings, 90% endorsed disruption to 
family routines, 80% noted feeling jealous or left 
out, and nearly 50% felt they could not openly 
share their concerns or problems with their par-
ents [9]. Thus, it is important that attention be 
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paid to the psychosocial needs of siblings as well 
throughout the dialysis course.

 Treatment of Psychosocial Problems

Children and Adolescents Few researchers have 
formally investigated psychosocial interventions 
among pediatric dialysis populations. However, 
given the incidence of emotional and behavioral 
concerns in children and adolescents undergoing 
dialysis treatment, mental health treatment may be 
needed. Thus, screening for psychosocial prob-
lems should be conducted to inform referral and 
treatment. The Centers for Medicare and Medicaid 
Services (CMS) requires that patient psychosocial 
screening is completed annually. The type of 
screening measures used should be determined by 
mental health professionals at the dialysis center; 
however, considerations may include quality of 
life measures, as well as the freely available NIH 
PROMIS® screening measures.

For patients requiring intervention, cognitive- 
behavioral therapy (CBT) remains the most 
empirically supported treatment for child anxiety 
and depressive disorders [14], even among chil-
dren with chronic medical conditions. For patients 
experiencing procedural distress or anxiety 
related to dressing changes, dialysis access, etc., 
CBT interventions, distraction, and hypnosis have 
been shown to be effective [87]. To promote suc-
cessful health outcomes, some patients may also 
require intervention specific to pill swallowing. 
Behavioral approaches, including modeling, 
shaping, and positive reinforcement, can be uti-
lized to effectively teach children to swallow pills 
[10, 65]. Important steps can be taken to amelio-
rate some of the negative impact of ESKD on 
child adjustment and functioning and promote 
children’s integration of their healthcare needs 
into their lives more broadly. Qualitative studies 
have suggested that improving patients’ uptake of 
knowledge about their disease and its treatment, 
helping them work toward a sense of normalcy, 
and increasing autonomy and feelings of empow-
erment may assist children and adolescents with 
coping and adaptation to their disease [84].

Parents and Caregivers As noted previously, 
there has been limited research specific to parent 
or family-based interventions among pediatric 
dialysis populations; thus, it is helpful to rely on 
the broader pediatric chronic illness literature. It 
has been recommended that comprehensive, 
interdisciplinary care be provided to best support 
families of pediatric dialysis patients [22]. The 
interdisciplinary care team may vary from center 
to center, but could include a social worker to 
support parents/caregivers, a psychologist to sup-
port the patient, and child life specialists to sup-
port both the patient and siblings, along with 
other team members.

Behavioral Family Systems Therapy 
(BFST), which focuses on improving problem-
solving skills, could be utilized to reduce the 
significant parental stress and burden families 
report [95]. In addition, Kazak and colleagues 
developed a 1-day family-based group cogni-
tive-behavioral intervention for parents 
affected by childhood cancer to decrease par-
ent and family stress and improve family func-
tioning. This intervention, which resulted in 
sustained reductions in parental anxiety and 
post-traumatic stress disorder (PTSD; [48]), 
could be adapted to meet the psychosocial 
needs of parents of children undergoing dialy-
sis treatment. Although educational and sup-
portive interventions are often offered to 
parents, a systematic review of three studies 
determined that there was limited high-quality 
evidence to support the effectiveness of infor-
mational or support-based CKD caregiver 
interventions [85].

Siblings Parents and caregivers may also report 
concerns about sibling emotional and behavioral 
health to dialysis providers. Similar psychoedu-
cation about the benefits of cognitive-behavioral 
therapy for childhood mental health problems 
should be provided, along with a recommenda-
tion for parents to discuss concerns with the sib-
ling’s pediatrician/healthcare provider, who can 
provide additional screening and referrals. 
School-based counselors can also be very helpful 
for promoting sibling coping (particularly since it 
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may cause undue burden for the family to trans-
port the sibling to a therapy appointment), as well 
as child life specialists during hospitalizations.

 Adherence to Prescribed Medical 
Regimens

A widely recognized definition of adherence 
from the World Health Organization [73] 
describes it as “the extent to which a person’s 
behavior  – taking medication, following a diet, 
and/or executing lifestyle changes, corresponds 
with agreed upon recommendations from a 
healthcare provider.” Adherence is the preferred 
term (versus “compliance”), as it suggests col-
laboration between the child, family, and pro-
vider, while the latter term feels directive and 
implies a power differential between the provider 
and patient. Across chronic medical conditions 
that impact children and adolescents, adherence 
rates are around 50%, meaning that about half of 
this population is not receiving the recommended 
treatment [69]. This rate is staggering, particu-
larly since failure to follow prescribed regimens 
is associated with symptom persistence, faster 
disease progression [74], unnecessary change or 
escalation in treatment [58, 59], reduced quality 
of life [21, 29], increased healthcare costs [57], 
and death [61].

Unfortunately, the rate of adherence among 
pediatric dialysis patients remains understud-
ied, particularly when considering the evidence 
base among adults on dialysis and among chil-
dren who have received a kidney transplant. 
This is likely due to several factors including a 
relatively small pool of children receiving this 
treatment modality, the complex nature of the 
regimen (e.g., oral medication, injections, diet, 
fluid intake), difficulty tracking the combina-
tion of treatments being provided in the clinic 
and in the home setting, and assumptions that 
patients are following advice to treat end-stage 
disease. Much of the data we have are from 
studies conducted in the late 1980s and 1990s 
[39, 42, 76], suggesting a lack of momentum on 
understanding how adherence has evolved in 
this group. According to those studies, rates of 

nonadherence for dialysis patients ranged 
between 17% and 43%. A study assessing fol-
low-through with the PD prescription identified 
that 45% of patients and families were not 
adherent to at least one treatment element (i.e., 
number of sessions per month, duration of each 
session, number of cycles, dialysate volume). 
Interestingly, families had the most difficulty 
carrying out the prescribed number of sessions 
per month and the recommended dialysate vol-
ume [12]. Additionally, self-reported data from 
a sample of families of children with CKD in 
Guatemala revealed a medication adherence 
rate of 76% among HD and PD patients, which 
was lower than the 82% adherence rate in the 
transplant sample [68]. This stalled research is 
particularly concerning as medical technolo-
gies evolve with different treatment options 
becoming available. One recent study of ado-
lescents and young adults with CKD (pre-dial-
ysis) documented rates of nonadherence 
between 35% and 61% [66]. Further, a review 
published in 2017 concluded that rates of adher-
ence to dietary restrictions among adults who 
were dialysis- dependent were suboptimal, as 
adherence fell between 31% and 68% [53].

While some chronic conditions can be man-
aged solely with oral medication or following a 
certain diet, dialysis often requires a complex 
combination of prescription medication (taken 
either multiple times daily, with meals, every 
other day, weekly), lifestyle changes, and fre-
quent visits to the clinic (multiple times per week 
for hemodialysis; weekly to monthly for perito-
neal dialysis). Not surprisingly, these treatment 
expectations can interfere with a child’s normal 
activities, particularly in light of the time they 
already spend receiving dialysis in the clinic or at 
home. As such, it may not be feasible for children 
and families to have strict adherence to all of 
these aspects of care. There are many factors that 
may result in a patient intentionally or uninten-
tionally missing medication or not following a 
low phosphorus diet. Additionally, the nature of 
child and adolescent development makes it chal-
lenging for patients in these age groups to fully 
appreciate the long-term consequences of not fol-
lowing their medical regimen.
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 Assessment of Adherence

Behaviors that occur outside of the clinic or hos-
pital setting, such as taking medication or restrict-
ing fluid intake, can be difficult to assess. Since 
these behaviors cannot be directly observed on 
every occasion that medication or fluid is to be 
administered, clinicians often rely on the child or 
family’s report or their own interpretation of how 
adherent they are. However, factors such as rely-
ing on memory over a period of weeks to months, 
fear of disappointing or upsetting the medical 
team, and confusion about how the regimen is to 
be carried out can all affect what a patient reports 
about his or her adherence. Despite this, several 
strategies have been developed to estimate an 
individual’s degree of adherence. Popular meth-
ods include self-report (e.g., “How many times 
did you take your medication last week?”), pro-
vider estimates (e.g., “Do I think my patient is 
taking his/her medication?”), pharmacy refill 
data, monitoring blood levels (e.g., checking 
phosphorus levels as an indicator of adherence to 
dietary restrictions or administration of phos-
phate binders), and electronic monitoring (e.g., 
using a special pill bottle that tracks each open-
ing). Since each method has advantages and dis-
advantages and cannot guarantee a perfect 
assessment, it is recommended that providers 
combine one or more of these methods to get the 
most comprehensive view of the patient’s behav-
ior. A recent study by Pruette et al. [66] evaluated 
the additive benefit of adherence assessment 
tools among children with chronic kidney disease 
and warned of the inaccuracies of relying solely 
on medical provider assessment.

 Factors Associated with Adherence

In an effort to better understand adherence, past 
research has focused on child and family charac-
teristics that correlate with this behavior. While 
several theories of adherence exist, the Pediatric 
Self-Management Model [58, 59] presents a help-
ful framework for understanding various levels of 
influence on adherence. The model identifies four 
categories of influence: (1) individual (e.g., gen-

der, cognitive ability, health beliefs), (2) family 
(e.g., income, parental involvement in the regi-
men), (3) healthcare system (e.g., availability of 
healthcare resources, communication between 
patient and provider), and (4) community (e.g., 
peer support, school-based accommodations). 
Within each category, there are factors that are 
modifiable (i.e., can be changed, such as knowl-
edge about the treatment regimen) and nonmodi-
fiable (i.e., cannot be changed, such as the child’s 
age). Understanding these factors is crucial as it 
can help identify children and families who may 
be at risk for adherence difficulties, as well as 
inform the development or use of existing inter-
ventions to promote adherence. It is interesting to 
note that research examining influences on adher-
ence in the pediatric dialysis population has 
lagged behind other chronic conditions com-
monly occurring in childhood. One study 
reported barriers of pill burden, poor taste of the 
medication, difficulty remembering the medica-
tion schedule, and being tired of living with a 
chronic medical condition, with patients receiv-
ing HD endorsing more obstacles to adherence 
than those on PD [75]. The following is a sum-
mary of existing research with children and ado-
lescents receiving dialysis (see Fig. 35.1 for an 
overview). The content is supplemented with 
research from pediatric kidney transplantation, 
other common chronic medical conditions, or 
adult dialysis as past research of children on dial-
ysis has not targeted each of these domains.

Individual Factors Across pediatric chronic ill-
ness populations, being an adolescent or young 
adult is a risk factor for poor adherence due to 
multiple biological, psychological, and relational 
changes that occur during this period. Consistent 
with the broader literature, older age was associ-
ated with higher phosphorus levels in a study of 
HD and PD patients, suggesting that older chil-
dren and teenagers were less likely to take phos-
phate binders with each meal [79]. Additionally, 
adolescents and young adults are at highest risk 
for graft loss after kidney transplantation which 
is attributed to problems with medication adher-
ence during this developmental period [27, 72, 
88]. In one study, nonadherence to the PD pre-
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scription was more common among patients who 
were male and of Black race [12]. A study of 
young adults (16–30  years old) receiving renal 
replacement therapy found that patients who 
identified as Black or Asian had poorer adher-
ence [35]. Though symptoms of anxiety or 
depression have been linked with greater adher-
ence difficulties in other pediatric populations, a 
study by Simoni et  al. [76] failed to detect an 
association between mood and treatment adher-
ence in 23 pediatric dialysis patients. However, in 
a different study, there was a moderate correla-
tion between depressive symptoms and nonad-
herence to recommendations for blood pressure 
management (adherence to fluid restrictions and 
antihypertensive medication) among a sample of 
118 adults receiving chronic HD [46]. 
Additionally, a sample of young adults receiving 
kidney replacement therapy (HD, PD, or trans-
plant) identified psychological comorbidity as 
being a risk factor for worse adherence [35].

A review of the literature did not identify any 
studies assessing the relationship between a 
child’s cognitive functioning and adherence. This 

is both surprising and concerning given that poor 
kidney function is known to negatively impact 
executive functioning (e.g., attention, memory, 
organization) which are critical abilities for man-
aging the complex dialysis regimen [31]. While 
there were no identified studies examining how 
patient perspectives impact dialysis adherence in 
children, beliefs about the relative unimportance 
of phosphate binders were associated with adult 
patients on dialysis deliberately choosing not to 
take the medication [92].

Family Factors Given the complexity of the 
dialysis regimen, family members are almost 
always involved in supporting the pediatric 
 dialysis patient. For very young children or chil-
dren with significant developmental delays, par-
ents or caregivers take on most of the responsibility 
for ensuring the patient follows his or her medi-
cal plan. As the child develops, the manner in 
which the family supports him or her can change. 
Generally, parental support is thought to be a pro-
tective factor, as children whose parents remain 
closely involved have better rates of adherence 
[45]. Among young adults receiving renal 

Fig. 35.1 Factors 
related to poor 
adherence in pediatric 
dialysis and 
CKD. Modifiable factors 
in top box and 
nonmodifiable factors in 
bottom box
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replacement therapy (dialysis or transplant), 
residing with parents was associated with higher 
medication adherence [35]. Family socioeco-
nomic factors can also influence adherence. A 
study of children with CKD in Guatemala found 
that higher educational attainment among moth-
ers and greater family income were associated 
with better medication adherence, which was 
assessed via self-report [68]. However, one study 
involving children with CKD or ESKD and their 
parents failed to detect an association between 
caregiver functional word reading literacy and 
adherence to their child’s medications, diet, or 
medical appointments [67].

Healthcare System Factors To our knowledge, 
no studies have examined the impact of health-
care system factors, such as insurance coverage 
or patient-provider communication, on adher-
ence in pediatric dialysis. However, there was 
evidence of a positive association between physi-
cian access satisfaction and adherence among a 
sample of young adults with ESKD [35]. These 
factors are thought to be less directly related to 
adherence, but still having an indirect influence 
on patient behavior. There is some evidence of an 
association between shared decision-making 
practices and greater adherence across different 
chronic medical conditions [44]. Additionally, a 
study of children with asthma found that families 
who were asked to provide input regarding the 
treatment regimen had higher adherence to pre-
scribed medications 1 month later [77].

Community Factors There were not any stud-
ies identified that assessed the impact of 
community- level variables on treatment adher-
ence in pediatric dialysis. However, social sup-
port is thought to be a potentially modifiable 
correlate of adherence. In a 2004 meta-analysis 
by DiMatteo, practical social support emerged as 
a strong predictor of adherence, noting that the 
risk of being nonadherent was nearly double for 
patients without practical social support relative 
to those who had the resource. Additionally, in a 
large empirical study examining adults with 
ESKD, perceived social support had a positive 
relationship with treatment adherence [90].

 The Impact of Treatment Adherence 
on Health and Other Outcomes

It is well documented that not following treatment 
recommendations can result in greater morbidity 
and mortality for children diagnosed with an 
advanced- or end-stage disease. For example, fail-
ing to follow fluid restrictions while on HD can 
result in volume overload which has cascading 
effects of hypertension and cardiac problems [89]. 
However, there is a lack of research investigating 
the impact of poor adherence on health outcomes, 
such as with the example above, in pediatric dialy-
sis patients. In a sample of adults on continuous 
ambulatory PD, poor adherence to the exchange 
procedure (e.g., not flushing the tubing system, 
failing to wash hands) was associated with a 
greater number of peritonitis episodes [56]. 
Additionally, a study evaluating self- reported 
adherence to growth hormone in a large sample of 
children with CKD found that there was an asso-
ciation between nonadherence and poorer growth 
velocity [1]. There is a larger evidence base for the 
impact of nonadherence once a child has received 
a kidney transplant, demonstrating a higher risk of 
rejection episodes and graft loss [15].

Another consequence of poor adherence is 
how it affects decision-making for physicians. 
For example, if a provider notices that a child has 
elevated blood pressure despite prescribing an 
antihypertensive medication, they may increase 
the dose or add a second medication in an attempt 
to get adequate control. This places children at 
risk for side effects (if they start taking all of the 
medication) or other health problems associated 
with a higher dose. While this has not been stud-
ied in dialysis, nonadherence has resulted in 
unnecessary medication changes in children with 
epilepsy [58, 59]. Situations like this can also 
result in unnecessary expenditures. Treatment for 
nonadherence and related complications is 
extremely costly as shown in research with other 
chronic illness populations. In fact, it is estimated 
that up to $300 billion is spent per year to treat 
problems related to poor adherence [19, 20]. To 
our knowledge, there have not been any studies 
evaluating the financial cost of nonadherence in 
pediatric dialysis.
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 Interventions to Promote Adherence

The last edition of this text noted a dearth of inter-
vention studies to improve adherence among dial-
ysis patients, despite the need for such 
interventions [62]. Very little has been published 
since that time, even though pediatric patients on 
dialysis report many barriers to adherence [75], 
and nonadherence is associated with poorer health 
outcomes [1] as noted above. Hommel et al. [40] 
provided a summary of the research on adherence 
interventions in pediatric psychology broadly and 
refer readers to a number of meta-analyses of the 
effectiveness of adherence interventions [17, 33, 
63]. In addition, Rapoff [69] provides a compre-
hensive review and how-to manual with regard to 
implementation of adherence interventions.

There are many opportunities to address gaps 
in adherence for children receiving dialysis. In 
addition to dialysis itself, dialysis patients take 
medications, often have fluid and dietary restric-
tions, require routine injections, and may have 
other prescribed treatments depending on their 
underlying conditions (e.g., schedule of self- 
catheterization). Commonly reported barriers to 
adherence include high pill number burden, aver-
sive taste of medications, difficulty remembering 
the medication schedule, treatment fatigue, and 
concern for side effects [75]. Intervention strate-
gies include educational strategies, behavioral 
strategies, and family-based and multicomponent 
interventions.

Educational strategies provide knowledge 
with the assumption that increased understanding 
will facilitate adherence, and certainly patients 
and parents must understand the treatment regi-
men in order to implement it. It is important to 
consider the patient and family’s health literacy 
when providing education. Strategies such as the 
teach-back method, which asks the family to 
“teach back” the information to the provider, can 
be used to confirm the family’s understanding of 
the information conveyed [4]. Educational strate-
gies may also focus on information to assist 
patients with managing or ameliorating side 
effects of treatments, which in turn may promote 
adherence. Education is believed to be necessary, 
but not sufficient, to sustain or improve adher-
ence [69] and thus is typically paired with other 

interventions when the objective is to improve a 
patient’s adherence.

Behavioral strategies include organizational 
and self-management techniques, including 
reminders from parents or caregivers, placing 
medication in a convenient location, and use of a 
pill box [43]. In addition, reminders delivered by 
smartphones or other electronic devices are com-
monly used. Behavioral strategies also include 
parental monitoring or checking, followed by 
either positive reinforcement of adherence or con-
sequences for nonadherence, with studies demon-
strating that parental monitoring is associated with 
better adherence [24, 43]. Pill- swallowing difficul-
ties are not uncommon and can be addressed with 
behavioral strategies as well [6, 10].

Interventions may focus more broadly on the 
family. In a sample of 45 kidney transplant patients, 
family efficacy and flexibility were associated with 
better adherence; thus, the authors suggest family-
based interventions might be beneficial to reduce 
barriers to and promote adherence [34]. In a smaller 
sample of 13 transplant recipients, increased parent 
stress, dysfunctional parent-child interactions, and 
child behavior problems were associated with non-
adherence, again suggesting that family-based 
interventions may promote adherence [32]. A meta-
analysis of adherence outcomes in pediatric solid 
organ transplant more broadly concluded that 
greater parental distress, child behavior problems, 
and poor family cohesion correlated with poorer 
adherence, lending additional support to the sugges-
tion that family-based interventions have the poten-
tial to improve adherence [18].

While intervention studies with dialysis 
patients specifically are rare, studies that focus on 
chronic health conditions with many similarities 
to ESKD (e.g., high treatment burden, chronicity 
of disease, adherence linked to health outcomes) 
may provide helpful information. One study that 
included dialysis patients was a feasibility study 
of Dialectical Behavior Therapy (DBT) to 
improve adherence among adolescents with CKD 
[37]. Four of the seven participants were receiv-
ing dialysis. Results of this small pilot study 
showed promising results for improved adher-
ence post-treatment suggesting that DBT could 
be a helpful treatment avenue for this population. 
Studies examining the effect of family systems- 
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based interventions, tailored to pediatric condi-
tions such as diabetes and asthma, have 
demonstrated improved adherence, reduced fam-
ily conflict, and improved communication [23, 
94]. Foster et  al. [28] described a multicompo-
nent intervention for kidney transplant patients 
that resulted in improved adherence for those in 
the intervention arm compared to patients in the 
control group. This intervention used reminder 
strategies; electronic monitoring; review of 
adherence data at 3-month intervals, with coach-
ing; and action-focused problem-solving.

Due to the increasing accessibility of mobile 
devices, there has been a focus on using technol-
ogy to promote adherence. Wu and Hommel [93] 
provide an overview of how technology can be 
used to promote adherence for pediatric popula-
tions, which would apply to dialysis patients. 
Some studies have shown improved adherence 
with text messaging reminders; however, those 
improvements are not typically sustained once 
the reminders are removed. Additionally, elec-
tronic monitors applied to pill bottles or inject-
able drugs can be used to provide feedback on 
adherence to help families identify patterns of 
missing doses. Table 35.2 provides an overview 
of adherence interventions.

 Summary and Directions for Future 
Research

Children who undergo dialysis and their families 
are at risk for emotional, behavioral, and social 
problems, though some may have protective fac-
tors that buffer against these challenges (e.g., 
younger age, strong family support network). 
Unfortunately, adjustment difficulties can make 
the already challenging dialysis regimen (e.g., 
treatment times, medication, fluid and dietary 
restrictions) even more difficult, sometimes 
resulting in less than perfect adherence. It is well 
documented among adults with ESKD that poor 
adherence to medication, site care, and other life-
style factors can contribute to morbidity and mor-
tality; however, there are fewer studies targeting 
children. Evidence-based behavioral interven-
tions to overcome barriers and ultimately improve 
adherence exist and could prove beneficial for 
this patient population.

Within the past 5 years, there has been limited 
published research to advance our knowledge of 
the psychological impact of dialysis on children 
and families. It is possible that research is chal-
lenging in this population due to the relatively 
low number of patients at a single center. While 
information from adult studies can be helpful to 
inform hypotheses, children should be consid-
ered unique from adults given developmental fac-
tors, influence of parental involvement, and so 
on. The field would likely benefit from more col-
laboration across dialysis centers to increase the 
pool of research participants. Additionally, longi-
tudinal research has the benefit of following chil-
dren across the course of dialysis to determine 
how adjustment can change with time, medical 
complications, etc.

Relative to kidney transplant recipients, there 
are few studies examining the impact of nonad-
herence on health outcomes when patients are at 
the dialysis stage of treatment. Further, there is a 
lack of published studies evaluating adherence 
promotion interventions designed for pediatric 
dialysis patients, suggesting that the field would 
benefit from studying if existing evidence-based 
treatments are just as useful in this population. 
Another interesting direction for research is to 
identify how the provision of behavioral inter-

Table 35.2 Adherence interventions

Educational Education about health condition(s)
Education about treatment regimen
Education about managing side 
effects

Organizational Use of pill box
Designated location for medications
Setting an alarm or text message 
reminders
Use of calendar to track 
appointments and tasks

Behavioral Daily logs of adherence, barriers, and 
facilitators of adherence
Establishing associations between 
routine tasks (e.g., brushing teeth) 
and healthcare tasks
Positive reinforcement of adherence 
behaviors or behaviors aimed at 
improving adherence
Parental monitoring of adherence
Teaching and use of problem-solving 
strategies to overcome barriers to 
adherence

Modified from Pai and Ingerski [62]
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vention can result in a financial cost offset of 
treatment required for nonadherence-related 
medical complications. Additionally, use of 
emerging technology may help with more accu-
rate monitoring and promotion of the health 
behaviors expected while a patient receives dial-
ysis. For example, smart water bottles are now 
widely available and can be used to track a 
patient’s adherence to fluid restrictions and be 
used as an intervention to help patients self- 
monitor their water consumption.

 Implications for Clinical Practice 
and Psychosocial Care

It is evident that children receiving dialysis are at 
risk for emotional and behavioral adjustment 
issues. Ideally, all children receiving chronic 
dialysis would receive comprehensive care that 
addresses their medical and psychosocial needs. 
This is particularly important as the psychologi-
cal status can impact the child’s overall health, as 
well as their ability to engage with the recom-
mended regimen to manage their symptoms and 
prevent serious complications. Further, improv-
ing adherence behaviors in pediatric dialysis 
patients is critical as poor adherence could result 
in deferral or denial for kidney transplantation. 
Mental health practitioners and behavioral spe-
cialists have the necessary background to assess 
and treat emotional problems, support behavior 
change related to adherence, and provide general 
support for family members who experience sig-
nificant life disruption when their child’s disease 
is advanced enough to require dialysis. Children 
receiving HD, in particular, are considered a cap-
tive audience given the amount of time spent 
physically in clinic or hospital. There is also a 
push for dissemination and implementation of 
evidence-based treatments into clinical practice. 
There is promising evidence for the delivery of 
behavioral interventions by frontline healthcare 
providers (physicians, registered nurses), which 
would reduce barriers to accessing additional 
mental healthcare specialists.
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 Introduction

The prescription of a safe and effective dose of a 
medication for a child receiving dialysis can be a 
complicated task as both renal failure and dialy-
sis can modify the absorption, distribution, 
metabolism, elimination, and action of a drug. A 
safe and effective dosing regimen is one that 
delivers the appropriate drug in the optimal man-
ner, producing the desired pharmacological 
response while minimizing the undesirable 
effects. Achieving the goal of successful drug 
therapy requires a clear understanding of the 
therapeutic goal coupled with an appreciation of 
the factors governing drug disposition and action. 
Failure to clearly identify the therapeutic goal or 
to account for the changes in drug disposition or 

effectiveness associated with renal failure and the 
performance of dialysis can culminate in drug 
toxicity or inadequate treatment.

 Basic Concepts of Drug Disposition

The desired and undesired effects of a drug gen-
erally correlate with the concentration of free 
(unbound) drug at the site of action. Factors that 
determine drug concentration at the site of action 
are the rate and extent of absorption, distribution, 
biotransformation (i.e., metabolism), and elimi-
nation. The characteristics of these processes are 
unique for each drug, and individual variations 
are influenced by genetic, environmental, physi-
ological, and developmental factors [1].

 Absorption

Under most circumstances, a drug must reach the 
systemic circulation in order to exert a biological 
effect. Drug administered orally, intramuscularly, 
rectally, subcutaneously, topically, or directly 
into the peritoneum must cross membranes to 
gain access to the systemic circulation. As a pre-
requisite to absorption, a drug must be released 
from the dosage form (e.g., tablet, capsule, trans-
cutaneous patch) and be present at the site of 
absorption in an aqueous solution. Most drugs 
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are either weak acids or weak bases that in an 
aqueous solution exist as either an ionized 
(charged) or nonionized (uncharged) moiety. The 
most common mechanism of drug absorption is 
passive diffusion of the nonionized drug moiety. 
Less common mechanisms of drug absorption 
include convective transport, active transport, 
facilitated transport, ion-pair transport, and endo-
cytosis. The extent to which a drug is nonionized 
is determined by the drug’s pKa (i.e., dissociation 
constant) and the pH at the site of absorption 
(e.g., stomach, small bowel, skin, peritoneal cav-
ity). For example, the oral absorption of ketocon-
azole is enhanced by the stomach’s acidic 
environment that promotes the formation of the 
more readily absorbed nonionized drug com-
pound [2]. In this example, the coadministration 
of drugs that reduce gastric acid (e.g., proton 
pump inhibitors, antacids) may shift the equilib-
rium in favor of the poorly absorbed ionized form 
of ketoconazole resulting in decreased ketocon-
azole absorption with the potential for subthera-
peutic serum concentrations [3].

 Distribution

Following the absorption or direct infusion of a 
drug into the systemic circulation, drug distrib-
utes or equilibrates with tissue reservoirs. The 
extent of drug partitioning among tissues depends 
on the drug’s pKa, the degree of binding to 
plasma proteins and tissue constituents, tissue 
blood flow, and the partitioning of drug to fat. 
The relationship between the plasma drug con-
centration that theoretically exists at time zero 
(C0) and the fraction of the administered dose 

reaching the systemic circulation defines the vol-
ume of distribution (Vd):

Vd
Dose fraction absorbed

Drug plasma concentration
=

´
( )C0

       (36.1)

The volume of distribution, generally 
expressed as liters or liters/kg, is a hypothetical 
value with no true anatomical correlate that 
relates the plasma drug concentration to the total 
amount of drug in the body and serves as a guide 
in determining whether a drug is distributed pri-
marily within the systemic circulation or extra-
vascular sites (e.g., fat, muscle). A large volume 
of distribution implies that the majority of drug 
present in the body resides outside the vascular 
space, whereas a small volume of distribution 
suggests that most of the drug is present within 
the vascular compartment. For example, digoxin 
binds more strongly to tissue sites outside the 
vascular space (e.g., muscle) and consequently 
has a large volume of distribution (16 L/kg). At 
the other extreme, phenytoin has a small volume 
of distribution (0.7  L/kg) because it is highly 
bound to albumin (90–95% protein binding) and 
is contained within the vascular and extracellular 
fluid compartments. Disease-related changes in 
tissue or protein binding or changes in the vol-
ume of a compartment (e.g., extracellular fluid 
volume expansion with edema) can alter the dis-
position and biological effect of a drug [4].

In some clinical situations, immediate thera-
peutic drug concentrations are desired, and a 
loading dose is prescribed to saturate the sites of 
distribution. A simple rearrangement of Eq. 36.1 
shows that the Vd determines the size of the load-
ing dose:

 Loading dose mg kg desired concentration mg L Vd L kg/ / /( ) = ( )´ ( ) (36.2)

 Biotransformation/Elimination

The total amount of drug eliminated from the 
body consists of the amount eliminated by the 
kidneys plus the amount eliminated by biotrans-
formation (i.e., metabolism) and other pathways 

of elimination such as lung, skin, gastrointestinal, 
and dialysis-related losses. The rate of drug elim-
ination, or drug clearance, does not indicate how 
much drug is being removed from the body but, 
rather, the volume of blood or plasma that would 
need to be completely freed of drug per unit of 
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time to account for the amount eliminated. Drug 
clearance is additive such that the total (systemic) 
drug clearance is equal to the sum of the clear-
ances by each individual pathway:

Cl Cl Cl Cl Clsystemic renal hepatic dialysis other= + + +  (36.3)

The processes responsible for drug elimina-
tion and metabolism usually require that the drug 
be present within the systemic circulation. Drug 
partitioned outside the vascular space must return 
to the vascular space (redistribute) in order to be 
excreted or metabolized. Therefore, while dialy-
sis may effectively clear drug that is present in 
the plasma, the fraction of the total drug removed 
from the body by dialysis may be small when the 
majority of the drug resides outside the vascular 
space (e.g., large Vd).

Biotransformation is the enzymatic conversion 
of a drug to a new chemical moiety. The new drug 
product (i.e., drug metabolite) is usually an inac-
tive compound that is more easily eliminated from 
the body. In some cases, metabolites may be gen-
erated that have significant pharmacological 
activity [5, 6], toxic properties [7], and be elimi-
nated differently than the parent drug. Most tis-
sues, including the kidney, possess the ability to 
biotransform drugs. Quantitatively, the liver and 
gastrointestinal tract are the most important 
organs of drug metabolism. Although there are 
many different types of enzymes capable of carry-
ing out drug biotransformation, the cytochromes 
P450 (CYP) are the most important in the metab-
olism of therapeutic drugs. There is great interin-
dividual variability in the biological activity of 
CYPs because of genetic, environmental, physio-
logical, and developmental factors [8, 9].

The kidney is the most important organ for 
drug and drug metabolite elimination. Other 
pathways of drug excretion include biliary, sali-
vary, mammary, sweat, lungs, and intestinal. 
Renal drug excretion occurs through the com-
bined processes of glomerular filtration, tubular 
secretion, and tubular reabsorption. Unless lim-
ited by size or charge, drug and drug metabolites 
not bound to plasma proteins are freely filtered 
through the glomeruli at a rate equal to the glo-
merular filtration rate (GFR). The active renal 

tubular secretion of drug and drug metabolites in 
the proximal tubule can contribute substantially 
to renal drug elimination. Other drugs or endog-
enous substrates that employ the same nonspe-
cific transport system may inhibit the renal 
tubular uptake and secretion of drugs. A clini-
cally relevant example of competitive inhibition 
of tubular secretion is the coadministration of 
probenecid and cidofovir [10, 11]. Probenecid 
inhibits the renal tubular uptake of cidofovir and 
protects the kidney from cidofovir nephrotoxic-
ity. Reabsorption is the passive diffusion of the 
nonionized drug from the filtrate back into the 
renal tubular cell. Basic urine (e.g., urine pH 
>7.5) favors the ionized form of acidic drugs and 
limits reabsorption. This concept is used clini-
cally when urine alkalinization is used to enhance 
the elimination of salicylates in overdose situa-
tions [12].

 Alteration of Drug Disposition 
in Renal Failure and Dialysis

For many drugs and drug metabolites, the kidney 
is the primary pathway of elimination, and any 
reduction in renal function will decrease the kid-
ney’s ability to eliminate drug from the body. 
Although a reduced capacity to eliminate drug 
stands out as the most important change in drug 
disposition associated with renal failure, clini-
cally significant alterations may occur in other 
determinants of drug disposition including drug 
absorption, distribution, and metabolism [4, 13, 
14] (Table 36.1).

The impact of renal failure on drug disposition 
is largely determined by the relative contribution 
of renal drug clearance to systemic drug clear-
ance (Eq.  36.3). When renal drug clearance 
accounts for more than 25% of systemic drug 
clearance, it is likely that drug will accumulate to 
higher and potentially toxic serum drug concen-
trations with renal failure unless the dosing regi-
men is modified (Fig.  36.1). In contrast, 
modification of the dosing regimen is generally 
not required for drugs that are predominately 
eliminated by extrarenal pathways unless there 
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are clinically significant changes in drug absorp-
tion, distribution, or metabolism (Table  36.1). 
Importantly, even though the disposition of the 
parent drug may be unchanged in renal failure, 
drugs undergoing extensive biotransformation 
may have pharmacologically active metabolites 
that are eliminated by the kidney and accumulate 
in renal failure [5–7]. An example is the enhanced 
central nervous system toxicity of the opioid 
analgesic meperidine in individuals with renal 
failure. While meperidine biotransformation pro-
ceeds unaltered in renal failure, the active and 
central nervous system toxic metabolite norme-
peridine is eliminated by the kidneys and accu-

mulates with repeated dosing with an increased 
risk of seizures in patients with renal failure [7].

The impact of dialysis on drug disposition is 
determined largely by the extent of drug removal 
by the dialysis procedure. During dialysis, sys-
temic drug clearance encompasses renal, hepatic, 
and other intrinsic clearance pathways plus the 
additional clearance provided by dialysis 
(Eq. 36.3). In general, drug removal is considered 
clinically significant when more than 25% of the 
administered dose is removed by dialysis. Failure 
to recognize the extent of drug removal and pro-
vide supplemental dosing can result in underdos-
ing and therapeutic compromise.

Table 36.1 Possible changes in drug disposition associated with renal failure

PK parameter Effect Proposed mechanism
Absorption ↓ Edema of GI tract, uremic nausea/vomiting, delayed gastric emptying

Drug interaction – phosphate binders, H2 blockers
Altered GI pH

Distribution ↑ Increased unbound drug fraction
  Hypoalbuminemia (nephrosis, malnutrition)
  Uremic changes in albumin structure; expansion of extracellular, 

intracellular, and/or total body water spaces
Metabolism ↓ Inhibition of CYP 450 metabolism (liver, intestine, kidney)

  Drug interaction
  Direct inhibition by “uremic” milieu

↑ Induced CYP 450 metabolism

Excretion ↓ Decreased GFR
Decreased tubular secretion
Increased tubular reabsorption
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Fig. 36.1 Serum 
concentration – time 
profile for a child 
receiving intravenous 
gentamicin (2.5 mg/kg 
IV every 8 h). The solid 
line depicts the profile in 
a child with normal 
renal function. The 
dashed line depicts the 
gentamicin 
accumulation that occurs 
when dosing 
adjustments are not 
made in a child with a 
GFR measuring 15 mL/
min/1.73 m2
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Drug elimination during dialysis occurs by 
both diffusion and convection. The contribution 
of each process to the dialysis clearance of a drug 
varies among the different dialysis modalities. 
Diffusion is the movement of drug across a dia-
lyzer membrane or peritoneal membrane from a 
higher to lower drug concentration. While drug 
usually moves from the blood compartment to 
the dialysis fluid, drug can be absorbed from the 
dialysis fluid into the systemic circulation when 
the drug concentration of the dialysis fluid 
exceeds the serum concentration. This is the 
mechanism by which potentially therapeutic 
serum drug concentrations are achieved with 
intraperitoneal dosing. Convection is the move-
ment of drug across the dialyzer membrane or 
peritoneal membrane that occurs when drug is 
“trapped” within the flow of ultrafiltrate.

Dialysis removes only free drug from the body 
as drug bound to plasma proteins and other cel-
lular constituents result in drug complexes that 
are too big and do not cross the dialyzer mem-
brane or peritoneal membrane. The efficiency of 
drug removal (e.g., amount of drug removed per 
unit time) is greatest for hemodialysis, followed 
by continuous renal replacement therapies 
(CRRT), and least by peritoneal dialysis. 
Although drug removal by CRRT and peritoneal 
dialysis is less efficient than hemodialysis, the 
total drug removal may be equivalent to hemodi-
alysis as CRRT and peritoneal dialysis are usu-
ally performed for a longer duration of time.

 Hemodialysis

In hemodialysis, blood flows through a parallel 
series of synthetic capillaries contained in a plas-
tic shell (dialyzer), while dialysis fluid flows in 
the opposite direction outside the blood-filled 
capillaries. As blood flows along the length of 
the capillaries, unbound solutes (e.g., drugs) dif-
fuse across the membrane from the blood into 
the dialysis fluid. Depending on the need for 
fluid removal, ultrafiltration and convective drug 
removal occur, but diffusion is the most impor-
tant factor influencing solute loss. The elimina-
tion of a drug during hemodialysis is dependent 

upon the size of the drug, protein binding, and 
dialyzer properties. The blood flow rate, dialyzer 
surface area, and membrane characteristics are 
dialyzer factors that impact drug elimination. 
During hemodialysis, the dialysis flow rate is 
rapid (e.g., 600 ml/min) and does not limit drug 
diffusion as the concentration gradient between 
blood within the dialyzer capillaries and dialysis 
fluid is continuously refreshed. A dialyzer with a 
larger surface area and a more porous membrane 
will increase drug clearance [15]. As technology 
has advanced, the newer synthetic membranes 
can be manufactured with larger pore size (e.g., 
high flux) that may allow for greater clearance of 
larger molecules than with the traditional mem-
branes. Published drug clearance data should be 
viewed with caution as the reported clearance 
values may not be representative of the newer 
more porous membranes used in current prac-
tice. For example, vancomycin is a relatively 
large drug, and earlier reports suggested that 
vancomycin removal by hemodialysis was mini-
mal. With the use of high-flux dialyzers (e.g., 
more porous membranes), the removal of vanco-
mycin during dialysis is much greater than previ-
ously noted [16].

Dialysis drug clearance (Cld) can be calcu-
lated by measuring the prefilter (arterial (Ca)) and 
postfilter (venous (Cv)) serum drug concentration 
and the rate of blood flow through the filter (Qb):
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Equation 36.4 can be corrected for protein 
binding and hematocrit when appropriate [1]. 
The equation can be further adapted to account 
for drug removal that occurs with ultrafiltration 
by measuring the ultrafiltration rate (Quf):
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The drug clearance by hemodialysis is consid-
ered significant when the dialysis procedure 
accounts for more than 25% of systemic drug 
clearance. However, drug clearance of less than 
25% may be clinically relevant when a drug has a 
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very narrow therapeutic index – the differences 
between concentrations associated with effect 
and those with toxicity.

 Continuous Renal Replacement 
Therapies

The term “continuous renal replacement thera-
pies” (CRRT) incorporates continuous venove-
nous hemofiltration (CVVH), continuous 
venovenous hemodialysis (CVVHD), and contin-
uous venovenous hemodiafiltration (CCVHDF). 
Drug removal during CRRT is governed by the 
ultrafiltration and dialysis fluid flow rates as well 
as the same factors identified in hemodialysis, 
namely, drug size, protein binding, access blood 
flow, and dialyzer characteristics. During hemo-
filtration (e.g., CVVH), countercurrent dialysis 
fluid is not present, and fluid and solute (e.g., 
drug) removal occur consequent to convection 
(i.e., solute movement associated with fluid 

movement). In order to optimize solute removal, 
large volumes of ultrafiltration are prescribed, 
and the patient is provided with a large amount 
of replacement fluids to offset the hemofiltration 
losses. During continuous hemodialysis (e.g., 
CVVHD), countercurrent dialysis fluid is pres-
ent, and most of the drug removal occurs by dif-
fusion. During hemodiafiltration (CVVHDF), 
solutes are cleared by both convection and diffu-
sion, but diffusion is the predominant process, 
and the dialysis fluid flow rate is the factor limit-
ing solute (e.g., drug) removal such that increas-
ing the dialysis fluid flow rate can enhance drug 
clearance [17]. Typical replacement fluid and 
dialysis flow rates during CRRT are 
2000 mL/h/1.73 m2.

During isolated hemofiltration, the relation-
ship between drug concentration in the ultrafil-
trate and the average drug concentration in the 
plasma calculated from the arterial (Ca) and 
venous (Cv) concentrations is termed the sieving 
coefficient:

 
Sieving coefficient

Ultrafiltrate drug concentration

a v

=
+(C C )) / 2  

(36.6)

A sieving coefficient of 1 suggests that the sol-
ute is filtered without hindrance through the dia-
lyzer, whereas a sieving coefficient of 0 suggests 
there is no ultrafiltration of the drug. Most drugs 
are small enough that if not bound to plasma pro-
tein or cellular constituents, they are easily 
filtered.

When countercurrent dialysis fluid is present 
(i.e., CVVHD, CVVHDF), the relationship 
between the drug concentration in the combined 
dialysate and ultrafiltrate and the average drug 
concentration in plasma is termed the saturation 
coefficient (Sa):

 
Saturation coefficient

Ultrafiltrate dialysate drug concen
=

+ ttration

a vC C+( ) / 2  
(36.7)

Drug clearance during CRRT (ClCRRT) can be 
calculated by measuring the sieving (Si) or satu-
ration (Sa) coefficient and the dialysis (Qd) and 
ultrafiltration (Quf) flow rates:

 Cl Si orSaCRRT d uf= ( )´ +( )Q Q  (36.8)

The drug clearance by CRRT is considered 
to be significant when the dialysis procedure 
accounts for more than 25% of systemic drug 
clearance. Similar to hemodialysis, when a 
drug has a very narrow therapeutic window, a 

drug clearance less than 25% may be clinically 
relevant.

 Peritoneal Dialysis

In peritoneal dialysis, the peritoneal membrane 
serves as a highly vascularized semipermeable 
membrane separating blood and dialysis fluid. 
Fresh dialysis fluid is placed into the peritoneal 
cavity for a predetermined length of time, rang-
ing anywhere from 30 min to 6 h, during which 
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drug moves across the peritoneal membrane in 
both directions by way of diffusion and convec-
tion. Factors influencing peritoneal drug clear-
ance are characteristics of the peritoneal 
membrane (transport capacity), dialysis exchange 
volume (e.g., amount of peritoneal surface area 
exposed to dialysate), ultrafiltration rate, drug 
size, and protein binding.

Drug clearance by peritoneal dialysis is more 
difficult to measure because peritoneal blood flow 

rates cannot be easily determined. Drug clearance 
by peritoneal dialysis can be estimated by mea-
suring the amount of drug present in the dialysate 
along with an estimate of the average serum con-
centration during the dialysis procedure. A mid-
dialysis plasma drug level is used to estimate the 
average serum drug concentration (Eq. 36.9), or 
alternatively multiple blood  samples can be 
obtained and an area under the curve (measure of 
exposure) calculated (Eq. 36.10):
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Peritonitis, a common infectious complication 
of children receiving peritoneal dialysis, is often 
due to Gram-positive organisms but may also be a 
result of Gram-negative or fungal infections. In 
the presence of cloudy dialysis fluid, the empiric 
administration of intraperitoneal antibiotics is 
recommended after the appropriate laboratory 
studies and cultures are completed [18, 19]. 
Treatment is initiated with an intraperitoneal 
loading dose that dwells for 3–6 h and is followed 
by continuous or intermittent maintenance ther-
apy to complete a 14–21-day treatment course. 
During continuous intraperitoneal maintenance 
therapy, antibiotic is present in the dialysis fluid 
of each exchange and ensures that the antibiotic 
concentration in the dialysis fluid exceeds the 
minimal inhibitory concentration (MIC) for the 
infective organisms throughout the treatment 
course. During intermittent maintenance dosing, 
serum antibiotic concentrations are maintained by 
placing a higher dose of antibiotic in the dialysis 
fluid for a single exchange each day or, in the case 
of vancomycin and teicoplanin, a single exchange 
every 5–7 days. During the subsequent antibiotic-
free exchanges, antibiotic diffuses from the serum 
back into the dialysis fluid and accumulates to 
therapeutic intraperitoneal concentrations. The 
movement of drug into the peritoneum is depen-
dent on the ratio of the drug in the serum to the 
dialysate concentration and the time allowed for 
drug diffusion (e.g., dwell time). The prolonged 

dwell time employed during continuous ambula-
tory peritoneal dialysis (CAPD) is usually suffi-
cient to achieve a therapeutic intraperitoneal 
concentration if the serum drug concentration is 
adequate. During continuous cycling peritoneal 
dialysis (CCPD), the dwell times may be too short 
to allow for adequate movement of drug into the 
peritoneum resulting in subtherapeutic peritoneal 
drug concentrations. Whether therapeutic perito-
neal antibiotic concentrations are required for the 
treatment of peritonitis is not known, and inter-
mittent vancomycin and teicoplanin therapy has 
been used successfully in children receiving peri-
toneal dialysis [20]. Guidelines for the intraperi-
toneal dosing of common antibiotics are provided 
in Table 36.2.

The intraperitoneal administration of a drug is 
a convenient and acceptable route of administer-
ing medications for systemic effect but may not 
be appropriate for all drugs or all clinical circum-
stances. It is of great importance to recognize that 
in the treatment of serious infections outside the 
peritoneal cavity, intraperitoneal administration 
is not superior to intravenous therapy as the bio-
availability of the intravenous form is always 
100%, whereas the bioavailability of intraperito-
neal administration may not be consistently pre-
dictable. In situations where intraperitoneal 
administration is required, therapeutic drug mon-
itoring will help ensure that there has been ade-
quate drug absorption.
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 Dosing Strategies in Children 
with Renal Failure

Given that there is little information on drug dispo-
sition in children with renal failure and children 
receiving dialysis, an individualized systematic 
approach (Table  36.3), using the available adult 
and pediatric data on drug disposition in renal fail-
ure, is required to design a drug administration 
regimen that maximizes the effectiveness of ther-
apy while minimizing the potential for adverse 
effects. The design of a successful therapeutic 
regimen begins with an estimate of the child’s 
residual renal function and an estimate of the rela-
tive contribution of renal elimination to the total 
drug elimination obtained from the literature. 
While children receiving dialysis by definition 
have very poor renal function, it is inappropriate to 
assume that there is no renal elimination as many 
children maintain a significant amount of residual 
renal function. Failure to account for the continued 
renal elimination of drug may result in insufficient 
drug dosing and therapeutic failure. Additionally, 
patients receiving CRRT who require supraphysi-

ologic rates of clearance (i.e., >2000 ml/h/1.73 m2) 
may need closer patient- specific therapeutic moni-
toring to avoid insufficient drug dosing and thera-
peutic failure.

If one assumes that drug protein binding, dis-
tribution, and metabolism are not altered to a 
clinically significant degree in renal failure, an 
assumption that is likely true for most drugs, then 
a dosing adjustment factor (Q) can be estimated 
using the following equation:
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An appropriate dose amount or dosing interval 
for a child with reduced kidney function is gener-
ated by applying the dosing adjustment factor to 
either the normal dose amount or normal dosing 

interval. The dosage adjustment factor estimates 
the changes in elimination associated with renal 
failure but does not account for any additional 
clearance by dialysis. If appropriate, supplemen-

Table 36.3 Guidelines for drug dosing in children with 
renal failure

1. Estimate residual renal function
2.  Determine percentage of drug eliminated by the 

kidneys
3.  Determine if there are any active/toxic metabolites 

and route of elimination
4.  Calculate the dosage adjustment factor (Q), or 

review published dosing recommendations
5. Adjust dose size or dosing interval
6.  If patient is receiving dialysis, evaluate if 

supplemental dosing is required
7. Monitor response
8. Therapeutic drug monitoring (when available)

Table 36.2 Intraperitoneal dosing recommendations for children with peritonitis [18]

Drug Loading dose (mg/L)
Continuous therapy 
dosage (mg/L) Intermittent therapy dosage

Ampicillin 125
Cefazolin 500 125 20 mg/kg QD
Cefepime 500 125 15 mg/kg QD
Ceftazidime 500 125 20 mg/kg QD
Clindamycin 300 150
Gentamicin 8 4 Anuric: 0.6 mg/kg QD

Non-anuric: 0.75 mg/kg QD
Teicoplanin 400 20 15 mg/kg Q 5–7 D
Tobramycin 8 4 Anuric: 0.6 mg/kg QD

Non-anuric: 0.75 mg/kg QD
Vancomycin 1000 25 30 mg/kg with further doses 

based on TDM
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tal drug doses or an increased dose amount may 
be required to replace the dialysis-related drug 
losses. Whether a change is made in the dose 
amount or dosing interval depends on the thera-
peutic goal and relationships between drug con-
centrations and clinical response and toxicity.

As an example, the bactericidal aminoglyco-
side antibiotic gentamicin is primarily eliminated 

unchanged by the kidney (95% renal elimina-
tion), and if the dosing regimen is not modified, 
gentamicin accumulates to toxic blood levels in 
renal failure (Fig.  36.1). Using Eq.  36.11, the 
dosing adjustment factor (Q) for a 5-year-old 
child with a measured creatinine clearance of 12 
ml/min/1.73 m2 is calculated to be 0.15:
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A gentamicin dosing regimen modified for the 
reduced renal elimination is calculated by apply-
ing the dosage adjustment factor (Q) to either the 
dose amount or dosing interval. When the dosage 
adjustment factor is applied to the dose amount 
(multiplied), the modified dose is calculated to be 
0.375  mg/kg administered IV every 8  h 
(0.15 × 2.5 mg/kg/dose). When the dosage adjust-
ment factor is applied to the dosing interval 
(divided), the modified regimen is calculated to 
be 2.5  mg/kg administered IV every 53  h 
(8  h  ÷  0.15). As displayed in Fig.  36.2, both 
adjustments produce similar mean gentamicin 
serum levels but very different gentamicin serum 
peak and trough concentrations. Prolongation of 
the dosing interval (e.g., 2.5  mg/kg IV every 

53 h) results in gentamicin serum peak and trough 
concentrations that are similar to those observed 
with normal dosing. In contrast, reduction of the 
dosage amount administered on a normal sched-
ule (i.e., 0.375 mg/kg IV every 8 h) provides less 
variation between the serum peak and trough lev-
els. For gentamicin and other aminoglycoside 
antibiotics, therapeutic peak levels that exceed 
the MIC90 of the organism are desired, and a 
prolonged dosing interval regimen is the most 
appropriate. For other drugs (e.g., antihyperten-
sive agents), large swings in drug concentrations 
are undesired, and the method of reducing the 
dosage amount while maintaining the normal 
dosing interval will provide more consistent 
serum concentrations.
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Fig. 36.2 Serum 
concentration – time 
profile for a child with a 
GFR = 15 mL/
min/1.73 m2. The dashed 
line depicts the profile 
when the dosing interval 
is adjusted to 2.5 mg/kg 
IV every 53 h. The solid 
line depicts the profile 
when the dosing interval 
is unchanged and the 
dosage amount is 
reduced (0.375 mg/kg 
IV every 8 h)
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Once the prescribed drug dosing schedule has 
been adjusted for renal failure, a supplemental 
dose or dosing adjustment may be required for 
children receiving dialysis when more than 25% 
of drug is removed during the dialysis procedure. 
Supplemental dosing is given to replace the 
amount of drug removed by dialysis and may be 
achieved as a partial or full dose administered 

after hemodialysis or an increase in the dosing 
amount or frequency in children receiving perito-
neal dialysis or CRRT.  When possible, routine 
maintenance drugs should be provided after 
hemodialysis. Table  36.4 lists some common 
drugs and notes whether adjustments are needed 
for renal failure and if supplemental doses are 
suggested during dialysis.

Table 36.4 Dosing guidelines in renal failure and dialysis for common pediatric therapeutic agents

Drug

Adjustment 
for renal 
failure

Supplement for dialysis

CommentsHemodialysis
Peritoneal 
dialysis CRRT

Sieving 
coefficient*

Antibiotic, antiviral, 
antifungal agents
Acyclovir [24–30] Yes Yes No No 0.9 Neurotoxicity
Amantadine [31–33] Yes No No No
Amikacin [34–39] Yes Yes Yes Yes 0.9 TDM
Amoxicillin [40–42] Yes Yes No Yes 0.7
Amoxicillin/
clavulanic acid 
[43–45]

Yes Yes ? ? (Clav) 1 Consider dosing BID in 
HD

Amphotericin B [46, 
47]

No No No No 0.3

Amphotericin B 
lipid complex [48, 
49]

No No No No Dose after hemodialysis

Ampicillin [50–52] Yes Yes No Yes 0.7
Azithromycin [32, 
53]

No No No No

Cefaclor [54–56] Yes Yes No ?
Cefazolin [57–61] Yes Yes Yes Yes
Cefepime [62–66] Yes Yes Yes Yes Neurotoxicity
Cefixime [67, 68] Yes No No No
Cefotaxime [50, 69, 
70]

Yes Yes No Yes

Cefpodoxime 
[71–73]

Yes Yes No ?

Cefprozil [74] Yes Yes ? ?
Ceftazidime [42, 50, 
75–77]

Yes Yes No Yes 0.9

Ceftriaxone [17, 50, 
78, 79]

No No No Yes 0.7 Dose after hemodialysis

Cefuroxime [50, 
80–82]

Yes Yes No Yes 0.9

Cephalexin [32] Yes Yes No ?
Ciprofloxacin [32, 
42, 83–85]

Yes No No No 0.9

Clindamycin [86] No No No No
Co-trimoxazole 
[87–91]

Yes Yes No Yes

Erythromycin [32, 
50, 92]

Yes No No No
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Table 36.4 (continued)

Drug

Adjustment 
for renal 
failure

Supplement for dialysis

CommentsHemodialysis
Peritoneal 
dialysis CRRT

Sieving 
coefficient*

Famciclovir [93, 94] Yes No ? ? Dose after hemodialysis
Fluconazole [42, 
95–97]

Yes Yes No Yes 0.8

Foscarnet [98, 99] Yes Yes ? ? Nephrotoxicity
Ganciclovir 
[100–104]

Yes Yes ? Yes 0.8 Dose after hemodialysis

Gentamicin 
[105–107]

Yes Yes Yes Yes 0.8 TDM

Imipenem/cilastatin 
[50, 108–110]

Yes Yes No Yes 1 Seizures

Isoniazid [111–114] No No No No TDM dose after 
hemodialysis

Ketoconazole [115] No No No No
Loracarbef [116] Yes Yes ? ?
Meropenem 
[117–120]

Yes Yes ? Yes 0.9

Metronidazole [32, 
42, 50, 121, 122]

Yes No No No 0.9 Dose after hemodialysis

Oxacillin [123] No No No No 0.02
Penicillin G [32] Yes Yes No Yes
Pentamidine [124, 
125]

No No No No

Piperacillin 
[126–129]

Yes Yes No Yes 0.8

Piperacillin/tazo 
[130, 131]

Yes Yes No ?

Rifampin [32, 111] No No No No
Ticarcillin [45, 132, 
133]

Yes Yes Yes Yes 0.7

Tobramycin 
[134–136]

Yes Yes Yes Yes TDM

Valacyclovir [137] Yes No No No Dose after hemodialysis 
neurotoxicity

Valganciclovir [138, 
139]

Yes ? ? ? Not recommended in 
dialysis

Vancomycin [32, 
42, 140, 141]

Yes No No No 0.7 TDM

Anticonvulsants
Carbamazepine 
[142, 143]

Yes No No No TDM

Gabapentin [144] Yes No No No Dose after hemodialysis
Lamotrigine [145, 
146]

Yes No ? ?

Levetiracetam 
[147–153]

Yes Yes ? No 1

Phenobarbital [32, 
154]

Yes Yes Yes Yes 0.8

Phenytoin [32, 155] 
(Fosphenytoin)

No ? No ? 0.4 ↓ Protein binding 
TDM – free levels

(continued)
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Table 36.4 (continued)

Drug

Adjustment 
for renal 
failure

Supplement for dialysis

CommentsHemodialysis
Peritoneal 
dialysis CRRT

Sieving 
coefficient*

Valproic acid [4, 
156–159]

No No No No ↓ Protein binding; HD/
CRRT may be useful in 
setting of overdose

Cardiovascular agents
Aliskiren [160] No No ? ?
Amlodipine 
[161–163]

No No No ?

Atenolol [164–167] Yes Yes No ?
Captopril [168–172] Yes Yes No Yes
Clonidine [173, 
174]

No No No ?

Digoxin [13, 
175–178]

Yes No No No 0.8 ↓ Vd (adjust loading 
dose) Avoid K+ 
depletion

Enalapril [179, 180] Yes Yes No Yes
Esmolol [181, 182] No No No No
Fosinopril [183, 
184]

Yes No No No

Labetalol [185, 186] No No No No
Lisinopril [172] Yes Yes No Yes
Minoxidil [32, 187] No No No ?
Nifedipine 
[188–190]

No No No ?

Nadolol [191] Yes Yes No ?
Metoprolol [32, 
167]

No Yes ? ? Dose after hemodialysis

Prazosin [192] No No No ?
Propranolol 
[193–195]

No No No No

Immunosuppressive agents
Daclizumab No ? ? ?
Azathioprine [32, 
196]

Yes Yes ? ?

Cyclosporine 
[197–199]

No No No No 0.6 TDM, nephrotoxicity

Mycophenolate 
[200–202]

No No No No 0.02 TDM

Prednisone [203] No No No No
Sirolimus No ? ? ? TDM
Tacrolimus [204, 
205]

No No No No TDM, nephrotoxicity

Miscellaneous
Buspirone [206, 
207]

Yes No ? ? Active metabolites

Cetirizine [208, 
209]

Yes No ? ?

Diazepam [32] No No ? ? Active metabolites
Enoxaparin 
[210–212]

Yes Yes ? Yes 0.3–0.7 TDM
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The determinants of drug disposition and 
action in children with renal failure and those 
children receiving dialysis are frequently altered 
such that changes in the dosing regimen are nec-
essary to avoid toxicity or inadequate treatment. 
In view of the many factors that can alter both the 
disposition and action of a given drug, it is impor-
tant to individualize drug therapy for the known 
alterations associated with age, kidney failure, 
and dialysis.

 Future Considerations: Pediatric 
Pharmacogenetics

The application of pharmacogenetic principles to 
the optimal use of medications in children 
requires an understanding that the consequences 
of genetic variation in genes involved in drug dis-
position and response are superimposed upon 
variability associated with the processes of 
growth and development. Changes in end-organ 

Table 36.4 (continued)

Drug

Adjustment 
for renal 
failure

Supplement for dialysis

CommentsHemodialysis
Peritoneal 
dialysis CRRT

Sieving 
coefficient*

Famotidine 
[213–215]

Yes No No No 0.7 Active metabolites

Fentanyl [32] Yes No ? ?
Fluoxetine 
[216–218]

No No No No

Hydromorphone 
[219, 220]

Yes No ? ?

Imipramine [32, 
221]

No No No ?

Lansoprazole 
[222–224]

No No ? ?

Lithium [225–227] Yes Yes No ? TDM
Loratadine [228] Yes No ? ?
Meperidine [7] Yes ? ? ? Seizures, metabolites 

not recommended
Methadone [32, 
229, 230]

Yes No ? ?

Methylphenidate No ? ? ?
Midazolam [5, 231, 
232]

Yes ? ? ? 0.04 Active metabolites

Montelukast No ? ? ?
Morphine [6, 32, 
233, 234]

Yes No ? ?

Omeprazole [235, 
236]

No No ? ?

Ondansetron No ? ? ?
Oxycodone [32] Yes ? ? ? Active metabolites
Paroxetine [237] Yes ? ? ?
Ranitidine 
[238–241]

Yes No No ? 0.8 Dose after hemodialysis

Sufentanil [229] No ? ? ?
Warfarin [32] No No No ?

*Sieving coefficient may vary based on membrane and should be confirmed with membrane-specific data when 
available
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function, such as ontogeny of renal function early 
in life as well as renal failure and drug removal 
by dialysis, represent additional factors that must 
be considered in the pharmacotherapeutic 
decision- making process. Nevertheless, there are 
two factors that should be considered when deter-
mining if genetic variation (pharmacogenetics) is 
likely to be clinically relevant for a particular 
medication in a given patient. First, pharmacoge-
netic variation is most relevant when the pathway 
subject to genetic variation is quantitatively 
important to the overall clearance of the drug 
from the body. There are no specific guidelines as 
to what constitutes “quantitatively important,” 
but pharmacokinetic differences between “poor 
metabolizers” who have two nonfunctional cop-
ies of the gene and “extensive metabolizers,” who 
have two functional copies of the gene, begin to 
manifest when the polymorphic pathway 
accounts for at least 50% of the overall clearance. 
Traditionally, genetic variation has been consid-
ered to be increasingly important as the therapeu-
tic index – the difference between concentrations 
associated with effect and those associated with 
toxicity – decreases; warfarin is one example of a 
narrow therapeutic index medication where 
genetic information is becoming a very useful 
adjunct to initial dose selection. More recently, 
however, there is an increasing appreciation for 
pharmacogenetic variation to impact the use of 
broad therapeutic index drugs, with the primary 
concern being lack of efficacy, rather than 
increased risk of toxicity.

Efforts to assess the relative contributions of 
ontogeny and genetic variation to overall interin-
dividual variability in drug disposition and 
response have largely focused on genes involved 
in hepatic drug biotransformation. For example, 
cytochrome P450 2D6 (CYP2D6) is one of the 
best-studied, clinically relevant pharmacogenetic 
polymorphisms [21]. The CYP2D6 gene locus is 
highly polymorphic with more than 140 allelic 
variants with corresponding activity phenotypes 
ranging from poor metabolizer phenotypes (no 
functional activity) at one end of the activity 
spectrum to intermediate, extensive, and ultrar-
apid metabolizer phenotypes at the other end of 
the spectrum. From a pediatric perspective, 

CYP2D6 is not expressed to an appreciable 
degree in fetal liver, but functional activity 
appears relatively soon after birth [8]. Thus, for 
pharmacogenetics to be integrated into pediatric 
drug therapy, knowledge of ontogeny is essential 
as the functional consequences of genetic vari-
ability will not become fully apparent until the 
genes are fully expressed. In the case of CYP2D6, 
a longitudinal phenotyping study was conducted 
in children over the first year of life using a test 
dose of the over-the-counter cough suppressant 
dextromethorphan as a measure of CYP2D6 
activity. Measured CYP2D6 activity based on 
urinary metabolite ratios (phenotype) was con-
cordant with genotype at 2  weeks of age and 
throughout the following 12 months [22]. Thus, 
in  vivo phenotyping data indicate that genetic 
variation in CYP2D6 is expected to be a more 
important determinant of variability in drug dis-
position than developmental considerations.

The relevance of pharmacogenetics to drug 
administration in renal failure relates more to 
ancillary drug therapy than the renally eliminated 
medications whose clearance is prolonged by 
renal failure or altered during dialysis. For exam-
ple, CYP2D6 is important for elimination of 
many drugs used to manage other conditions in 
children with renal failure. These medications 
include selective serotonin reuptake inhibitors, 
fluoxetine and paroxetine; the selective norepi-
nephrine reuptake inhibitors, atomoxetine and 
venlafaxine; tricyclic antidepressants, amitripty-
line, nortriptyline, and desipramine; antipsychot-
ics, haloperidol, aripiprazole, and risperidone; 
analgesics, codeine, oxycodone, and tramadol; 
antihistamines, chlorpheniramine and diphen-
hydramine; and drugs such as metoclopramide, 
ondansetron, and promethazine. Genetic varia-
tion is also important for other CYPs as well, and 
two of the most important clinically are CYP2C9 
and CYP2C19. Examples of CYP2C9 substrates 
include phenytoin, warfarin, glipizide, several 
NSAIDs, and angiotensin receptor blockers, such 
as losartan, valsartan, and irbesartan. Clinically 
important CYP2C19 substrates include proton 
pump inhibitors (omeprazole, esomeprazole, 
pantoprazole, lansoprazole), clopidogrel, and 
escitalopram. In most situations, individuals with 
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two nonfunctional copies of the CYP2C9 or 
CYP2C19 genes are at increased risk for 
concentration- dependent side effects. Proton 
pump inhibitors are an exception as “poor metab-
olism” is associated with higher systemic expo-
sure of the drugs and thus improved clinical 
response.

Much less is known about the roles of ontog-
eny and genetic variation in transporter genes 
involved in drug elimination by the kidney and 
how this function is altered in chronic kidney dis-
ease. As an example, organic cation transporters 
(OCTs) in the SLC22A subfamily are primarily 
expressed on the basolateral membrane of polar-
ized epithelia and mediate the renal secretion of 
small organic cations. OCT1 (also known as 
SLC22A1) is expressed at the apical side of prox-
imal and distal renal tubules, whereas OCT2 
(SLC22A2) is predominantly expressed on the 
basolateral surface of proximal renal tubules. In 
adults, allelic variation in OCT1 and OCT2 is 
associated with increased renal clearance of met-
formin. On the other hand, no studies addressing 
the genetic variation of OCT1 and OCT2 have 
been conducted in children, but developmental 
factors appear to be operative. For example, neo-
nates possess very limited ability to eliminate 
organic cations, but this function increases rap-
idly during the first few months of life; when 
standardized for body weight or surface area, it 
tends to exceed adult levels during the toddler 
stage.

Most importantly, the application of pharma-
cogenetics to aid in optimizing drug therapy in 
children is rapidly gaining momentum but has 
not yet reached the stage of routine incorporation 
into clinical decision-making, especially in spe-
cialized conditions like chronic renal failure. 
Although a number of clinical guidelines have 
been released by the Clinical Pharmacogenetics 
Implementation Consortium (CPIC) to provide 
information regarding dosing of medications in 
the presence of a test result for a given patient, 
few of those published to date have specific infor-
mation for children; an exception is the recently 
released guideline for CYP2D6 and atomoxetine 
in children and adolescents with attention- 
deficit/hyperactivity disorder (ADHD) [23]. 

Nevertheless, pediatric experience across many 
subspecialty areas continues to accumulate, and a 
potential role for pharmacogenetics should be 
anticipated in situations where a medication is 
associated with a narrow therapeutic index, and 
when there is considerable variability in the 
response to a medication, whether lack of effi-
cacy or toxicity.
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Abbreviations

ACR American College of Radiology
CAPD Continuous ambulatory peritoneal 

dialysis
CIN Contrast-induced nephropathy
CT Computed tomography
ESRD End-stage renal disease
GBCA Gadolinium-based contrast agents
Gd Gadolinium
GFR Glomerular filtration rate
HD Hemodialysis
HOCM High-osmolar contrast media
IOCM Iso-osmolar contrast media
LOCM Low-osmolar contrast media
MRI Magnetic resonance imaging
NSF Nephrogenic systemic fibrosis
PD Peritoneal dialysis

 Introduction

The development of acute and chronic dialysis 
modalities has led to an increasing use of radio-
logical techniques to help initiate the dialysis and 
to assess the complications of dialysis access [1]. 
Besides initial assessment of hemodialysis or 
peritoneal dialysis catheter placement at the cor-
rect location, various radiological procedures are 
used for determining the etiology and location of 
complications such as catheter malposition, 
obstruction, or stenosis. More recently, interven-
tional radiology techniques have developed to 
address issues such as stenosis or obstruction.

In these procedures, contrast media have been 
widely used [2]. Contrast media facilitate the 
interpretation of medical imaging by increasing 
the differences seen between body tissues dis-
played on the images. Through various mecha-
nisms, contrast media influence a tissue or 
organ’s ability to absorb or reflect energy from 
electromagnetic radiation or ultrasound. These 
agents are commonly used with many imaging 
techniques including conventional radiography/
angiography, computed tomography (CT), mag-
netic resonance imaging (MRI), and ultrasound.

There are many types of contrast media with 
different properties available for use which will be 
discussed later in this chapter. In order to achieve a 
high concentration of contrast in the desired tissue, 
these agents can be administered intra-arterial, 
intravenous, intrathecal, or directly into a body 
cavity such as the gastrointestinal or urinary tract. 
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However, like any other pharmaceutical agent, 
adverse events may occur: with iodinated contrast, 
0.6% aggregate [3], 0.04% severe adverse events 
have been reported [4], and with gadolinium-
based, 0.01–0.22% aggregate, 0.008% severe [5].

Each year, millions of radiological examina-
tions are performed in patients with the assis-
tance of contrast media. In many cases, these 
studies are conducted in patients with advanced 
renal insufficiency or renal failure undergoing 
dialysis therapy. In patients with renal failure, 
there are several concerns and issues to consider 
with regard to the administration of contrast: (1) 
direct nephrotoxicity to the remaining func-
tional nephrons, (2) extra-renal toxicity due to 
delayed contrast excretion, (3) the role of dialy-
sis after the administration of contrast media, 
and (4) the relationship to nephrogenic systemic 
fibrosis (NSF).

The purpose of this chapter is to give an over-
view of the radiological assessment and interven-
tions in pediatric dialysis. We also review the 
classification and renal handling of contrast 
agents, review their mechanisms for toxicity, and 
examine the role of dialysis as a means to remove 
contrast in patients with advanced renal failure or 
end-stage renal disease (ESRD). We will also 
review recent data on the use of gadolinium (Gd) 
in patients with renal failure, especially in the 
context of NSF. Since studies on these issues in 
children are lacking, most inferences are extrapo-
lated from adult data. Pharmacological prophy-
laxis for contrast-induced nephropathy is beyond 
the scope of this chapter and will not be dis-
cussed. Interested readers are referred to a 
recently published in-depth review and meta- 
analysis of the available adult data on this contro-
versial topic [6].

 Classification of Contrast Media

Contrast agents used in conventional radiology 
and CT are categorized as positive or negative 
media depending on their capacity to attenuate 
the passage of radiation [7]. Positive contrast 
media are used more commonly and are radi-
opaque. Barium and iodine can attenuate X-rays 
50–1000 times more than soft tissues and are the 
main components in positive contrast media. 

Gadolinium-based contrast agents (GBCA) are 
also considered positive contrast agents. On the 
other hand, the introduction of air or carbon diox-
ide (CO2) will attenuate radiation less than the 
body soft tissues, due to the lower number of 
radiation attenuating atoms, and are considered 
negative contrast agents.

 Iodinated Contrast Media

Non-water-soluble contrast agents are used for 
complex interventional oncology treatments and 
lymphatic imaging and will not be discussed in 
this chapter. The most commonly used iodinated 
contrast agents are water soluble. They are uti-
lized for angiography, CT, and conventional radi-
ography since they can also be administered into 
the urinary or alimentary tract.

The initial water-soluble contrast agents 
were mono-iodinated- or di-iodinated-pyridine-
based compounds with a high toxicity. Since the 
1950s, contrast media are based from a tri-
iodinated benzene ring which has lower toxicity. 
The derivatives are either monomeric or dimeric 
depending on whether they contain one or two 
benzene rings [8–10]. Furthermore, their water 
solubility is achieved in different ways. Ionic 
contrast media dissociate in water into electri-
cally charged positive and negative ions which 
are attracted to the negative poles and positive 
poles of water molecules. Nonionic contrast 
media are electrically neutral but are water sol-
uble due to their polar hydrophilic hydroxyl 
groups which are attracted to the electrical poles 
in the water molecules [10, 11].

The osmolality of contrast media depends 
upon the number of molecules per volume unit 
solution and varies significantly depending on 
the class of the agent. The ratio of a contrast 
agent is indicative of its osmolality. Hence, the 
ionic agents which dissociate into two water- 
soluble particles have a ratio of 1.5 (monomeric; 
3 iodine atoms per 2 water-soluble particles) or 3 
(dimeric; 6 iodine atoms per 2 water-soluble par-
ticles). The nonionic contrast media that do not 
dissociate in water have a ratio of 3 (monomeric; 
3 iodine atoms per 1 water-soluble particle) and 6 
(dimeric; 6 iodine atoms per 1 water-soluble par-
ticle). Contrast agents with a ratio of 1.5 are 
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termed high-osmolar contrast media (HOCM), 
those with a ratio of 3 are low-osmolar contrast 
media (LOCM), and those with a ratio of 6 are 
iso-osmolar contrast media (IOCM) [8, 11]. 
These different characteristics are responsible for 
the diverse levels of toxicity between the agents. 
A detailed listing of commercially available 
iodinated contrast agents and their respective 
chemical properties can be found in other publi-
cations, including the contrast manual from the 
American College of Radiology (ACR), the 
definitive document that lists all the latest agents 
and their osmolarity [12].

 Renal Handling of Contrast Media

Overall, iodinated contrast media have a relatively 
small molecular weight, high water solubility, and 
minimal protein binding [8, 9, 13, 14]. After intra-
vascular injection they are distributed primarily 
into the extracellular space, and they rapidly reach 
equilibrium across the capillary membrane. These 
molecules do not cross the blood-brain barrier or 
cellular membranes, so there is virtually no intra-
cellular penetration [15, 16].

Contrast media are not metabolized and are 
freely filtered through the glomeruli, so the con-
centration of the agent in the initial filtrate is 
equal to the plasma concentration [17–19]. There 
is minimal tubular reabsorption and secretion, so 
under normal conditions, nearly the totality of the 
contrast media is eliminated through the kidneys 
with less than 1% being eliminated through the 
biliary system [9]. In the tubules, contrast media 
exert an osmotic force reducing the reabsorption 
of water and sodium [20, 21]. The result is an 
increase in the tubular hydrostatic pressure fol-
lowed by a decrease in the glomerular filtration 
rate (GFR). These changes are primarily seen 
with the use of HOCM and are minimized when 
LOCM and IOCM are employed [22]. However, 
nonionic dimeric contrast media can cause a pro-
longed increase in tubular hydrostatic pressure 
and a more extended decrease in GFR as a result 
of their increased viscosity [23].

The half-life of these agents is dependent on 
the GFR and in patients with normal renal func-
tion is approximately 1–2 h for each of the four 
groups of contrast media [24]. In patients with 

renal insufficiency and renal failure, contrast 
elimination is significantly delayed with approxi-
mately 50% of the injected dose recovered in the 
urine between 16 and 84 h after administration 
[24]. In individuals with end-stage renal failure, 
the plasma concentration of the agent remains 
elevated for a longer period of time.

 Mechanisms for Toxicity 
of Iodinated Contrast Media

There are two main concerns with the administra-
tion of iodinated contrast media in patients with 
renal failure: (1) the effects of the contrast on the 
remaining functional nephrons in pre-dialysis 
and dialysis patients with residual renal function 
and (2) the extra-renal effects due to prolonged 
contrast elimination.

The exact mechanisms leading to renal injury 
after iodinated contrast administration are still 
incompletely understood. Three proposed and dis-
tinct pathways that have gathered the most clinical 
attention are (1) reduction in renal perfusion lead-
ing to ischemia, (2) direct tubular cell toxicity, and 
(3) increase in oxygen-free radicals or decrease in 
antioxidant enzyme activity [25, 26].

It is now recognized that the reduction in renal 
blood flow after contrast media administration is 
transient and unlikely to result in ischemia. 
However, a decrease in renal vascular resistance 
in the cortex without a similar change in the 
medulla may lead to hypoxic damage in this 
region. The increased viscosity of IOCM which 
decreases renal medullary blood flow and partial 
oxygen pressure is also an important factor. The 
higher tubular fluid viscosity increases the renal 
interstitial pressure causing a decrease in medul-
lary blood flow and GFR [27, 28].

Contrast media also have a direct cytotoxic 
effect on renal tubular cells. Early investigations 
revealed a marked impairment in cell transport. 
More recent studies have shown that contrast 
media alters mitochondrial function and mito-
chondrial membrane potential and may play a 
role in DNA fragmentation and apoptosis in 
tubular cells [29, 30]. In vitro, dimeric contrast 
media have a greater potential for cytotoxic 
effects on proximal renal tubular cells than mono-
meric contrast media [31].
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Reactive oxygen species (ROS) also may play 
an important role in contrast-induced  nephropathy 
(CIN). ROS are known to scavenge nitric oxide 
and cause cellular damage, but they may also 
mediate the actions of vasoconstrictors thought to 
be of importance in the development of CIN [26].

All of the abovementioned pathways may 
contribute to renal injury. Patients with chronic 
kidney disease have a higher filtered load of the 
contrast media per nephron in addition to pro-
longed tubular exposure of the agent, placing 
them at increased risk for toxicity. Overall, pre-
existing renal disease with decreased renal func-
tion is one of the most important risk factors for 
the development of CIN.

The extra-renal side effects of contrast media 
can be minor (flushing, nausea, vomiting, pruri-
tus, headache, urticaria), intermediate (hypoten-
sion, bronchospasm), or severe (seizure, 
pulmonary edema, cardiac arrest, cardiac arrhyth-
mias). The incidence of adverse reactions is very 
low, especially with the use of contemporary 
LOCM agents. Minor adverse reaction rates with 
LOCM occur at a frequency of 0.2–0.7% of all 
patients [12]. Serious adverse reactions with 
LOCM injection are extremely rare, occurring at 
a frequency of 0.04%.There are several case 
reports and case series of contrast-related side 
effects in patients with renal failure which include 
skin disorders (iododerma), vasculitis, and sial-
adenitis (also known as iodide mumps) [32–35]. 
Younathan et al. studied 10 patients with ESRD 
on chronic hemodialysis (HD) who underwent 11 
procedures requiring intravascular administration 
of LOCM [36]. The investigators did not find sig-
nificant changes in blood pressure, electrocardio-
gram, serum osmolality, extracellular fluid 
volume, or body weight in these patients. None 
of the patients required emergent dialysis after 
the administration of contrast. A similar observa-
tion was reported by Hamani et  al. in eight 
chronic HD patients after the administration of 
LOCM [37]. The largest group of 22 dialysis 
patients who received LOCM was reported by 
Harasawa et  al. The patients were followed for 
5 days, and only one developed a localized urti-

carial reaction [38]. These reports suggest that 
the risk for extra-renal toxicity in ESRD patients 
after the administration of contrast is low and that 
immediate post-procedural dialysis is not 
necessary.

 Dialysis in the Removal of Iodinated 
Contrast Media

Contrast media have a molecular weight ranging 
from 700 to 1550 Da and their water solubility, 
low protein binding, and minimal intracellular 
penetration allow for efficient removal from 
blood by HD. Treatment variables such as blood 
flow rate, membrane surface area, membrane 
material, additional ultrafiltration, and dialysis 
time will influence contrast media clearance. 
Currently, there are multiple published studies 
evaluating the removal of all classes of iodinated 
contrast media by HD (Table  37.1) [39–50]. 
Comparison between these studies is difficult due 
to variations in contrast media molecules, time 
period between contrast administration and initi-
ation of dialysis, blood flow rates, membrane 
type/size, time on dialysis, ultrafiltration rate, 
and presence of residual renal function. 
Nevertheless, several important observations can 
be made from these investigations.

The mean reduction rate of iodine by HD 
increases with longer dialysis time reaching over 
70% at 3 h in most studies [39, 47, 48, 50]. The 
relationship between contrast media clearance 
and blood flow rate was addressed by Teraoka 
et  al. These investigators observed that when 
blood flow rates were set at 100, 150, and 
200  mL/min, the clearance of iopromide 
increased to 45.35 ± 2.54, 53.88 ± 6.46, and 
57.61 ± 4.72 mL/min, respectively [46].

A study by Matzkies et al. evaluated the clear-
ance of iopromide using dialyzers with two dif-
ferent membrane materials and sizes [41]. A 
significant increase in the plasma clearance of 
iodine was observed when larger dialyzers were 
used. The clearance was also higher for the poly-
sulfone as compared to the cuprophan dialyzers. 
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Table 37.1 Hemodialysis removal of contrast media

Study Contrast agent
Molecular 
weight (D) Dialyzer

Contrast clearance 
(mL/min)

Contrast 
removal

Kierdorf et al. [40] Iopromide 791 80 41% in 3 h
Waaler et al. [49] Iohexol 821 Polycarbonate

Cellulose
Cuprophan

81  ±  15 72  ±  11% in 
4 h

Moon et al. [43] Iohexol 821 Cuprophan
Polysulfone

70.4  ±  24.6 60–90% in 6 h

Ueda et al. [48] Ioversol 807 Cellulose 114–129 82.5 ± 5.1% at 
4 h

Ueda et al. [47] Iomeprol 777 Cellulose 131.4–133.3 81.4  ±  4.6% 
at 4 h

Johnsson et al. [50] Iohexol 821 Cellulose 71% at 3 h
79% at 6 h

Matzkies et al. [42] Iopromide 791 Haemophan
Polyamide

108  ±  1.9
110  ±  1.4

62% at 3 h
58% at 3 h

Horiuchi et al. [39] Iohexol 821 Cellulose 72.9% at 3 h
Matzkies et al. [41] Iopromide 791 Cuprophan

Polysulfone
87–121
147–162

57–63% at 2 h
60–68% at 2 h

Sterner et al. [45] Iodixanol
Iohexol

1550
821

Low flux 58  ±  11
69  ±  16

Schindler et al. [44] Iopromide 791 Hemophan 82  ±  2.3 64% at 4 h
Teraoka et al. [46] Iopromide 791 Cuprammonium 57.6

Overall, most studies have reported that high-flux 
membranes were more efficient than low-flux 
membranes in the elimination of contrast media 
[42, 44]. In contrast, one report by Matzkies et al. 
studied the elimination of iopromide in chronic 
HD patients using low-flux (haemophan) and 
high-flux (polyamide) dialyzers and found a 
comparable difference in the clearance rates for 
both membranes [42].

The post-dialysis rebound or redistribution 
of contrast media has been reported in only 
three studies [42, 45, 50]. One study found no 
significant rebound when measuring the iodine 
concentration 1 hour after treatment [41]. 
However, a study by Johnsson et al. reported an 
increase in the blood concentration of iohexol 
at 1 and 24  h as compared to the immediate 
post-dialysis level [50]. Sterner et  al. found 
similar results [24, 45]. These investigators 
measured iodine concentrations 2 and 45  min 
after the conclusion of HD.  When using the 
45 min post-dialysis plasma level, they reported 
an 8–10% decrease in clearance, representing 

what they termed “hemodialysis clearance of 
extracellular space.” The clinical significance 
of the rebound effect is not known.

Peritoneal dialysis (PD) is relatively ineffec-
tive in removing contrast media. A total of ten 
patients on continuous ambulatory peritoneal 
dialysis (CAPD) were studied after the adminis-
tration of iopamidol [51]. CAPD removed an 
average of 53.6% of the administered dose during 
the study period using 8 L of dialysate per day. 
An average of 93% of the total dose was cleared 
when dialysis and renal clearances were com-
bined. A study by Moon et  al. reported three 
patients who received iohexol [43]. Using 
36–60  L of dialysate, 43–72% of the adminis-
tered dose was removed over 16–18 h. In another 
group of 14 patients with and without residual 
renal function, CAPD removed 75% of the 
administered iomeprol after a period of 4  days 
[52]. When compared to HD, the clearance of 
contrast media with PD is slower. However, no 
adverse events as a result of contrast exposure 
were reported in any of these studies.

37 Role of Radiological Assessment and Intervention in Pediatric Dialysis



714

 Dialysis as a Strategy to Minimize 
Contrast-Induced Nephropathy

Post-procedural dialysis to prevent extra-renal 
complications in patients with ESRD does not 
seem to be warranted and was addressed in an 
above section.

Immediate dialysis after the administration of 
iodinated contrast media has been advocated for 
patients considered at very high risk for toxicity: 
ESRD patients on chronic dialysis and those with 
advanced chronic renal failure as a way to protect 
residual renal function and avoid further 
decreases in GFR.  Several studies have shown 
that the administration of HD does not reduce the 
risk of CIN.

In a prospective, randomized study, Lenhnert 
et al. evaluated the influence of HD on CIN in 30 
patients with chronic renal failure [53]. Both 
groups received pre-hydration with intravenous 
0.9% saline. In addition, the patients randomized 
to Group 1 received HD for 3 h with a high-flux 
polysulfone membrane after the administration 
of iopentol. The rate of CIN was similar for both 
groups (53% for Group 1 and 40% for Group 2) 
despite data indicating that HD removed the 
iopentol effectively.

In a similar study, Sterner et  al. reported 32 
patients who were randomized to receive either 
HD plus pre- and post-procedural hydration or 
hydration alone after an angiographic examina-
tion [45]. HD was started within 2 h after the end 
of contrast administration. The treatment was 
prescribed for 4 h using low-flux cellulose ace-
tate or cellulose diacetate hemodialyzers. The 
GFR was determined by iohexol clearance 1 day 
prior to and 1  week after the procedure. There 
was no significant difference in the renal iohexol 
clearance between the groups. The investigators 
concluded that HD was not effective in prevent-
ing CIN in patients with chronic renal failure.

The largest prospective, randomized study of 
113 patients addressing this issue reported that 
the rate of CIN did not differ between the HD and 
standard hydration alone treatment groups [54]. 
The same conclusion held true even for the sub-
group of patients receiving a larger volume of 
contrast media. In this study, HD was started at a 

median of 120  min after the administration of 
contrast and was prescribed for a mean of 3  h 
using a high-flux polysulfone dialyzer.

The lack of protection against CIN could be 
the result of starting HD “late” after contrast 
administration given the fact that renal injury 
may occur rapidly. A study by Frank et al. evalu-
ated the influence of simultaneous HD at the 
time of contrast media administration on renal 
function [55]. Creatinine clearance was mea-
sured prior to 1 and 8 weeks after the procedure. 
In each of the study groups, the creatinine clear-
ance was not different. Two patients from each 
study arm developed ESRD requiring subse-
quent dialysis treatments. With a small sample 
size of 17 patients, the study failed to demon-
strate a protective effect of “early” HD on devel-
opment of CIN.

More recently, hemofiltration has been 
reported by Marenzi et al. as a successful strategy 
for the prevention of CIN [56]. A total of 114 
patients were randomized to receive pre-contrast 
hydration or hemofiltration 4–6  h prior to and 
18–24 h after the angiography. CIN occurred in 
5% of patients in the hemofiltration group and in 
50% of patients in the control group. A follow-up 
study compared patients receiving hemofiltration 
after contrast administration to those receiving 
hemofiltration 6 h prior to and after the procedure 
[57]. The rate of CIN was significantly less in the 
pre-/post-hemofiltration group as compared to 
the post-hemofiltration group (26% vs. 3%). The 
mechanisms involving the protective effects of 
hemofiltration remain unclear, and further studies 
with this form of therapy are needed.

 Negative Contrast Media

The negative radiological contrast media are the 
gases: air, oxygen, nitric oxide (N2O), or carbon 
dioxide (CO2). CO2 has been used as an intravas-
cular imaging agent for over 30 years and as an 
alternative to iodinated contrast agents or gado-
linium in patients with advanced renal failure. 
CO2 has certain unique properties: it is not neph-
rotoxic, lacks allergic potential, and is eliminated 
by one pass through the lungs.
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Several animal studies have reported the 
lack of renal toxicity of CO2. Hawkins et  al. 
evaluated the effects of selective CO2 injection 
in the renal arteries of dogs [58]. The investi-
gators found no dose-dependent effect of CO2 
on renal function or renal histology. Palm et al. 
compared the effects of CO2 with those of iox-
aglate in the rat kidney [59]. The pronounced 
decrease in medullary blood flow and PO2 
observed after injection of ioxaglate was not 
present in the animals injected with CO2. 
Furthermore, a review of the published litera-
ture did not reveal any cases of CIN secondary 
to CO2 administration.

CO2 is indicated for angiography in patients 
with renal failure. However, it is not recom-
mended to evaluate the cerebral or coronary cir-
culations. Animal studies have suggested but 
failed to confirm its neurotoxicity [60, 61]. 
However, widespread ST segment elevation, 
decrease in coronary flow velocity, and profound 
global left ventricular dysfunction were docu-
mented after administration of small doses of 
intracoronary carbon dioxide in swines [61].

Overall, CO2 angiography is well tolerated 
and can be successfully used in patients with 
renal failure in order to avoid CIN (for a review, 
see Ref. [62]).

 Ferumoxytol

Ferumoxytol is a superparamagnetic iron oxide 
particle that is currently Food and Drug 
Administration (FDA) approved for intravenous 
iron replacement for treatment of iron defi-
ciency anemia in patients with chronic kidney 
disease. The FDA label additionally states that 
ferumoxytol alters MRI studies, and more 
recently, its use as a contrast agent for MRI has 
been studied and explored. Ferumoxytol acts as 
a blood pool agent, as it is a relatively large mol-
ecule with a long intravascular half-life of 
14–15  hours [63], compared to about 90  sec-
onds for traditional GBCA [64]. Eventually, 
phagocytic cells, especially macrophages of the 

reticuloendothelial system, eliminate ferumoxy-
tol from circulation [65]. The ability of feru-
moxytol to remain largely in the intravascular 
space for an extended period of time has impor-
tant implications in its use as a contrast agent: 
longer imaging studies can be attained, covering 
larger anatomical areas. This is in contrast to 
GBCAs, which have a relatively short intravas-
cular half-life and thus limited time for acquisi-
tion of imaging. Ferumoxytol causes strong 
enhancement on T1-weighted images [66], 
which allows depiction of vessels while feru-
moxytol remains in the intravascular space. In 
contrast, ultrasound and MRI with GBCA can 
only cover limited vascular territories. Various 
studies have shown that ferumoxytol can be 
used effectively as a contrast agent for ceMRA 
with comparable quality to GBCA, good visibil-
ity of occlusions, and the ability to image large 
areas of the body. Figure 37.1 shows a coronal 
T1 image from a ferumoxytol enhanced MRI in 
a patient with renal failure, depicting fat satu-
rated with ferumoxytol. Figure  37.2 is a 3D 
reconstructed image from ferumoxytol MRI, 
demonstrating stenosis and internal jugular 
veins with collateral venous structures.

Fig. 37.1 Images from a ferumoxytol-enhanced MRI in 
a patient with renal failure. Coronal T1 shows fat satu-
rated with ferumoxytol
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 Gadolinium

Gadolinium is a rare earth metallic element in the 
lanthanide series of the periodic table, with an 
atomic number of 64 and molecular weight of 
157.25 Da. This element has the unusual property 
of possessing seven unpaired electrons in its 
outer shell, thereby making Gd an ideal “para-
magnetic” substance to disturb the relaxation of 
surrounding water molecule protons and generate 
contrast in MRI [67]. The GBCA are classified 
into four main categories based on their biochem-
ical structure (macro-cylic or linear) and their 
charge (ionic or nonionic). The different proper-
ties of each category are important in order to 
understand their potential for toxicity as a result 
of liberation of free Gd from its chelate. Overall, 
macro-cyclic chelates tend to be more stable and 
have lower dissociation rates.

 Renal Handling of Gadolinium

The GBCA have a molecular weight ranging 
from 500 to 1000 Da, are highly soluble in water, 
and have low binding to plasma proteins. Hence, 

after intravenous administration, GBCA distrib-
ute into the extracellular space and rapidly 
 equilibrate with the interstitial space. There is no 
intracellular penetration. These properties 
account for the small volume of distribution of 
GBCA (0.26–0.28 L/kg body weight) [68].

Chelated Gd is freely filtered by the glomer-
uli, is neither secreted nor reabsorbed by the renal 
tubules, and is eliminated unchanged in the urine. 
In the presence of normal renal function, GBCA 
clearance approximates GFR.  Their mean half- 
life is typically under 2 h with 95% of the admin-
istered dose eliminated in the first 24 h. In renal 
failure, the half-life can be prolonged up to 
30–120  h. Extra-renal elimination of GBCA is 
negligible with less than 3% being excreted in the 
stool [68, 69].

 Mechanisms for Toxicity 
of Gadolinium

Though free Gd+ can be toxic, the chelated form 
of Gd was believed for many years to be nontoxic 
and generally safe. Only 64 adverse reactions, 
mostly mild, were reported after 158,439 doses 
in one study [70] and only 36 adverse reactions in 
21,000 patients in another study [71]. Two case 
reports described a spurious hypocalcemia after 
Gd administration [72, 73].

When compared to iodinated contrast media, 
GBCA are considered to be less nephrotoxic. This 
is likely attributed to their lower viscosity and the 
need to administer significantly lower volumes. 
Several studies in healthy patients as well as indi-
viduals with mild and moderate renal failure sug-
gested that overall nephrotoxicity is quite low 
ranging from 0% to 5% [74, 75]. The risk of neph-
rotoxicity has been reported to be much higher in 
patients with more advanced renal disease and 
after intra-arterial injection of GBCA [76–79]. 
The exact mechanism of nephrotoxicity of GBCA 
is not well known. However, GBCA and iodinated 
contrast media share the same pharmacodynam-
ics, their nephrotoxic effects are often clinically 
similar, and they may cause renal damage through 
similar mechanisms.

Fig. 37.2 Three-dimensional reconstructed image from 
ferumoxytol MRI demonstrating stenosis and internal 
jugular veins with collateral venous structures
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More recently, Gd has been associated with a 
newly recognized condition called nephrogenic 
systemic fibrosis (NSF), which is discussed in a 
later section.

 Dialysis in the Removal 
of Gadolinium

Though GBCA clearance is delayed in renal fail-
ure, these compounds are of low molecular 
weight, not protein bound, and have a small vol-
ume of distribution [80–82]. These properties 
allow for good clearance with HD. Okada et al. 
reported the removal rate of gadopentetate in 11 
patients after a 4 h HD treatment [81]. The aver-
age Gd removal was 78.2% of the administered 
dose after the first, 95.6% after the second, 98.7% 
after the third, and 99.5% after the fourth treat-
ment. A similar observation was reported after 
administering gadodiamide to 13 patients. An 
average of 98.9% of the administered dose was 
removed after three HD treatments.

Ueda et al. evaluated the clearances of three 
different GBCA in an in  vitro system using 
low- flux cellulose diacetate and higher-flux cel-
lulose triacetate hemodializers [83]. The clear-
ance of all three GBCA was significantly higher 
when using the cellulose triacetate dialyzer 
with larger pore size.

The clearance of GBCA using PD is much 
slower. Joffee et  al. evaluated the removal of 
gadodiamide in nine CAPD patients. After 
22 days only 69% of the administered dose had 
been removed [84]. Hence, the clearance of 
GBCA by PD is inefficient and generally consid-
ered inadequate.

 Nephrogenic Systemic Fibrosis

In 2000, Cowper et al. described a new condition 
characterized by unusual, debilitating, and fre-
quently fatal skin induration in patients with 
acute or chronic renal failure [85]. The induration 
presented as tender plaques or nodules on the 
limbs and trunk, differentiable from scleromyx-
edema by absence of facial involvement and neg-

ative serological features. Histological 
characteristics included a markedly thickened 
dermis yet unremarkable epidermis, increased 
mucin deposition between widely separated col-
lagen bundles, and absence of necrosis or ulcer-
ation. The disease was initially labeled as 
nephrogenic fibrosing dermopathy [86]. As more 
patients were recognized [87–93], other systemic 
manifestations of the disease became clear, lead-
ing to a change in the name to NSF. The exact 
cause of this disease was and still remains 
unknown. However, in 2005, multiple reports 
emerged of a strong association with prior Gd 
administration in patients who developed NSF 
disease 4–8 weeks later [94, 95]. Subsequently, 
Gd was detected in the skin lesions of some 
patients with NSF, increasing the likelihood that 
the association was causal [96, 97].

In renal failure, free Gd can potentially be lib-
erated into tissue. Several GBCA are marketed 
(Table 37.2). The potential for free Gd dissocia-
tion depends on several factors, including pres-
ence or absence of ionic charge (more ionic = less 
likely to dissociate), chemical structure (linear 
more likely to dissociate than cyclic ring of che-
late around Gd), and kinetic stability (half-life at 
pH 0.1; shorter stability more likely to dissoci-
ate). Consistent with this paradigm, the nonionic, 
linear chelate with a short half-life (gadodiamide) 
has been associated with the highest incidence of 
NSF.  Macrocyclic GBCA result in the lowest 
possible gadolinium deposition in tissues. The 
dose of GBCA administered may also play a role. 
GBCA were approved for use in MRI at a dose of 

Table 37.2 FDA-approved GBCAs

Commercial 
name Generic name

Chemical 
structure

Dotarem Gadoterate 
meglumine

Macrocyclic

Eovist Gadoxetate disodium Linear
Gadavist Gadobutrol Macrocyclic
Magnevist Gadopentetate 

dimeglumine
Linear

MultiHance Gadobenate 
dimeglumine

Linear

Omniscan Gadodiamide Linear
OptiMARK Gadoversetamide Linear
ProHance Gadoteridol Macrocyclic
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0.1  mmol/kg. However, in order to avoid the 
nephrotoxicity of iodinated HOCM, many radi-
ologists started using high-dose GBCAS (0.3–
0.9  mmol/kg) for magnetic resonance 
angiography [98]. Doses above 0.3  mmol/kg 
were never formally tested or approved by any 
regulatory agency in the USA or Europe [99]. In 
the USA, the Food and Drug Administration 
(FDA) expanded the age range for use of gado-
pentate demegluine to patients less than 2 years 
of age to parallel current regulatory guidelines in 
Europe. The range of dosing for GBCAs has con-
tinued to decrease with dosing for several agents 
in pediatrics in the 0.05–0.1 mmol/kg range.

Of the several hundred NSF cases reported, 
only a few were seen in children [88, 89, 100–
102]. So far, 23 children have been reported with 
NSF, across 3 major data sources [103]. Seventeen 
had documented exposure to GBCA. No charac-
teristics that were specific to children were noted. 
The youngest affected child was 6 years of age.

Even though HD can remove gadolinium, 
cases exist where prompt treatment was adminis-
tered and yet did not prevent the development of 
subsequent NSF. Patients on PD have a 7.5-fold 
higher attack rate of NSF presumably as a result 
of slower clearance.

Current recommendations for GBCA use vary 
between the USA and Europe (Table 37.3). Both 
groups agree that GBCA risk of NSF is high 
when the GFR is known to be below 30  mL/
min/1.73  m2 but differs on the specifics of the 
recommendations. The American College of 
Radiology recommends that a recent GFR assess-
ment be reviewed prior to GBCA administration 
in high-risk patients, such as those with known 
prior renal disease and hypertension or following 
liver transplantation.

With the emergence of NSF, the pendulum 
may have swung back in favor of iodinated 
contrast agents for imaging when renal failure 
is at an advanced stage [104]. Iodinated con-
trast nephrotoxicity is somewhat more predict-
able and perhaps reversible, with less threat to 
life. Nevertheless, any contrast imaging in 
patients with renal failure is currently not 
without risk [105].

 Creation and Maintenance 
of Venous Access for Hemodialysis

Many pediatric patients will require hemodialy-
sis leading up to transplantation. The prudent use 
of vascular access devices is paramount in chil-
dren as there is great potential to permanently 
injure vessels with imprudent device or technical 
factors. In general, the principles and standards 
outlined in the National Kidney Foundation 
Kidney Disease Outcomes Quality Initiative 
(NKF KDOQI) are pertinent to pediatric hemodi-
alysis patients [106]. There are some unique fac-
tors related to pediatric patients that warrant 
special attention however.

The proper vessel for line placement and spe-
cial attention toward a mindset of vessel preser-
vation become more impactful in pediatric 
patients who may require long-term, potentially 
life-long, venous access for hemodialysis. 
Indwelling venous catheters coupled with repeti-
tive endothelial injury from venipunctures con-
tribute to intimal hyperplasia and ultimately 
vessel stenosis or occlusion. For these reasons 

Table 37.3 Current recommendations on use of GBCA

US Food and Drug 
Administration

European medicines agency

Considers all GBCA 
as increasing risk for 
NSF (class effect)

Separates out the GBCAs as 
below

No absolute 
contraindications for 
GBCA use; advises 
caution when GFR 
below 30 mL/
min/1.73 m2

Specifies that three GBCAs 
(gadodiamide, 
gadoversetamide, and 
gadopentetate dimeglumine) 
are contraindicated in patients 
with GFR  < 30 mL/
min/1.73 m2 and should be 
used with caution when GFR 
between 30 and 60 mL/
min/1.73 m2

All GBCAs 
considered risky with 
liver transplantation

Gadodiamide contraindicated 
in patients about to undergo 
or with a liver transplant

Prompt hemodialysis 
recommended after an 
at-risk patient has 
received a GBCA, but 
prompt is not defined

Hemodialysis post-GBCA 
administration not 
specifically discussed
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the smallest possible catheter should be chosen 
for the intended purpose. KDOQI guidelines on 
pediatric patients suggest some weight-based 
guidelines, but there is no abundant evidence, and 
best practice is to have a multidisciplinary 
approach to determine what flow rates are needed 
and what vessels are available for placement. 
Placing twin tunneled catheters and catheters less 
than 8 French is generally not undertaken. 
Contemporary tunneled hemodialysis catheters 
for pediatrics are available in sizes down to 8 
French, but many operators choose to place 10 
French devices owing to their more predictable 
flow rates and more durable polyurethane con-
struction [107].

Vessel preservation strategies are well estab-
lished in the adult setting and probably even more 
important in the pediatric setting owing to smaller 
veins and the potential for life-long vascular 
access needs. The veins in the neck (internal jug-
ular, external jugular) should be the first choice 
with preference on the right side. The subclavian 
vein should be avoided to avoid potential injury 
or subsequent stenosis that would preclude future 
catheter placement or fistula creation in the 
affected upper extremity [106, 108]. Ultrasound 
guidance is the standard of care for all hemodi-
alysis catheter placements and helps reduce 
puncture attempts and resultant vessel trauma. If 
veins in the neck have been exhausted, femoral, 
translumbar, or transhepatic approaches can be 
considered on a case-by-case basis.

In pediatric hemodialysis patients over 20 kg, 
arteriovenous fistula creation is also used to 
achieve vascular access needs. Maintenance of 
fistula patency is aggressively undertaken similar 
to adult fistula patients. There should be a low 
threshold for detailed evaluation of any subopti-
mal functioning fistula. Duplex ultrasound is an 
excellent starting point for noninvasive surveil-
lance. Following that, angiography with potential 
for more elaborate interventional, image-guided 
procedures such as pharmacomechanical throm-
bolysis, angioplasty, or stenting can be under-
taken depending on the specific problem 
uncovered [109–112] .

In some cases where there is extensive venous 
stenosis or occlusion, the use of advance imaging- 

guided techniques can be used to recanalize medi-
astinal access for catheter placement [113, 114]. 
Various methods have been described utilizing 
ultrasound, fluoroscopic, and venographic guid-
ance. Figures 37.3 and 37.4 show a successful per-
cutaneous imaging-guided recanalization of an 

Fig. 37.3 Contrast study in a child showing SVC occlu-
sion from multiple prior infected hemodialysis catheters

Fig. 37.4 The same child, after successful recanalization 
of an occluded upper SVC
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occluded upper SVC in a child with SVC occlu-
sion from multiple prior infected hemodialysis 
catheters requiring removal and replacement.

 Role of Imaging for Acquired Cystic 
Kidney Disease

The failed native kidneys can develop acquired 
renal cysts [115]. The diagnosis of acquired cys-
tic kidney disease (ACKD) requires the presence 
of four or more renal cysts affecting both of the 
atrophied or small kidneys. The incidence of 
ACKD is 7% if the patient is predialysis but rises 
to 22% if on dialysis and is also higher with lon-
ger duration of ESRD. In children, the reported 
rate is between 21% and 45% [116]. One to three 
cysts are seen in more than 50% of dialysis 
patients. A higher risk for ACKD is seen in males 
[117] and black patients; they also have larger 
cysts [118]. But cyst development is not related 
to the cause of ESRD or the modality of dialysis. 
The presenting features include gross hematuria 
(if urine is still produced),while anuric patients 
can present with bilateral flank pain from cyst 
enlargement and bleeding, though many cysts are 
asymptomatic. ACKD is not the same as autoso-
mal dominant polycystic kidney disease 
(ADPKD), which can be differentiated by the 
positive family history and the large size of the 
kidneys in ADPKD.

The major worry about ACKD is that ~2% of 
patients with ACKD can develop renal cell carci-
noma (RCC) [119], especially those patients 
receiving chronic dialysis for more than 10 years 
or those with numerous or complex cysts. This 
rate is about sixfold higher than the general 
population.

The current recommendations for dialysis 
patients are as follows: (A) to obtain a baseline 
screening renal ultrasound scan for ACKD 
around 3 years after the initiation of dialysis. (B) 
In patients with an initial negative ultrasound, 
repeat renal ultrasonography is recommended 
every 3 years or if symptoms arise. (C) In patients 
found to have one to three simple cysts at any 
ultrasound, subsequent yearly renal ultrasonogra-
phy is recommended. (D) Patients meeting the 

definition of ACKD or with complex cysts should 
have contrast-enhanced CT scanning to look for 
neoplastic lesions. Iodinated contrast is not an 
issue here since the kidneys have already failed. 
However, GBCA-contrast MRI is contraindi-
cated. The role of noncontrast magnetic reso-
nance imaging in assessing these lesions has not 
been established. (E) These patients should also 
be referred to urology. Native kidney nephrec-
tomy may be indicated.
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Extracorporeal Therapy for Drug 
Overdose and Poisoning

Vimal Chadha

 Introduction

Poisoning continues to be a significant cause of 
morbidity and mortality. The 2018 Annual Report 
of the American Association of Poison Control 
Centers National Poison Data System (NPDS): 
36th Annual Report published information on 
2,099,751 human exposure cases of poisoning of 
which more than half (59%) were children and 
adolescents <20 years old, with majority (75%) 
occurring in children ≤5 years [1]. A male pre-
dominance was found among cases involving 
children ≤12 years, but this gender distribution 
was reversed in teenagers and adults, with 
females comprising the majority of reported 
exposures [1]. Prescription drugs, over-the- 
counter medications, illicit drugs, and common 
household substances can all be responsible for 
poisoning. The top five most frequently involved 
substances in all human exposures were analge-
sics (10.9%), household cleaning substances 
(7.3%), cosmetics/personal care products (6.5%), 
sedatives/hypnotics/antipsychotics (5.5%), and 

antidepressants (5.2%). In children ≤5  years, 
analgesics (9%) were surpassed by cosmetics/
personal care products (12.1%) and household 
cleaning substances (10.7%) [1].

Of note, there has been a steady decline 
(15.7% since 2008) in the number of poisoning 
cases, but this has been accompanied by an 
increase (4.45% per year since 2000) in the num-
ber of cases with serious outcomes. The most 
rapidly increasing substance categories resulting 
in more serious outcomes for the past 10 years 
have been antidepressants, stimulants/street 
drugs, antihistamines, and anticonvulsants [1]. 
While most (76.7%) poison exposures are still 
unintentional, suicide attempts by adolescents 
are becoming an important emerging trend; sui-
cidal intent was suspected in 19.1% (almost dou-
ble since 2008) of cases. It is noteworthy that in 
13% of exposures (273,581 cases), poisoning 
resulted due to therapeutic errors such as inadver-
tent double dosing, incorrect dosing, wrong med-
ication taken or given, and inadvertent exposure 
to someone else’s medication.

The management of poisoning continues to be 
a significant burden on the healthcare system. In 
2018, approximately one-third (31%) of all cases 
received treatment in a healthcare facility. While 
half of them were treated and released without 
hospital admission, 97,963 (15%) had to be 
admitted for critical care management, and 
78,401 (12%) were admitted to a non-critical 
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care unit. Despite being the most common age 
group with poisonings, only 12.5% of children 
≤5 years and 18.4% of children between 6 and 
12  years were managed in a healthcare facility 
compared to 66% of teenagers (13–19 years) and 
50% of adults. Similarly, children younger than 
6 years also experienced the least (<2%) of the 
exposure-related fatalities [1].

 Poison Characteristics

In the discipline of clinic toxicology, poison gen-
erally refers to any agent (drug or toxin) that can 
kill, injure, or impair normal physiologic func-
tion. A poison is often referred to as a xenobiotic, 
a chemical substance found within an organism 
that is not naturally produced or expected to be 
present within the organism. The term also 
includes any naturally existing substances in an 
organism that are present in abnormally higher 
concentrations.

For practical purposes, the poisons can be 
divided into two broad categories: those that 
cause tissue damage and those that do not. 
Tissue damage is defined as irreversible or 
slowly reversible structural or functional 
changes in one or more organ systems that occur 
as a direct result of the poison (or its toxic 
metabolite) in the body. Poisons such as salicy-
lates, acetaminophen, and methanol fall in this 
category, and they can cause direct tissue dam-
age despite provision of intensive supportive 
care [2–5]. Thus, in patients poisoned with this 
group of chemicals, use of a specific antidote (if 
available) and/or active removal of the poison 
by extracorporeal therapies (ECTs) is necessary 
to prevent irreversible tissue damage. The sec-
ond group of poisons such as barbiturates and 
other common sedative/hypnotic drugs does not 
have any direct tissue-damaging effect but 
causes indirect harm due to respiratory compro-
mise or hypotension. These patients can be 
treated with specific antidotes (if available) and 
supportive care, provided they will metabolize 
and/or excrete the poison in a reasonable time.

 Management of the Poisoned 
Patient

The general approach to the management of an 
acute poisoning includes:

 1. Patient stabilization (maintenance of the air-
way, ventilation, and hemodynamic status).

 2. Establishing accurate diagnosis by clinical 
evaluation which in many cases is aided by 
identification and determination of blood con-
centration of the toxic substance. Recognition 
of toxidromes (constellation of symptoms and 
signs associated with certain class of poisons) 
can be valuable in expediting diagnosis.

 3. Decontamination (removal of poison from site 
of absorption such as GI tract or skin).

 4. Administration of antidotes, if available.
 5. Supportive care (treatment of hypotension, 

arrhythmias, respiratory failure, electrolyte 
imbalance, and seizures).

 6. Enhancing elimination of poison by manipu-
lation of urinary pH.

 7. Removal of poison by ECTs.

Fortunately, the vast majority of patients with 
poisoning recover with appropriate supportive 
care and/or timely usage of specific antidote ther-
apy. As a result, a very limited number of patients 
require ECTs, but they are also the most critically 
sick patients where a judicious usage of ECT can 
determine their outcome. According to the NPDS 
36th Annual Report, ECTs were utilized in 2817 
(2.9%) of 97,963 patients admitted for critical 
care management [1].

Since poisons achieve their toxic effects on 
target organs via the bloodstream, it seems logi-
cal that their elimination from the blood should 
result in amelioration of the patient’s condition. 
Accordingly, changes in the serum poison levels 
are the most frequently used parameters of 
response to extracorporeal therapy in intoxica-
tion; however, this pretext can be misleading 
and provides false assurance of dialysis efficacy 
(vide infra). To better understand these perplexi-
ties, the nephrologist ought to be well versed 
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with the basic concepts of pharmacokinetics and 
principles of detoxification when dealing with 
the management of an acutely poisoned patient. 
These concepts also help in determining the 
usefulness of extracorporeal therapy as well as 
selection of the optimum modality for drug 
removal.

Extracorporeal therapies are typically reserved 
for a small subset of patients that can be divided 
into the following five subgroups:

 (a) Patients intoxicated with poisons that cause 
direct tissue damage and are life-threatening 
(e.g., salicylate overdose)

 (b) Patients intoxicated with poisons that can 
cause permanent disability (e.g., blindness 
with methanol overdose)

 (c) Patients intoxicated with poisons that do not 
cause direct tissue damage, but the patient’s 
ability to metabolize or excrete the toxic sub-
stance is compromised (e.g., metformin 
overdose with renal impairment)

 (d) Patients intoxicated with poisons in which 
active poison removal is considered to 
avoid prolonged supportive care and its 
associated complications (e.g., barbiturate 
overdose with coma requiring mechanical 
ventilation)

 (e) Patients intoxicated with poisons who 
develop signs of toxicity despite provision of 
standard supportive measures

 Pharmacokinetic Concepts

The extracorporeal removal (dialyzability) of a 
substance is determined by various physico-
chemical and pharmacokinetic properties. 
These properties predict the extent to which 
ECT enhances the total body clearance, thereby 
lowering the total body poison load faster than 
without treatment. By far, the primary determi-
nants of poison removal by ECT are the molec-
ular weight (MW), volume of distribution (Vd), 
and protein binding; additional factors such as 
hydro- and lipophilicity, ionization, and rate of 
intercompartmental transfer also play a signifi-
cant role.

 Molecular Weight

The lower the MW, the more likely that a poison 
is dialyzable. While older cuprophane dialyzers 
were able to clear substances with MW up to 
500 Da, contemporary high-efficiency high-flux 
dialyzers with diffusive modalities are capable of 
clearing poisons in the middle MW range 
(≤15,000 Da). In contrast, convective modalities 
such as hemofiltration and hemodiafiltration can 
permit clearance of solutes approaching 
25,000 Da.

 Volume of Distribution

Volume of distribution (Vd) is an imaginary space 
that represents the volume of fluid in which a 
known amount of drug would have to be diluted 
to yield the measured serum concentration. 
Theoretically, if the body is presumed to be a 
single compartment and a substance is homoge-
nously distributed in body water without binding 
to protein or accumulating in tissues, it would 
have an apparent Vd equal to the total body water.

V Liters L kg body weight kgd � � � � � �0 6. /
 (38.1)

For some substances such as methanol that dis-
tribute in body water without significant binding 
to tissue or plasma protein and without signifi-
cant accumulation in adipose tissue, the apparent 
Vd corresponds to a physiologic space: in this 
case equivalent to total body water. However, 
most substances are not homogeneously distrib-
uted but rather vary in their concentration 
throughout the body as a result of lipid solubility, 
protein binding, active cellular transport, and pH 
gradients, and as a result Vd can vary over a wide 
range of values (0.2  L/kg for valproic acid to 
20 L/kg for imipramine). A Vd significantly larger 
than actual body water reflects a high degree of 
tissue concentration, while a small Vd suggests 
concentration within the intravascular space.

Volume of distribution is clinically important in 
two ways. First, knowing the Vd and plasma con-
centration of a particular drug allows calculation 
of the total amount of the drug in the body, as:
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 X mg V L C mg Ld p� � � � �� � �/  (38.2)

where X is the total amount of the drug in milli-
grams (mg) and Cp is the plasma concentration in 
mg/L. Second, Vd is one of the factors that deter-
mine accessibility of a drug to removal by 
 extracorporeal therapy. A large Vd implies that 
the amount of drug present in blood represents 
only a small fraction of the total body load; there-
fore, as the Vd increases, the usefulness of any 
ECT decreases substantially. Thus, even if a 
hemodialysis session extracts most of the drug 
present in blood passing through the circuit, the 
amount of drug removed represents a small per-
centage of the total body drug burden. Although 
there is no precise cut-off, a Vd > 1–2 L/kg usu-
ally limits usefulness of ECT [6]. On the con-
trary, poisons with a smaller Vd (< 1  L/kg) are 
more amenable to removal by ECT.  Volume of 
distribution of some of the common substances 
involved in poisoning is listed in Table 38.1. It is 
important to note that these values for Vd are 
derived from the general population under nor-

mal dosing conditions and may not apply in the 
situation of a substantial drug overdose. In addi-
tion, the presence of renal and/or hepatic dys-
function in a poisoned patient can further alter 
the value of Vd (see section on toxicokinetics, 
vide infra).

 Protein Binding

Many substances bind with varying affinity to 
plasma proteins, such as albumin, or to intracel-
lular proteins in the tissues. Thus, in addition to 
dissolving in fat, substances can accumulate in 
tissues according to their degree of protein bind-
ing. A poison-protein complex may exceed 
65,000 Da and is too large to be filtered. Highly 
protein-bound (>80%) substances are therefore 
not amenable to therapy with extracorporeal 
modalities. However, at toxic levels the protein 
binding sites are usually saturated, thus increas-
ing the proportion of free fraction which poten-
tially increases poisoning severity because the 

Table 38.1 Pharmacokinetic properties of some of the drugs frequently involved in poisoning

Drug
Molecular weight 
(Da)

Volume of distribution 
(L/kg)

Protein binding 
(%)

Preferred extracorporeal 
modality

Acetaminophen 151 0.8–1.0 25 IHD
Carbamazepine 236 0.8–1.4 75 IHD
Digoxin 765 5–8 20–30 —
Ethanol 46 0.7 0 IHD
Ethylene glycol 62 0.5–0.8 0 IHD
Isopropanol 60 0.7 0 IHD
Lithium 7 0.7–0.9 10 IHD
Metformin 129 1–5 0 IHD
Methanol 32 0.6–0.8 0 IHD
Phenobarbital 232 0.25–1.2 20–60 IHD
Phenytoin 252 0.6–0.8 90 IHDa

Salicylate 180 0.2 90b IHD
Thallium 204 3–10 0 IHD
Theophylline 180 0.5 50 IHD
Tricyclic 
antidepressant

263–314 5–78 73–98 —

Valproate 144 0.1–0.5 94c IHD
Vancomycin 1449 <0.4 -1 <60 IHDd

IHD intermittent hemodialysis
aRelatively limited effect, used in select patients with severe toxicity
bProtein binding decreases to 30% with toxic levels
cProtein binding decreases to 15% with toxic levels
dUse high-efficiency high-flux dialyzer
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free fraction exerts toxicity, but this also facili-
tates removal by the ECT. This explains the high 
removal rate of protein-bound drugs such as val-
proate and salicylates, both of which exhibit satu-
rable binding at toxic levels [7, 8]. Of note, when 
the protein binding is <80%, there is little differ-
ence between the removal of a substance that is, 
for example, 20% protein-bound and one that is 
70% protein-bound because of the logarithmic 
nature of extracorporeal solute removal 
(Fig.  38.1) [9]. It is also important to note that 
most drug-protein bonds are weak and easily 
reversible, and protein binding can be altered by 
a number of variables such as pH and drug com-
petition for the binding sites.

 Hydro- and Lipophilicity

Hydrophilic poisons distribute primarily in total 
body water, have a smaller Vd, and are more 
readily removed by ECT. Lipid solubility affects 
the accumulation of drug in lipid-rich tissues 
such as adipose tissue and the brain. The degree 
of lipid solubility of a substance is expressed by 

its partition coefficient, which is an in  vitro 
measurement of the ratio of lipid (non-polar) 
phase to aqueous (polar) phase concentration of 
its non-ionized form. Lipid-soluble drugs can 
accumulate extensively in the adipose tissue and 
act as a reservoir with poor accessibility due to 
decreased vascular perfusion.

 Ionization

Non-ionized substances are more lipid soluble and, 
therefore, more easily transported across cellular 
membranes in the body than their ionized form. 
The pK of the substance is the pH at which it is half 
ionized and half non-ionized. An acid is increas-
ingly ionized as the pH rises above its pK, and a 
base is increasingly ionized as pH falls below its 
pK. Therefore, pH gradients across the cell mem-
branes can affect the extent of diffusion by trapping 
the ionized form on one side. In the stomach and 
kidney, where large pH gradients exist (or can be 
induced) with respect to plasma, this phenomenon 
can have therapeutic implications to prevent 
absorption and enhance clearance.
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Fig. 38.1 Removal of toxins via HD decreases with 
greater degrees of protein binding. Comparison of removal 
of three uremic toxins (p-cresyl glucuronide, 13% protein 
bound; indole-3-acetic acid, 73% protein bound; and p-cre-

syl sulfate, 95% protein bound) during a single HD session 
averaged over 10 patients. Blood flow rates were 300 mL/
min, dialysate flow rates were 700 mL/min, and dialyzer 
urea clearances varied. (Modified from King et al. [9])
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 Intercompartmental Transfer

In a single-compartment model, a change in 
plasma level would reflect a similar change in 
levels throughout the body. Unfortunately, most 
substances in the body are distributed in multiple 
compartments, and movement across these com-
partments is variable and dependent on several 
factors as listed above. Knowledge of these 
parameters is crucial in understanding the rela-
tionship between blood level and drug removal 
during extracorporeal therapies [10].

 Rebound

The increase in plasma poison concentration fol-
lowing a session of intermittent ECT is com-
monly seen with poisons that have a large Vd. 
This phenomenon of rebound happens when the 
rate of poison redistribution within the body is 
slower than the rate of removal by an ECT. Except 
in situations where the rebound is caused by 
ongoing absorption of the poison from the gas-
trointestinal tract, when supplementary treat-
ments may be required, it is uncertain if rebound 
by itself is concerning. For example, in lithium 
poisoning, the rebound after a session of dialysis 
actually moves the lithium away from the site of 
toxicity (CNS) to a relatively more benign com-
partment (the vascular space) [11].

 Endogenous Clearance

To be worthwhile, the rate of poison removal by 
an extracorporeal method should be a significant 
addition to the endogenous (systemic) clearance 
(sum of renal and non-renal clearance). If endog-
enous clearance is high, then an ECT is unlikely 
to significantly increase total clearance enough to 
justify its use [12, 13]. For example, endogenous 
metformin clearance in the presence of normal 
kidney function is 600 mL/min and far exceeds 
the clearance achieved by HD (240 mL/min). In 
this situation, ECT will usually not be recom-
mended for metformin overdose unless the 
endogenous clearance is impaired due to con-

comitant decreased kidney function, and ECT is 
the only means of providing useful clearance. It 
is commonly suggested that ECT can be consid-
ered worthwhile if the endogenous clearance of 
the poison is below 4 mL/kg/min [6]. It has also 
been recommended that extracorporeal clearance 
must represent at least 30% of total clearance to 
be a significant contributor to drug removal 
in vivo [14], but the utility of this parameter is 
questionable under certain situations [15].

 Toxicokinetics

The reported pharmacokinetic characteristics of 
the drugs are normally evaluated in the context of 
therapeutic levels. One should be cognizant of 
the fact that many of these properties for the same 
drug can change with toxic levels (toxicokinet-
ics). Some of the highly protein-bound drugs 
such as valproate and salicylates can have signifi-
cant free fraction at toxic levels as the protein 
binding sites become saturated. For example, the 
protein binding of salicylate falls from 90% at 
therapeutic concentrations to 50% when it 
reaches 800 mg/dL; valproic acid’s protein bind-
ing decreases markedly from 94% at therapeutic 
levels to 15% at drug levels >1000 mg/L. In con-
trast, carbamazepine (protein binding 75%) and 
phenytoin (protein binding 90%) show little to no 
saturable binding in overdose conditions. The Vd 
for several drugs (e.g., salicylates) can also 
change with higher doses, especially in the pres-
ence of renal and/or hepatic impairment. 
Furthermore, the drug elimination kinetics for 
certain drugs can change from first order to zero 
order, thus extending the elimination half-life.

 Specific Issues in Neonates and Young 
Infants

The implications and management of poisoning 
in newborns and young infants require under-
standing of their unique physiology. Primarily, 
the organs that play an important role in suscepti-
bility to and moderation of toxic reactions such 
as the liver and kidney are immature in their 
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function. Their gastric emptying is slower, and 
gastric pH is higher which can enhance absorp-
tion of certain drugs, thus increasing their sus-
ceptibility to toxicity. Once absorbed, the drug 
distribution varies considerably during the neo-
natal period and infancy largely due to  age- related 
variations in protein binding, body fat, and total 
body water [16]. Overall, protein binding of 
drugs is reduced, and body fat and total body 
water are increased in the neonate. This may 
result in an increase in the apparent Vd and conse-
quent increase in the elimination half-life of the 
drug. Furthermore, the reduction in protein bind-
ing may result in an increased concentration of 
free (unbound) drug with a potentially augmented 
pharmacological response for a given drug con-
centration in the plasma. As mentioned before, 
due to the immaturity of their liver function, this 
group of patients has a decreased capacity to 
metabolize drugs in the liver due to significantly 
lower activity of cytochrome P450- dependent 
mixed-function oxidases. In addition, the renal 
clearance of drugs is reduced, and various tubular 
functions are suboptimal.

Finally, successful usage of extracorporeal 
techniques in infants and young children is tech-
nically complex and can be carried out only in 
few specialized centers. Obtaining a suitable vas-
cular access can also become very challenging. 
In these situations, exchange transfusion that can 
be easily performed in neonates may be used suc-
cessfully for eliminating certain toxins that have 
a low Vd.

 Extracorporeal Clearance

The efficacy of any extracorporeal therapy is 
assessed by the accurate determination of the 
amount of drug removed from the body. Several 
parameters such as dialysance or clearance, effi-
ciency ratio, extraction ratio, and mass removal 
are commonly utilized to scientifically assess 
drug removal from the body in an attempt to 
determine the success or failure of the 
intervention.

Dialysance (D) is a measure of solute removal 
by dialysate and in most modern systems is tech-

nically same as clearance (C), as concentration of 
the toxic substance in the dialysate is minimal in 
single-pass dialysis with high dialysate flow rates. 
Clearance (C) for hemodialysis is expressed as:

 C Q A V Ab� � �� � /  (38.3)

where Qb is the blood flow rate, A is the arterial 
or inlet concentration, and V is the venous or out-
let blood concentration of the toxic substance. 
Note that (A – V)/A is termed the extraction ratio 
(Ex) that represents the solute removed as a frac-
tion of the maximum it is theoretically possible to 
remove. For continuous renal replacement ther-
apy, clearance (C) is expressed as:

 C E P Qe� �/  (38.4)

where E is the effluent concentration, P is the 
plasma concentration of the toxic substance, and 
Qe is the effluent flow rate which can be Quf 
(ultrafiltrate), or Qd (dialysate), or Quf + Qd. The 
term E/P is also known as sieving coefficient that 
is equivalent to extraction ratio (Ex). As is appar-
ent, these clearance calculations are based on 
plasma concentration of the substance, and the 
results can be misleading in terms of effective-
ness of dialysis therapy unless drug distribution 
and inter-compartmental kinetics (vide supra) are 
also taken into account. To understand this better, 
consider a drug “x” with a large volume of distri-
bution of 20 L/kg. One gram of this drug when 
given to a 30 kg child will yield a plasma concen-
tration of 0.0016 mg/mL (eq. 2). With maximal 
extraction at a blood flow rate of 200  mL/min, 
clearance could theoretically be 200  mL/min, 
which is equivalent to drug removal of 0.32 mg/
min or 76.8 mg in 4 hours, which is less than 10% 
of the total given dose. As illustrated by this 
example, the dialysis is highly efficient, but it is 
not very effective as the reduction in drug burden 
is minimal. However, it is conceivable but 
unproven that early pre-emptive initiation of 
ECT during the absorption and distribution phase 
may promote the removal of a significant amount 
of poison with a large Vd.

For clinical efficacy, one can compare the 
drug half-lives or their clearance rates from the 
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body with and without treatment; this is also 
known as efficacy ratio. Half-life is calculated as:

Half life t K

K C C t

e

e peak trough inte

- ½ . /

log log /

� � �
� � � � � ��� ��

0 693

rrval  

(38.5)

where Ke is the elimination rate constant and Cpeak 
and Ctrough are two plasma levels separated by time 
interval “t” (these levels need not be “true” peak 
and trough as long as they are separated in time 
and realizing that the longer the interval, the better 
the estimate). Drug clearance is calculated as:

 C V td� �0 693. / ‰ (38.6)

where Vd is the volume of distribution of drug in 
question. Efficacy ratio can then be calculated as 
t’½/t½ or C′/C, where t’½ and C′ are half-life and 
clearance with treatment and t½ and C are half- life 
and clearance without treatment, respectively.

Half-life calculation based on serial plasma 
concentrations obtained during ECT can help in 
estimating the duration of ECT to achieve a safe 
target concentration for the poison being 
removed.

 Extracorporeal Modalities

Intermittent hemodialysis (IHD) that is one of the 
most common ECT was in fact utilized over more 
than 100  years ago (much before it became a 
well-recognized therapy for patients with end- 
stage kidney disease) for salicylate removal from 
poisoned animals [17]. By the 1970s, most poi-
sonings were considered amenable to treatment 
by dialysis based on two intuitive assumptions: 
(1) ECTs can remove poison, and (2) removal of 
poison enhances survival [18]. This dichotomy 
is, however, well exemplified by paraquat toxic-
ity; while paraquat has all the physical character-
istics associated with high ECT clearance (i.e., 
low molecular weight, low protein binding, and 
low Vd), dialysis will generally not alter the 
dreadful clinical course unless it is initiated early 
after ingestion [19]. Conversely, dialysis seems 
to improve outcome of metformin poisoning, 
although metformin does not seem to be very dia-

lyzable because of high Vd [20]. With these kinds 
of clinical situations, in addition to a better 
understanding of pharmacokinetic/toxicokinetic 
principles (vide supra), improvement in support-
ive care, availability of effective antidotes, and 
lack of any well-designed trials to test the effi-
cacy of ECTs, the overall usefulness of ECTs 
became controversial and marred with uncer-
tainty [21]. Nonetheless, the introduction of bet-
ter (high-efficiency, high-flux) dialysis 
membranes that can remove poisons once consid-
ered undialyzable has permitted newer opportu-
nities for their application. In summary, ECTs 
can play a crucial, if not essential, role in a subset 
of intoxications as discussed before.

 Intermittent Hemodialysis (IHD)

Intermittent hemodialysis is the most widely 
available, least expensive, and the quickest to 
implement ECT modality [22]. For these reasons, 
IHD remains the preferred modality for the 
majority of poisonings. According to the NPDS 
36th Annual Report, IHD was the most common 
(90%) of 2817 ECTs used for the management of 
poisoning [1]. During IHD, the poison diffuses 
down the concentration gradient from the plasma 
through a semipermeable membrane to dialysate 
flowing in a countercurrent direction. In contrast 
to other ECTs, HD removes the poison rapidly 
due to the high blood and dialysate flow rates. 
Because poisoned patients are at low risk of dial-
ysis disequilibrium, IHD can be initiated with 
higher clearance, and the dialysis duration can be 
prolonged depending on the clinical context. As 
the metabolic derangements seen in patients with 
poisoning can be very different from patients 
with ESKD, dialysate composition should be tai-
lored for the patient; in addition, high clearance 
and longer duration of IHD can cause hypokale-
mia and hypophosphatemia requiring replace-
ment of both electrolytes.

While hemodialysis has a long track record 
for safety, it is associated with many potential 
complications that are outlined elsewhere in the 
text (see Chapters 24 and 25). In particular, one 
must be aware that the dialysis process may 
remove other drugs, such as antibiotics and 
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 vasopressor agents. Thus, these drugs must be 
delivered distal to the dialyzer and will perhaps 
require higher doses to be effective. Nonetheless, 
currently IHD has supplanted all other ECT 
modalities and is the preferred ECT modality for 
removal of the majority of poisons.

 Continuous Renal Replacement 
Therapy (CRRT)

Continuous renal replacement therapies provide 
clearance through both convection and diffusion 
mechanisms, either alone or in combination. For 
larger molecules, convection can provide better 
clearance than that achieved by diffusion. 
However, the total clearance with CRRT per unit 
time is 50% to 80% less than that obtained with 
IHD because of the lower effluent flow rates. This 
can be disadvantageous in a patient with acute 
poisoning and manifestations of cellular toxicity 
who requires rapid and immediately effective 
therapy. Nonetheless, CRRT has been histori-
cally favored for the removal of drugs that dis-
tribute in multiple compartments with slow 
equilibration. In these situations, CRRT has been 
considered beneficial as continuous removal of 
the drug from the vascular compartment main-
tains a favorable gradient and facilitates its 
release from the inaccessible compartments into 
the vascular compartment. As a result, the typical 
rebound phenomenon resulting in high serum 
levels due to redistribution seen after HD is not 
seen with CRRT modalities. The advantages of 
avoiding this rebound phenomenon are debatable 
[23]. Currently, CRRT usage is reserved only for 
patients who cannot tolerate HD due to hemody-
namic instability. It should also be noted that, 
while receiving CRRT, the patients must remain 
immobile for prolonged times to ensure proper 
machine function.

 Sustained Low-Efficiency Dialysis 
(SLED)

SLED is a hybrid technique usually provided as a 
prolonged treatment using both reduced dialysate 
and blood flow rates (QD and QB, respectively). 

Often times, SLED is reserved for hemodynami-
cally unstable patients who would alternatively 
be candidates for CRRT [24]. SLED differs from 
CRRT in the following three key areas:

 1. SLED is still an intermittent therapy with 
usual runs of 6 to 12 hours.

 2. The dialysate flow rate (QD) is higher than that 
used during CRRT.

 3. SLED can be administered using the standard 
HD equipment.

Even though SLED uses a higher QD than 
CRRT, small solute clearance between these two 
modalities is reportedly similar [25]. On the other 
hand, the modeled clearance of middle and large 
solutes during CRRT is greater than during SLED, 
likely due to the extended duration and additional 
convective clearance provided by CRRT [25].

Although SLED and CRRT may limit hemo-
dynamic instability in patients requiring fluid 
removal, it is questionable if this would be the 
case in poisoned patients when no net ultrafiltra-
tion is required. When poison removal is urgent, 
SLED and CRRT are not the treatments of choice 
unless no other method is available or ultrafiltra-
tion is needed in an unstable patient [23, 26].

 Therapeutic Plasma Exchange (TPE)

TPE is the extracorporeal blood purification tech-
nique used for removal of large molecular weight 
substances from plasma such as pathogenic auto-
antibodies, immune complexes, and endotoxins 
(see also Chap. 48). In general, a single exchange 
of 1 plasma volume (3  L for a 70  kg patient) 
removes approximately 63% of all solutes in the 
plasma, and an exchange of 1.5 plasma volume 
removes about 78% [27], which under normal 
conditions corresponds to removal of 40–60 ml 
of plasma/kg over 2–3 hours [28]. TPE’s role in 
the treatment of acute poisoning is only consid-
ered for tightly and/or highly (>95%) protein- 
bound poisons with very low VD (0.2 L/kg) and 
poisons with MW over 50,000  Da such as 
 monoclonal antibodies [29, 30]. As most com-
monly encountered poisons are small or middle 
sized, there are no well-established clinical 
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indications for the use of TPE in the treatment of 
the poisoned patient. Nonetheless, there are 
reports that support its usage in patients with 
mushroom (Amanita Phalloides) [31], vincristine 
[32], and cisplatin [33] poisoning.

 Exchange Transfusion

Exchange transfusion is rarely used for manage-
ment of poisonings. It has been successfully used 
in management of toxicity with drugs that are 
highly bound to erythrocytes, like cyclosporine 
[34, 35] or tacrolimus [36]. Exchange transfusion 
has the advantage of being simpler to use in 
infants and has been tried in that population for 
poisonings with salicylates [37], theophylline 
[38], and barbiturates [39].

 Hemoperfusion

During hemoperfusion, blood is percolated 
through a cartridge coated with activated charcoal 
(resin-coated cartridges are no longer used in 
many countries); poisons are adsorbed irrespective 
of their MW and protein binding, making this 
modality a better choice for highly protein-bound 
poisons [15]. These cartridges can also absorb 
lipid-soluble substances. Substances with molecu-
lar weight up to 40,000 Da are effectively removed 
by this technique. A standard hemodialysis 
machine can generally be used for hemoperfusion 
with a cartridge inserted in place of the dialyzer.

There are certain well-documented complica-
tions with hemoperfusion such as platelet deple-
tion, drop in white blood cells, and clotting in the 
cartridge. It can also cause hypoglycemia and 
hypocalcemia and, as with any extracorporeal 
therapy, results in undesirable removal of other 
therapeutic drugs from the patient. The cartridges 
usually get saturated and must be changed every 
4–6 hr. Finally, hemoperfusion does not correct 
acid-base or electrolyte abnormalities, nor vol-
ume overload. Thus, it may be necessary to per-
form hemodialysis in addition to hemoperfusion.

Despite the theoretical appeal of hemoperfu-
sion for the treatment of intoxications, its use 

remains quite limited and decreasing over time. 
According to the NPDS 36th Annual Report, 
hemoperfusion was used for only 43 poisoning 
cases [1]. The cartridges are not freely available 
in all hospitals, and modern high-efficiency high- 
flux dialyzers may give clearance rates for certain 
poisons that approach those achieved with 
hemoperfusion.

 Molecular Adsorbent Recirculating 
System (MARS)

The molecular adsorbent recirculating system 
(MARS) (see also Chap. 46) employs dialysis 
across a membrane impregnated with albumin 
and a 20% albumin dialysate, thus attracting 
highly protein-bound substances. In addition, 
charcoal and anion exchange resin cartridges are 
employed to filter the dialysate, regenerating it 
for continued use [40]. MARS may be of interest 
in the setting of poisons that have a predilection 
for liver toxicity, as the system is reportedly 
capable of removing certain hepatotoxins, restor-
ing hemodynamics, diminishing hepatic enceph-
alopathy, and improving renal function [40]. 
MARS is not available in many medical centers, 
and its role as ECT for poison removal is very 
limited.

 Single-Pass Albumin Dialysis (SPAD)

In the absence of MARS availability, SPAD has 
been used with similar efficacy. Albumin can be 
added to the dialysate bag during CVVHD where 
it acts as a “sink” to bind any free toxin that crosses 
the dialyzer membrane with a concentration gradi-
ent from the blood to the dialysate side [41, 42]. 
400 mL of 25% albumin (100 gm) is added to a 
5 L bag of dialysate resulting in final albumin con-
centration of 1.85% [43]. Most of the clearance 
during CVVHD is then provided as diffusive 
clearance, but with very high dialysate flows, the 
running cost increases as albumin is not being 
regenerated for further use. This technique has 
been used with success in enhancing the clearance 
of valproic acid and carbamazepine [43, 44].

V. Chadha



735

 Peritoneal Dialysis

In peritoneal dialysis, the clearance kinetics is 
dependent on intrinsic characteristics of the 
membrane and the mesenteric circulation, and 
not amenable to significant external adjustments 
(see also Chap. 13). In cases with intoxication, 
peritoneal dialysis is only 10–25% as effective as 
hemodialysis. Thus, the role of peritoneal dialy-
sis in detoxification is limited to situations where 
other modalities are not available, contraindi-
cated, or not possible due to lack of vascular 
access.

The efficacy (in terms of time) of various 
ECTs in achieving a safe concentration in a 
patient poisoned with methanol is graphically 
illustrated in Fig. 38.2 [45]. The superiority of the 
IHD over other ECTs is clearly apparent.

 Therapeutic Decisions

When confronted with a case of poisoning, the 
physician must consider many parameters in 
choosing the appropriate therapeutic modality. A 

simplified decision-making approach is provided 
in the algorithm (Fig. 38.3). The list of toxic sub-
stances that have been subjected to extracorpo-
real therapies is quite long, and information is 
available on more than 200 substances. However, 
the ability to remove a toxic substance by extra-
corporeal therapy is not equivalent to an indica-
tion for these procedures. One must take into 
account the patient’s underlying health (includ-
ing any comorbidities), the toxicity of the 
absorbed substance, the presence of or likelihood 
of advancing to severe illness, the availability of 
extracorporeal therapies, and the availability of 
acceptable alternatives (good supportive care, 
antidotes). While the availability of antidotes 
such as N-acetylcysteine, flumazenil, fomepi-
zole, and Fab have significantly changed some 
clinical management plans, it is often impossible 
to identify the small group of patients who will 
fail to respond to intensive supportive care alone. 
Thus, the decision to institute extracorporeal 
therapy is based on clinical judgment. Some of 
the broad criteria as suggested by Winchester 
et al. [46] and Rosenbaum et al. [47] for initiating 
extracorporeal therapy are provided in Table 38.2. 
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Fig. 38.2 Simulation of the effect of different extracor-
poreal treatments for methanol poisoning. Theoretical 
model of a methanol-poisoned patient with an initial con-
centration of 100  mmol/L (320  mg/dL) treated with 
fomepizole and either nothing, hemodialysis (HD), con-
tinuous venovenous hemodialysis (CVVHD), therapeutic 
plasma exchange (TPE), or peritoneal dialysis (PD). The 

time (T) to achieve a safe plasma concentration is shown. 
Assumptions are Vd = 0.6 L/kg, weight = 70 kg, endoge-
nous body clearance of methanol with fomepizole = 10 ml/
min, HD methanol clearance  =  240  mL/min, CVVHD 
methanol clearance  =  80  mL/min, TPE methanol clear-
ance = 50 ml/min, and PD methanol clearance = 20 mL/
min. (Modified from Ghannoum et al. [45])
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Is the poison toxic to the tissue?

No

No

No

No

No

Yes

Yes

Yes

Yes

Yes

Are there co-morbidities,
renal failure/hepatic failure?

Is the exposure likely to cause
serious morbidity or mortality?

Supportive
therapy*

Supportive
therapy*

Is supportive
therapy

prolonged?
Is poison dialyzable based on MW, Vd, and

protein binding?

Continue
supportive

therapy

Consider extracorporeal
therapy$

Supportive
therapy*

IHD CRRT Hemoperfusion MARS TPE

    *Specific antidote to be used when available; $ Choice of particular extracoporeal
therapy is based on the type of poison and patient’s hemodynamic staus. IHD:

       Intermittent hemodialysis; CRRT: Continuous renal replacement therapies; MARS:
   Molecular adsorbents recirculating system; TPE: Therapeutic plasma exchange.

Fig. 38.3 Simplified approach to a patient with poisoning
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Finally, although several studies have shown 
enhanced drug elimination using several tech-
niques, the data regarding how these methods 
affect morbidity and mortality are often lacking.

In 2011, a multidisciplinary and multinational 
collaborative known as EXTRIP (Extracorporeal 
Treatment In Poisoning) was established to clarify 
the role of ECTs in clinical practice through the 
development of evidence- and expert opinion- 
based recommendations [13]. Since inception, the 
group has published treatment recommendations 
for 13 poisons that include acetaminophen, barbi-
turates, carbamazepine, digoxin, lithium, metfor-
min, methanol, phenytoin, salicylates, thallium, 
theophylline, tricyclic antidepressants, and val-
proic acid [48–60]. The executive summaries of all 
EXTRIP recommendations are available at http://
www.extrip- workgroup.org/recommendations.

More recently, the Pediatric Continuous Renal 
Replacement Therapy (PCRRT) workgroup have 
also published their recommendations on renal 
replacement therapy in the management of intox-
ications in children [61].

As detailed management of individual poi-
sonings with ECTs and antidotes is beyond the 
scope of this chapter, the reader is referred to 
recently published recommendations from the 
EXTRIP and PCRRT workgroups. Summaries 
of some of the common poisonings and their 

management are included below, with most of 
the information derived from the EXTRIP rec-
ommendations [48–60].

 Acetaminophen

Worldwide, acetaminophen is the most common 
analgesic used and, therefore, one of the most 
commonly overdosed medications; it is also the 
leading cause of drug-induced liver failure in 
many countries. The MW is 151 Da with Vd of 
0.8 to 1  L/kg; the protein binding is low at 
10–30% and does not change much with toxic 
levels. A single acute ingestion of >150 mg/kg in 
adults and >200 mg/kg in children is considered 
toxic with a lethal dose of >500 mg/kg. Although 
acetaminophen is readily dialyzable, ECT is not 
warranted in most cases, because of the effective-
ness of N-acetylcysteine (NAC) especially with 
early and less severe presentations. The EXTRIP 
workgroup suggests ECT for severe acetamino-
phen poisoning when patients manifest signs of 
mitochondrial dysfunction (altered mental status 
and severe metabolic acidosis) prior to the onset 
of hepatic failure. Many patients with severe 
acetaminophen poisoning also develop AKI with 
or without associated hepatotoxicity which might 
be another indication for utilizing an 
ECT.  Acetaminophen concentrations are typi-
cally obtained when absorption is thought to be 
complete at 4 hr. post ingestion or as soon as pos-
sible thereafter. Subsequent treatment decisions 
are guided by plotting the acetaminophen con-
centration on the Rumack-Matthew nomogram 
[48]. ECT is suggested if acetaminophen levels 
are more than 1000 mg/L (>700 mg/L with signs 
of mitochondrial dysfunction) and NAC has not 
been administered. ECT is suggested even after 
NAC has been administered when the levels are 
>900  mg/L and patient has signs of mitochon-
drial dysfunction. NAC should be continued 
 during ECT, and the dose increased based on 
ECT (25% with CRRT and 50% with IHD) as 
NAC is dialyzable. IHD is the preferred modality 
for acetaminophen poisoning, but CRRT can be 
used as support for AKI or hepatic failure. 
Exchange transfusion can be used in neonates. 

Table 38.2 Criteria for extracorporeal therapy (Modified 
from Refs. [46, 47])

Potentially lethal plasma concentration of intoxicant 
known to be cleared effectively from blood by 
extracorporeal therapy
Significant quantity of circulating toxin that is 
metabolized to a more noxious substance (e.g., 
methanol, ethylene glycol)
Ingestion and probable absorption of a potentially 
lethal dose
Severe clinical intoxication with abnormal vital signs
Impairment of normal route of excretion
Progressive clinical deterioration despite carful 
medical management
Prolonged coma with its potential hazards (e.g., 
aspiration pneumonia, septicemia)
Need for prolonged assisted ventilation
Persistent hypotension or need for vasoactive therapy
Poisoning by agents with delayed toxicity (e.g., 
paraquat).
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Continuation of ECT is recommended until sus-
tained clinical improvement is apparent [48].

 Salicylates

Salicylate (MW 180 Da) has low Vd of 0.2 L/kg 
(up to 0.5 L/kg in overdose); it is highly protein 
bound (90%), but the binding decreases to 30% 
with toxic levels. Salicylate toxicity primarily 
results from uncoupling of mitochondrial oxida-
tive phosphorylation. The clinical manifestations 
range from tinnitus, vomiting, metabolic acido-
sis, primary respiratory alkalosis, agitated delir-
ium, and/or somnolence; severe toxicity is 
associated with acute respiratory distress syn-
drome, AKI, hyperthermia, seizures, and shock. 
Most fatalities are due to cerebral edema. Events 
that lower blood pH can lead to rapid shifts of 
salicylate across the blood-brain barrier with 
worsening toxicity manifestations. Early consid-
eration of ECT is critical in severe salicylate poi-
soning regardless of the salicylate blood 
concentration. Most sources acknowledge that 
clinical status is a more important factor than the 
salicylate concentration in the decision to initiate 
ECT. Nonetheless, high salicylate concentrations 
(>100  mg/dL and 90  mg/dL in the presence of 
impaired kidney function) are indications of ECT 
regardless of signs and symptoms. ECT is also 
suggested for severe acidosis (pH <7.2) even in 
the absence of other indications. IHD is the pre-
ferred ECT modality, and CRRT is an alternative 
as is exchange transfusion in neonates [56].

 Barbiturates

Phenobarbital (the long-acting barbiturate) is the 
most frequently associated barbiturate in cases of 
self-poisoning. Hepatic metabolism is the main 
route of endogenous clearance of all barbiturates. 
Phenobarbital is a weak acid, and ~25% is 
excreted unchanged in the urine; it is amenable to 
enhanced removal using urinary alkalization. 
However, urinary alkalization is no longer recom-
mended as first-line treatment because it does not 
increase the renal clearance significantly and mul-

tiple-dose activated charcoal (MDAC) is consid-
ered superior. Optimal supportive care is of 
paramount importance. Indications for ECT in a 
case of barbiturate poisoning are prolonged coma, 
respiratory depression necessitating mechanical 
ventilation, shock, persistent toxicity, or increas-
ing or persistently elevated serum barbiturate con-
centrations despite treatment with MDAC. Serum 
concentrations >50  mg/L can induce coma, and 
concentrations >80 mg/L can be fatal. IHD is the 
preferred ECT; MDAC should be continued dur-
ing ECT.  Cessation of ECT is indicated when 
clinical improvement is apparent [49].

 Carbamazepine

Carbamazepine has a narrow therapeutic index. 
Its structure is similar to tricyclic antidepressants. 
The MW is 236 Da with Vd of 0.8–1.4 L/kg; it is 
highly protein bound (70–80%), and the binding 
does not change with overdose. It is therefore 
only moderately dialyzable. MDAC is useful, but 
ECT is recommended in cases of multiple sei-
zures that are refractory to treatment, life- 
threatening dysrhythmias, and prolonged coma 
or respiratory depression requiring mechanical 
ventilation. IHD is the preferred ECT modality 
and should be continued until clinical improve-
ment is apparent [50]. Albumin-enhanced 
CVVHD has also been successfully used in a 
pediatric patient with severe carbamazepine 
overdose [44].

 Valproic Acid (VPA)

VPA (MW 144 Da) has a low Vd (0.1–0.5 L/Kg) 
and exhibits saturable plasma protein binding 
with 94% bound at therapeutic concentrations 
(50–100  mg/L) and 15% when concentration 
exceeds 1000 mg/L. The increase in the free frac-
tion (active drug) at higher total VPA concentra-
tions likely leads to greater clinical toxicity. The 
drug is primarily metabolized in the liver and 
<3% is excreted unchanged in the urine. Severe 
VPA poisoning is associated with coma and respi-
ratory depression requiring mechanical ventila-
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tion, cerebral edema, hemodynamic instability, 
and shock that may lead to a fatal outcome. Most 
patients have a benign clinical course and require 
only supportive treatment. The use of MDAC in 
the treatment of VPA poisoning is currently not 
recommended. L-carnitine is proposed as an anti-
dote for VPA poisoning. ECT is recommended for 
serum VPA concentration >1300 mg/L or patients 
with features of cerebral edema or shock. ECT is 
suggested for serum VPA concentration 
>900 mg/L, or patients with coma or respiratory 
depression requiring mechanical ventilation, or 
acute hyperammonemia or severe acidosis (pH 
<7.10). VPA is moderately dialyzable. IHD is the 
preferred ECT modality that should be continued 
until clinical improvement is apparent or the 
serum VPA concentration is between 50 and 
100 mg/L [60]. Albumin-enhanced CVVHD has 
been used successfully in a pediatric patient with 
VPA overdose [43].

 Phenytoin

Phenytoin is a small molecule (MW 252 Da) with 
a small Vd, but because of its extensive protein 
binding (90%), it is not readily dialyzable. 
Overdose is characterized by cerebellar and ves-
tibular effects such as multidirectional nystag-
mus, dizziness, nausea, vomiting, and ataxia. 
Severe overdose may result in coma and marked 
respiratory depression. Death or irreversible 
injury following phenytoin poisoning is infre-
quent. Management of patients with phenytoin 
toxicity is largely supportive, although ECT 
could be reasonable in select cases of severe poi-
soning. IHD is the preferred ECT modality with 
intermittent hemoperfusion as an alternative [55].

 Lithium

Lithium is a small molecule (MW 7 Da) and has 
low Vd (0.7–0.9  L/Kg) and no protein binding; 
therefore, it is readily dialyzable. While it may 
cause mild gastrointestinal and cardiac toxicity, 
the main toxic effects are seen in the central ner-
vous system that include ataxia, myoclonus, and 

tremors. Severe manifestations include seizures, 
delirium, and coma. It is noteworthy that clinical 
presentation does not correlate well with lithium 
levels. ECT is recommended if lithium level is 
>4 mEq/L in the presence of renal impairment or 
in the presence of altered consciousness, sei-
zures, or life-threatening dysrhythmias irrespec-
tive of the lithium level. ECT should be continued 
for a minimum of 6 hours if the lithium cannot be 
readily measured.

Unlike most toxins, lithium travels from cells 
to plasma via sodium channels and thus equili-
brates more slowly than nearly all other dialyz-
able toxins. As a result, repeat HD sessions are 
commonly needed as rebound of plasma levels is 
seen several hours after HD. IHD is the preferred 
initial ECT modality for rapid resolution of life- 
threatening symptoms. This can be followed by 
repeated IHD sessions or a prolonged (~6 hr) HD 
session. CRRT remains a good alternative modal-
ity. Cessation of ECT is recommended when the 
lithium level is <1.0 mEq/L or clinical improve-
ment is apparent or after a minimum of 6 hrs of 
ECT if ability to measure lithium level is not 
readily available [52].

 Methanol

Methanol (MW 32 Da) is not bound to proteins 
and has a Vd of 0.6–0.8 L/Kg making it a readily 
dialyzable molecule. Methanol is metabolized by 
alcohol dehydrogenase (ADH) and aldehyde 
dehydrogenase into formaldehyde and formic 
acid, respectively. Both of these metabolites 
cause direct mitochondrial toxicity affecting 
mainly the central nervous system resulting in 
blindness, coma, and paresis. As these conse-
quences are secondary to neural tissue death, 
these are often poorly reversible. While ADH 
inhibitor fomepizole is commonly used to treat 
methanol poisoning, it does not remove the accu-
mulated toxic metabolites (formaldehyde and 
formic acid), both of which are also readily dia-
lyzable. As the endogenous clearance of metha-
nol is very slow (t½ of ~50  hours), aggressive 
removal with ECT is often ideal especially in 
view of the high cost of fomepizole. The EXTRIP 
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workgroup recommends ECT for severe metha-
nol poisoning with acidosis, seizures, or vision 
deficits or for serum concentration >70  mg/dL 
after fomepizole therapy; in the absence of 
fomepizole therapy, ECT is indicated for levels 
>50 mg/dL. IHD is the ECT modality of choice; 
CRRT is an alternative. Fomepizole (if available) 
should be continued during ECT. ECT can be dis-
continued when the methanol concentration is 
<20  mg/dL and a clinical improvement is 
observed [54].

 Ethylene Glycol

Ethylene glycol is also a small alcohol molecule 
(MW 62 Da) with no protein binding and Vd of 
0.5–0.8 L/kg and is, therefore, readily dialyzable. 
It is metabolized by ADH, followed by lactate 
dehydrogenase ultimately resulting in production 
of oxalate which is the metabolite primarily 
responsible for end-organ toxicity. The interme-
diate metabolite, glycolic acid, is mostly respon-
sible for metabolic acidosis. Ethylene glycol 
toxicity results in sedation, coma, AKI, and occa-
sionally CNS and myocardial damage. As access 
to real-time serum levels is uncommon, diagnosis 
of ethylene glycol poisoning commonly relies 
upon measuring the osmolality gap (the differ-
ence between the calculated and measured serum 
osmolality). Most patients with ethylene glycol 
poisoning can be treated with fomepizole alone 
in the presence of normal kidney function. ECT 
is recommended in the presence of severe acido-
sis, AKI, or unavailability of fomepizole. IHD is 
the ECT modality of choice with CRRT being an 
alternative [9].

 Metformin

Metformin is a small molecule (MW 165  Da) 
with negligible protein binding and large Vd of 
1–5 L/kg. Metformin undergoes limited metabo-
lism and is eliminated largely unchanged by the 
kidneys. Endogenous clearance is usually 
>500 mL/min but decreases proportionately with 
decreasing renal function. Metformin-associated 

lactic acidosis (MALA) is uncommon but associ-
ated with a high mortality of 30%. Although 
MALA usually occurs in the presence of impaired 
kidney function, rarely a large acute overdose can 
also produce severe toxicity characterized by lac-
tic acidosis, shock, and multi-organ failure. 
Metformin is moderately dialyzable, with an 
average t½ of 4 hours with HD and 16 hours with 
CRRT.  The EXTRIP workgroup recommends 
HD for severe acidemia and lactate levels 
>20 mmol/L and suggests consideration of HD at 
lower levels with concomitant organ failure [53].

 Conclusion

The field of toxicology continues to expand with 
the introduction of newer drugs and chemicals. 
Basic understanding of pharmacokinetic and tox-
icokinetic principles helps guide the management 
of patients with overdose and poisoning. While 
improvement in supportive care and the availabil-
ity of antidotes have improved the outcome of 
several poisonings, ECTs continue to play an 
important but limited role. The background infor-
mation provided in this chapter should help guide 
the nephrologist in making the right choices.
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 Introduction

In developed countries, chronic dialysis and kid-
ney transplantation in children have become stan-
dard approaches to end-stage kidney disease 
(ESKD) care since the early 1970s. Contrary to 
the situation in adults, few patients with childhood- 
onset ESKD have experienced a long course of 
dialysis. Kidney transplantation, preferably pre-
emptive without prior dialysis, is widely accepted 
as the optimal mode of chronic renal replacement 
therapy (RRT) for children who have ESKD. Yet, 
in practice, most children with ESKD have initi-
ated RRT management with dialysis while await-
ing the availability of a kidney to be transplanted. 

In some cases, dialysis is required for a longer 
time, either before initial transplantation or fol-
lowing the loss of an initial transplant when re-
transplantation is much more difficult to 
accomplish. As a result, patients with childhood-
onset ESKD have most often experienced one or 
more courses of short-term dialysis and a long 
period with a functioning graft. Data on the long-
term effects of dialysis during childhood are 
therefore scarce; however, variable access to kid-
ney transplantation, even within developed coun-
tries, has provided important insights into the 
consequences of long-term dialysis in children.

In this chapter, we review existing data on the 
long-term outcome of RRT in children, focusing 
on the role of dialysis and its associated potential 
long-term hazards. We pay special attention to 
one of the most life-threatening late technical 
complications of peritoneal dialysis (PD), encap-
sulating peritoneal sclerosis (EPS). Most of the 
data included in the chapter come from registry 
studies, all of which have the important limitation 
of incomplete and unverified data. Another limi-
tation is that almost all of the data come from 
developed countries, with only a few reports 
from other countries that account for a large part 
of the world.
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 Epidemiology

 Worldwide and Nationwide Registries

While there is little information on long-term 
outcomes in children receiving dialysis, some 
worldwide, nationwide, and regional registries 
provide valuable data. Prominent national and 
international registries consulted here include the 
following: the United States Renal Data System 
(USRDS), which is a compulsory registration 
system that includes children under 21 years of 
age in the USA; the North American Pediatric 
Renal Trials and Collaborative Studies 
(NAPRTCS), which contains voluntary data 
reporting derived from children under 21 years of 
age in North America; the United Network for 
Organ Sharing (UNOS), which collects data on 
all patients who are registered for kidney trans-
plantation in the USA; the European Society for 
Paediatric Nephrology, the European Renal 
Association, and the European Dialysis and 
Transplant Association (ESPN/ERA-EDTA), 
which is a voluntary organization that coordi-
nates an international European RRT registry for 
all patients; and the Australia and New Zealand 
Dialysis and Transplant (ANZDATA) registry, 
which is a comprehensive, compulsory database 
which includes information from children and 
adolescents with chronic kidney disease (CKD) 
who initiate RRT at up to 20  years of age in 
Australia and New Zealand. Additional national 
registries which include limited long-term data 
pertaining to dialysis in children include the fol-
lowing: United Kingdom Renal Registry, 
National Dutch Registry (RENINE/LERIC 
study), Italian Registry (Italian Registry of 
Pediatric Chronic Peritoneal Dialysis), Polish 
Registry, Canadian Organ Replacement Register 
(CORR), Registry of Taiwan, and the Japanese 
Registry (Japanese Study Group of Pediatric 
Peritoneal Dialysis [JSPPD]) [1–18].

 Age, Modality, and Primary Kidney 
Disease at the Start of Dialysis

When preemptive transplantation is not feasible 
for the pediatric patient who develops ESKD, PD 
and hemodialysis  (HD) are the only available 
options. The initial dialysis modality chosen for 
pediatric patients might be a factor that influences 
long-term outcomes. HD is most often used as the 
initial treatment modality for ESKD in adults [10], 
while HD and PD are chosen with near-equal fre-
quency in children. However, the dialysis modality 
at RRT initiation varies greatly by country. The 
initial treatment modality by country based on reg-
istry data is shown in Table 39.1.

Overall, dialysis is chosen for approximately 
75–80% of pediatric patients as the first treatment 
modality for management of ESKD. Whereas in 
the ESPN/ERA-EDTA, ERA- EDTA, and USRDS 
registries HD was recorded as the initial treatment 
prescribed for 40–55% of patients [8–12], HD was 
the initial modality for only 15–35% of patients in 
the ANZDATA, Polish, Canadian, UK, and 
Japanese Registries [13–18] (Table 39.1).

When the initial dialysis modality was exam-
ined by era using data from the ERA-EDTA and 
the ANZDATA registries, there was no difference 
in the choice of the first treatment regimen [12, 
16]. However, when the relationship between age 
at the start of dialysis and modality was analyzed, 
the proportion of patients prescribed PD was 
higher for younger children with ESKD, and the 
proportion of patients initially prescribed HD 
gradually increased with age, as shown in Fig. 39.1 
[10]. In the 2018 USRDS report, PD was the most 
common initial ESKD treatment modality for chil-
dren aged 9 years and younger, and HD was the 
most common initial modality for patients aged 
10 years and older. Based on data from other reg-
istries as well, HD was used more often in older 
children, while PD was the preferred therapy in 
children less than 5 years of age (Table 39.2). In 
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the Italian Registry, the median age at the start of 
dialysis in 295 PD patients was 7.7 ± 4.8 years, 
whereas the median age of the 1163 HD patients 
was 11.4 ± 3.1 years; 102 PD patients (34%) and 
only three HD patients were less than 5 years of 
age at the initiation of dialysis [19].

The primary kidney disease in patients with 
ESKD also varies by age and country (Table 39.3). 
Congenital anomalies of the kidney and urinary 
tract (CAKUT) are the main causes of ESKD 
across all age groups worldwide. Hereditary 
nephropathies are common in the youngest group 
of patients, while focal segmental glomeruloscle-
rosis (FSGS) and glomerulonephritis have been 
found to be less common in the youngest age 
groups, especially those less than 5 years of age. 
Thus, the primary potential confounding factors 
in any analysis of initial dialysis modality in chil-
dren are patient age at initiation and the country 
in which the child was being treated.

 Long-Term Dialysis in Pediatric 
Patients

Even among children for whom dialysis was cho-
sen as the first RRT modality, most have received 
a kidney transplant within a few years. The time 
to transplant has become shorter over time, and 
thus the dialysis duration has also become shorter. 
As a result, unlike in adults, there is little infor-
mation on children who undergo long-term dialy-
sis awaiting kidney transplantation.

The Polish Registry has reported a median 
duration of dialysis in children of 1.83  years 
(range, 0.2–16.3 years), while the CORR Registry 
revealed a median duration of dialysis of 
559.5  days in 2004 and 388  days in 2012 [17, 
20]. Over 50% of patients in the ANZDATA 
Registry who received RRT between 1963 and 
2002 received their first kidney transplant within 
1 year of starting dialysis, and over 90% received 
a kidney transplant within 3  years [16]. Since 
2005, the median time from dialysis initiation to 
initial transplant in the USA has continued to 
decrease, and it was at its lowest in 2015, at 
12.9 months in the USRDS Registry. In 2015, the 
median time to transplant was shorter for HD 
patients (12.1  months) compared with PD 
patients (13.6 months; Fig. 39.2) [10]. The Dutch 
late outcome cohort study, Late Effects of Renal 
Insufficiency in Children (LERIC), of 249 chil-
dren with an onset of RRT at age 0–15y between 
1972 and 1992 reported a mean dialysis time of 
survivors of 4.7  years (HD 2.3  years; PD 
2.4 years) and 19.7 transplant years after a mean 
follow-up of 25.5 RRT years [5]. In 2010, five 
and 33 out of 249 patients had received PD and 
HD for more than 10 years, respectively [21].

In the ESPN/ERA-EDTA Registry, Kaplan- 
Meier survival curve analysis showed that among 
the 500 and 2591 patients who started HD before 
and after 5 years of age, respectively, there were 
14.7% and 18.4% patients who continued HD 
3  years later. These figures were 12.0% and 
22.1%, respectively, for the 1498 and 1884 

Table 39.1 Initial treatment modality for ESKD

Registry Age (years)
PD HD RTX

Reference(%) (%) (%)
ERA-EDTA 0–19 25 53 23 [8, 12]
ESPN/ERA-EDTA 0–14 38 41.4 20.3 [11]
USRDS 0–21 25.7 51.2 20.0 [9, 10]
ANZDATA 0–18 48.3 33.9 17.7 [16]
Poland 0–18 61.5 32.3 6.2 [13]
Japan 0–19 60.6 15.7 21.9 [14]
Canada 0–19 50.2 27.1 22.7 [17]
UK 0–15 45 35 22 [15]

PD peritoneal dialysis, HD hemodialysis, RTX renal transplantation

39 Long-Term Outcome of Chronic Dialysis in Children
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patients who initiated PD before and after 5 years 
of age [22]. In the USRDS Registry, among the 
845 and 5103 patients who started dialysis before 
and after 5  years of age, there were 8.2% and 
22.1% patients, respectively, who continued dial-
ysis 5 years later [23].

Based on these data, most children with ESKD 
who have received dialysis as their initial RRT 
modality received a kidney transplant within a 
few years, and the times to transplant and dialysis 
duration have decreased over time. However, 
there seems to be a subset of patients in whom 
dialysis has been continued for more than 5 to 

10 years, especially in children over 5 years of 
age who are undergoing PD.  Since there is a 
widely dispersed experience with patients under-
going long-term dialysis (e.g., for 5 or 10 years), 
these data have only rarely been analyzed or 
reported.

 Patient Survival

The patient survival following dialysis initiation 
in those who received PD or HD is shown in 
Table  39.4. The survival rate at 5  years on PD 

TX transplantation, PD peritonela dialysis, HD hemodialysis

Fig. 39.1 Renal replacement therapy modality at initiation by patient age from USRDS. (Modified from Ref. [10])

Table 39.2 Initial treatment modality for ESKD by age

Japan [14] (2006–2011)
ANZDATA [16] 
(2012–2017) ERA-EDTA [12] (2011–2016)

Age 0–4 y 5–9 y 10–14 y 15–19 y 0–9 y 10–17 y 0–4 y 5–9 y 10–14 y 15–19 y
PD 87.3% 55.0% 54.9% 37.3% 58.0% 42.0% 58.8% 23.2% 16.9% 13.4%
HD 8.2% 11.0% 14.6% 31.4% 28.0% 38.0% 29.4% 42.7% 50.2% 64.8%
RTX 2.5% 32.0% 28.7% 29.7% 15.0% 20.0% 11.8% 34.1% 32.9% 21.8%

PD peritoneal dialysis, HD hemodialysis, RTX renal transplantation

M. Honda et al.
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was 86.0–92.0% and on HD was 84.0–87.3% in 
the registry of the USRDS, Italian Registry, 
Registry of Taiwan, and the JSPPD; likewise, the 
combined 5-year survival on HD and PD was 
89.5% in the ESPN-ERA/EDTA registry [10, 12, 
19, 22, 24, 25].

Figure 39.3a, b show the estimated patient 
survival rates for children aged <5  years and 
≥5  years, respectively, at the beginning of 
ESKD treatment with dialysis, based on data 
derived from the USRDS Registry [23]. The 
survival rate in those who initiated dialysis at 
<5  years of age was worse than in those aged 
≥5  years; however, the rate has improved sig-
nificantly in recent years. The same trend was 
observed with the NAPRTCS data: the age at 
dialysis initiation has had an impact on patient 
survival, and the survival rate has improved in 
recent years [25]. The Taiwan Registry has pro-
vided similar data − a significant risk of 
decreased survival was  associated with a 
younger age at the start of dialysis compared 
with older patients (Fig. 39.4) [24].

 Mortality Rate

Mortality rate by dialysis modality and patient 
age at initiation is shown in Table 39.5. Data on 
mortality risk are significantly influenced by the 
follow-up time: the longer the follow-up time, the 
lower the adjusted hazard. For instance, the 
Polish registry with a follow-up time between 7 
and 14 years showed a mortality rate that was 74 
times higher for children with ESKD when com-
pared to children without ESKD. In contrast, the 
mortality rates were “only” 30 times greater than 
normal in both the ANZDATA and the Dutch 
LERIC study, both long-term outcome studies 
with a follow-up of more than 20 years [4, 5]. In 
the LERIC study, having received HD longer 
than PD was associated with a 2.1 times increased 
mortality risk (CI 95% 1.0–4.4); having been on 
dialysis longer than the time with a transplant 
was associated with a 7.2 (CI 95% 2.7–11.8) 
times increased risk for premature death [5].

Recent reports from the ESPN/ERA-EDTA 
and USRDS are in line with these observations. 
The mortality rate was highest during the first 
year of dialysis in both reports and decreased 
progressively with time on dialysis [10, 22, 23]. 
The overall mortality rate in the ESPN/ERA- 
EDTA Registry was reported as 28 deaths per 
1000 patient-years for the period 2000–2013; the 
rate was 39 deaths per 1000 patient-years for 
2011–2015  in the USRDS Registry [9, 22]. 
According to the latter database, this implies an 
expected remaining lifetime of 20.6–22.8  years 
for dialysis patients aged 0–19  years of age as 
compared to 63.7–77  years for children in the 
general population and 52.1–57.7 years for trans-
planted patients aged 0–19 years [10].

 Cause of Death

Cardiopulmonary events and infection have been 
cited as the most common causes of death in all 
registries, accounting for as many as 50% of 
deaths in all age groups (Table 39.6). The histori-
cal long-term outcome data derived from 
ANZDATA, German, and Dutch studies have 
shown that cardiovascular disease (CVD) has the 
greatest impact (41–50%) on mortality, whereas 
the more recent registry reports mention mortality 
rates secondary to CVD of around 20% [4, 5, 20, 
22–26].

The ANZDATA Registry reported that the 
cause of death varied with the type of RRT: car-
diovascular causes accounted for 57% of deaths 
among children receiving HD and 43% of deaths 
among those receiving PD [4]. This is in line with 
other studies of CVD in young patients with 
CKD  and on dialysis, which report a 10- to 
20-times higher risk of cardiovascular death com-
pared with the healthy age-adjusted population 
[27, 28]. Although infection was also a major 
cause of death in the ANZDATA Registry, there is 
evidence that the proportion of deaths attributed 
to infection decreased over time, from 39% (12 of 
31 deaths) between 1963 and 1972 to 16% (26 of 
163) between 1993 and 2002 [4]. The NAPRTCS 
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a

b

Fig. 39.2 Median time from incident dialysis to first transplant by modality and age, from USRDS. (Modified from 
Ref. [10])
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a

b

Fig. 39.3 (a) Kaplan-Meier estimate of survival for chil-
dren initiating ESKD treatment at age  <  5  years with 
dialysis (USRDS Registry, 1990–2010). (Modified from 
Ref. [23]). (b) Kaplan-Meier estimate of survival for chil-

dren initiating ESKD treatment at age  ≥  5  years with 
dialysis (USRDS Registry, 1990–2010) [23]
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Registry has also reported infection to be a com-
mon cause of death in the youngest patients on 
dialysis [29]. In the LERIC study, however, in 
which patients were followed from RRT initiation 
in 1972–1992 up to 2010, the infection-related 
mortality rate over time was U-shaped with a 
decrease in the mortality rate ratio from 502  in 
1972–1992 to 101.8  in 1990–1999, followed by 
an increase to 352.6  in 2000–2010, the latter 
likely reflecting the increased impact of transplant 
years vs. dialysis years over time [21].

The cause of death in association with a very 
prolonged course of dialysis has only been 
reported by the Japanese Registry. Honda et al. 
reported the causes of death in Japanese patients 
who initiated PD (n = 843) and who had received 
PD for more than 5 years. Major causes of death 
for patients who continued PD for less than 
5  years were heart failure (18%), pneumonia 
(12%), pulmonary edema (12%), and shock/
sudden death (12%). However, in those who 
continued PD for more than 5 years, the major 
causes of death were peritonitis (13%), heart 
failure (13%), cerebrovascular disorder (13%), 
EPS (7%), sepsis (7%), and pneumonia (7%). 
Death resulting from peritonitis and encapsulat-
ing peritoneal sclerosis (EPS) was only seen in 
long-term PD patients [30].

 Mortality Risk

Young age, era of onset of dialysis, and social 
factors are the most important determinants of 
dialysis-related mortality.

Age: Very young age at the initiation of dialysis 
is an important mortality risk factor according 
to all outcome studies. In patients initiating dial-
ysis at less than 5 years of age, the crude mortal-
ity rate was 57 per 1000 patient-years for 
patients starting HD and 47.3 per 1000 patient-
years for those starting PD, according to the 
ESPN/ERA- EDTA Registry; this is in contrast 
to mortality rates of 20.6 and 11.1 per 1000 

Table 39.5 The 5-year crude mortality rate with PD and 
HD reported by ESPN/ERA-EDTA [22]

HD 
(deaths/1000 
py)

PD 
(deaths/1000 
py)

Total 
(deaths/1000 
py)

0–5 
y

57.0 47.3 49.4

6–18 
y

20.6 11.1 16.5

Total 26.9 29.0 28.0

PD peritoneal dialysis, HD hemodialysis, py 
patient-years

Fig. 39.4 Survival rates 
between 1995 and 
2004 in Taiwan based on 
age at dialysis initiation. 
(Modified from Ref. 
[24])
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patient-years, for those older than 5 years and 
on HD and PD, respectively [22] (Table 39.5). 
In a USRDS study that included information on 
23,401 children who started RRT between 1990 
and 2010, the mortality rate was 98.8 per 1000 
patient-years in children aged <5  years at the 
onset of therapy and 38.6 per 1000 patient-years 
for children aged >5 years [23]. In the Canadian 
long-term outcome study, age at onset of RRT 
of <1 year was associated with a 7.8 (CI: 4–15) 
times increased risk of death as compared to 
those patients age 10–18 years [17].

Era: Since the introduction of chronic dialysis in 
children, survival of these children has improved 
over time. The 2018 USRDS report has demon-
strated a gradual decline of the 1-year all- cause 
mortality rate from 49 in 2006–2010 to 39 per 1000 
patient-years in 2011–2015. The greatest reduction 
was found in infants with a 39% reduction in mor-
tality between 2006–2010 and 2011–2015, as com-
pared to a 13.3% reduction in children aged 
2–5 years [10] (Fig. 39.3a, b). In the USRDS study 
of children starting RRT between 1990 and 2010, 
the mortality rate for patients aged <5 years at RRT 
treatment initiation dropped from 112.2 per 1000 
patient-years in 1990–1994 to 83.4 per 1000 patient-
years in 2005–2010; for children with RRT onset at 
age >5 years, these figures were 44.6 and 25.9 per 
1000 patient-years in the two eras [23]. The ESPN/
ERA-EDTA Registry reported that 306 deaths 
occurred in 10,910 patient-years, which is equiva-
lent to a mortality rate of 28.0 per 1000 patient-
years during the first 5 years of dialysis treatment 
[22]). The Taiwan Registry also showed a signifi-
cant risk of decreased survival associated with a 
younger age at the start of dialysis compared with 
older patients (Fig.  39.4) [24]. In the NAPRTCS 
database, the 3-year survival increased from 90.8% 
in 1992–1994 to 93.4% in 2004–2006 [25].

HD vs. PD Most registries report a trend toward 
a higher mortality rate in HD patients as com-
pared to PD patients, with recognition that selec-
tion bias and unmeasured case-mix differences 
might have had pivotal influence on the out-

comes. In the ESPN/ERA-EDTA Registry, 
patients with HD as their initial RRT modality 
had an adjusted mortality hazard of 1.39 (95% CI 
1.06–1.82, adjusted for age, gender, country) 
compared to those on PD; the adjusted mortality 
hazard increased to 1.7 during the first year of 
dialysis, but the difference disappeared after 
1–2 years [22]. The 2018 USRDS report revealed 
the 1-year all-cause mortality rates for HD and 
PD patients, respectively, to be 5.2 and 2.2 times 
higher than for transplanted patients [10].

Socioeconomic Status and Race The scarce 
data on children with ESKD in poorly resourced 
countries show evidence of worse outcomes as 
compared to children in developed countries. Of 
the 90 children with ESKD who were treated 
with chronic dialysis between 2001 and 2012 in 
Egypt, for instance, 17 patients died during 
11  years of follow-up and only three patients 
were transplanted [31]. However, a recent study 
of the ESPN/ERA-EDTA demonstrated that even 
within Europe, a significant, socioeconomically 
determined variation in mortality among children 
on RRT exists between countries. The public 
health expenditure explained 67% of the varia-
tion in RRT-related death among children 
between countries [32]. The wealthiest countries 
showed no difference in the 5-year mortality risk 
between those children treated with HD and PD, 
whereas in countries with a GDP of less than $ 
35,000, patients on HD had an increased mortal-
ity risk of 1.66 (1.19–2.3) over those on PD [32]. 
European and American studies have also dem-
onstrated racial disparities that may impact out-
come in the treatment of children with ESKD. A 
Belgian-Dutch cohort study showed that patients 
of non-Western origin had a significantly longer 
time to transplantation (median 30 vs. 15 months) 
than Western patients [33]. The ESPN/ERA- 
EDTA Registry also showed that within the 
European countries, black children and children 
of Asian origin were less likely to be transplanted 
over time than Caucasian children (HR 0.49 CI 
95% 0.34–0.71 and 0.54 CI 95% 0.41–0.71, 
respectively) [34]. In the USA, according to 
USRDS data from 1990 to 2010, black race vs. 
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white race (HR 1.32 CI 95% 1.21–1.44), public 
instead of private insurance (HR 1.37 (CI 95% 
1.17–1.60), and low socioeconomic status (HR 
highest economic status vs. lowest 0.82 (CI 95% 
0.73–0.092) were all independently associated 
with a higher mortality risk in children with an 
onset of RRT at age ≥5 years [7].

 Technique Failure Rate

Approximately 8–25% of patients require a 
change in dialysis modality during their course of 
dialysis. The Italian Registry report of 295 patients 
revealed that 14.9% of children on PD and 7.4% 
of children receiving HD experienced modality 
failure. The time to technical failure was 29.1 
(range, 1.4–102.2) months and 3.6 (range, 1.2–
11.5) months for the PD and HD patients, respec-
tively [19]. A similar result was seen in the 
NAPRTCS Registry data which showed that 
17.4% of children on dialysis changed their dialy-
sis modality. Most HD patients who changed their 
modality did so within the first 6 months, while 
PD patients appear to have had a slow and steady 
increase in the rate of modality change over time 
(Fig. 39.5) [25].

Based on data from the ESPN/ERA-EDTA 
Registry, including 1063 infants aged 12 months 

or younger who initiated dialysis therapy, the 
overall cumulative incidences for dialysis modal-
ity switching at 1, 2, and 5  years were 14.5% 
(range, 12.4–16.7%), 19.7% (range, 17.3–
22.2%), and 25.5% (range, 22.7–28.3%), respec-
tively. Patients on HD had a 1.64-fold higher risk 
of changing dialysis treatment compared to 
patients on PD. This effect remained even after 
adjustment for confounders and was stronger 
during the first year of dialysis therapy (Fig. 39.6) 
[35]. The causes of dialysis failure are shown in 
Tables 39.7 and 39.8 [19, 35, 36].

Infection, especially peritonitis/exit site infec-
tion, was the major reason for modality change 
for patients receiving PD, while patient/family 
choice and vascular access failure were the major 
reasons for changing from HD. In the long-term 
data, peritonitis and ultrafiltration (UF) failure 
were the main reasons for changing dialysis 
modality in PD patients. The NAPRTCS Registry 
in particular found that the primary reason for a 
change in dialysis modality in their earlier cohort 
(1992–2001) was frequent infection, compared 
with patient/family choice in their later cohort 
(2002–2011). PD patients were also most likely 
to change modality because of infection, whereas 
HD patients were more likely to change modality 
because of patient choice [36]. Similar data have 
been published by the Italian Registry: the cause 

Fig. 39.5 Time to 
dialysis termination by 
dialysis modality 
(NAPRTCS Registry). 
(Modified from Ref. 
[25])
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and time to technique failure are reported in 
Table 39.8. Peritonitis/exit site infection was the 
main reason for changing modality among 
patients on PD. In five of six patients with a loss 
of peritoneal function, it occurred in the third 
year of PD or later. For HD patients, dialysis 
access failure and patient/family choice were the 
most frequent causes of technique failure [19]. 
Data from the ESPN/ERA-EDTA Registry 
revealed that HD therapy was most often with-
drawn because of patient/family decision and 
poor central catheter function in infants [35]. The 
reason for the high incidence of HD termination 
in the first months of a patient’s course on HD as 
a result of a family decision might be that HD is 
most often performed in the hospital and patients 

need to receive long and frequent HD, which 
commonly forces them to live restricted and dif-
ficult lives.

The best long-term PD data are available from 
the Japanese Registry. Honda et al. have reported 
the causes of PD termination and the outcome of 
Japanese children under 16  years of age who 
received PD (n  =  843). The technique survival 
rate on PD significantly improved over time: at 
5 years, the technique survival rate was 78% for 
patients starting PD during or after 1992 com-
pared to a technique survival rate of only 64% for 
patients who initiated PD before 1992. However, 
it is of interest that no difference in technique sur-
vival of patients on PD was seen before or after 
1992 in the cohort of patients who had received 

Table 39.7 Cause of dialysis failure

NAPRTCS [36] ESPN/ERA-EDTA [35]
1992–2001
(n = 682)

2002–2011
(n = 211)

PD
(n = 198)

HD
(n = 44)

Frequent infection 32.6 22.7 76
Patient/family choice 18.6 26.5 6.5 56
Access failure 10.3 9.5 2.2 20
Membrane failure 74 6.6 4.4 –
Excessive hospitalization 1.9 3.8
Other 17.6 18.5 10.8 20
Unknown 11.4 12.3

NAPRTCS data are for pediatric patients and ESPN/ERA-EDTA data are for infants aged 12 months or younger who 
were started on dialysis therapy
PD peritoneal dialysis, HD hemodialysis

Fig. 39.6 Cumulative 
incidence curve for 
modality switching 
(ESPN/ERA-EDTA 
Registry). (Modified 
from Ref. [8])
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PD for more than 8  years. In the patients who 
received PD for more than 5 years, PD was termi-
nated in 44 children (29%) because the patients 
underwent transplantation. Transfer to HD 
occurred in 14 children (35%) because of perito-
nitis, in 13 children (33%) because of UF failure, 
in 5 children (13%) because of insufficient dialy-
sis, and in 8 children (20%) for other causes. A 
higher percentage of transfer to HD because of 
UF failure and/or under dialysis (46% of total 
transitions) was associated with a longer period 
of PD care (Table 39.9) [37].

Most important was the finding that long-
term PD (e.g., >8  years) was associated with 
the potential development of EPS. Membrane 
failure resulting from causes other than bacte-
rial peritonitis was observed in patients who 
had been on PD for more than 5 years. In these 
patients, peritoneal biopsy commonly showed 
peritoneal sclerosis with membrane thicken-
ing. Therefore, membrane failure and EPS may 
be the main problems for long-term PD 

Table 39.8 Cause and time of technique failure in PD 
and HD patients reported by the Italian Registry (1989–
2000) [19]

PD (n = 44) HD (n = 12)

(%)
Months 
(range) (%)

Months 
(range)

Peritonitis/exit 
site infection

65.9 28.6 
(1.4–
77.1)

– –

Patient/family 
choice

2.3 86 50 3.8 
(1.5–
8.1)

Access failure 2.3 2 50 3.4 
(1.2–
11.5)

Technical 
complication

15.9 12.7 
(1.5–
32.6)

– –

Membrane failure 13.6 46.3 
(7.3–
102.2)

– –

Total 44 29.1 
(1.4–
102.2)

12 3.6 
(1.2–
11.5)

Months mean duration of dialysis treatment at technique 
failure, PD peritoneal dialysis, HD hemodialysis

Table 39.9 Outcome and cause of PD termination in children after 1991 [30]

<5 years ≧5 years
n (%) n (%)

Total 527 151
Continuance of PD 148(28) 43(29)
Transplantation 244(46) 44(29)
Recovery 14(3) 1(1)
Unknown, lost 37(10) 8(6)
Transfer to HD 50(10) 40(27)
Cause of transfer HD Peritonitis 28(56) 14(35)

UF failure 7(14) 13(33)
Insufficient dialysis 6(12) 5(13)
Catheter trouble 3(6) 0(0)
Other, unknown 6(12) 8a(20)

Death 34(7) 15(10)
Cause of death Peritonitis 0(0) 2(13)

Sepsis 1(3) 1(7)
Pneumonia 4(12) 1(7)
Cerebrovascular disorder 2(6) 2(13)
Heart failure 6(18) 2(13)
Pulmonary edema 4(12) 0(0)
Shock, sudden death 4(12) 0(0)
Others, unknown 13(36) 7b(53)

PD peritoneal dialysis, HD hemodialysis, UF ultrafiltration
aLong-term PD (three patients), after surgery (two), patient’s request (two), psychological problem (one)
bConvulsion (one patient), EPS (one), unknown (two), original disease (two), gastric perforation (on
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patients, even in the absence of bacterial peri-
tonitis [37].

 Complications of Long-Term 
Dialysis

 Cardiovascular Disease

CKD, ESKD, and dialysis treatment are well- 
known risk factors for CVD in adult patients, 
especially those adults who receive long-term 
dialysis. Cardiovascular events in dialysis 
patients include cardiac failure, ischemic heart 
disease, arrhythmia, cardiomyopathy, valvular 
heart disease, and peripheral vascular disease.

The morbidity and mortality rates for 
patients with CVD are higher in adult dialysis 
patients compared with the normal population. 
The incidence of sudden cardiac death and fatal 
arrhythmia in adult dialysis patients has been 
found to be 5–7%, which is 25- to 70-fold 
higher compared with the general population 
[38–40]. Adult cardiovascular mortality rates 
are approximately ten- to 20-fold higher in dial-
ysis patients compared with the general popula-
tion [40], and it accounts for approximately 
50% of deaths in chronic dialysis patients [41]. 
Therefore, guidelines for the management of 
CVD in adult dialysis patients have been pub-
lished, including the European Best Practice 
Guidelines issued by the ERA-EDTA and the 
Kidney Disease Outcomes Quality Initiative 
(KDOQI) guidelines that were issued by the 
National Kidney Foundation [42, 43]. Although 
these guidelines describe various cardiovascu-

lar risk factors in dialysis patients, long-term 
dialysis itself was not included as a risk factor 
for CVD.

CVD is also an important complication in 
pediatric dialysis patients and impacts their long- 
term outcome. The most common CVD event in 
pediatric dialysis patients is arrhythmia, followed 
by vascular heart disease and cardiomyopathy 
[43]. CVD is also one of the most important 
causes of death in pediatric dialysis patients, as 
noted previously. Many registry studies have 
shown the association between pediatric dialysis 
patients and CVD mortality (Table 39.10).

CVD has been shown to be responsible for 
approximately 21% of deaths in pediatric dialysis 
patients in the NAPRTCS Registry [36], and 
CVD-related mortality accounted for 18.3% of 
deaths in pediatric dialysis patients based on reg-
istry data from 36 European countries [22]. 
Likewise, the Australia and New Zealand Dialysis 
and Transplant Registry long-term outcome study 
reported that 57% of HD patients and 43% of PD 
patients died as a result of CVD, indicating that 
premature CVD is without question a life- 
threatening complication of prolonged dialysis, 
although some of these deaths may have occurred 
during adulthood as part of long-term follow-up 
[4]. Finally, a Japanese registry of pediatric PD 
patients, including a substantial proportion of 
long-term dialysis patients because of the 
decreased frequency of kidney transplantation in 
Japan, reported that CVD-related mortality was 
the leading cause of death in patients who were 
on PD for fewer than and more than 5  years, 
accounting for 18% and 13% of death in these 
patients, respectively [37].

Table 39.10 Cardiovascular mortality in pediatric RRT patients

Author Year published Year date collected No. of subjects Total deaths %CVD deaths
Weaver [36] 2017 1992–2011 6482

Dialysis patients
539 21.1%

Chesnaye [22] 2016 2000–2013 6473
Dialysis patients

306 18.3%

McDonald [4] 2004 1963–2002 1634
RRT patients

PD 97
HD 197

HD 57%
PD 43%

Honda [30] 2010 1991–2003 <5 years 527
≧5 years 151
PD patients

<5 years 34
≧5 years 15

<5 years 18%
≧5 years 13%

RRT renal replacement therapy, PD peritoneal dialysis, HD hemodialysis

M. Honda et al.
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In pediatric dialysis patients in contrast to 
adult patients, however, CVD is usually asymp-
tomatic because these patients have a different 
disease composition compared with adults, and 
the CVD does not often result in serious out-
comes such as ischemic heart disease or death. 
Thus, surrogate markers, including left ventricu-
lar hypertrophy (LVH), left ventricular mass 
index (LVMI), and carotid artery intima-media 
thickness (CIMT), are most often used in clinical 
studies on CVD in pediatric dialysis patients. 
There are also no guidelines specifically for the 
management of CVD in pediatric dialysis 
patients, other than those related to blood pres-
sure management. It is important to recognize 
that uncontrolled hypertension is the only proven 
modifiable factor that is associated with mortality 
secondary to CVD, and registry data from the 
USRDS and the ESPN/ERA-EDTA provide evi-
dence that blood pressure management remains 
suboptimal [22, 23].

 Long-Term Dialysis and CVD in Adults
It is well known that CVD-related mortality is 
high during the first year of dialysis in adult dial-
ysis patients. However, an increased risk of CVD 
in association with long-term dialysis has also 
been reported [44].

Risk factors for CVD in dialysis patients are 
classified into traditional risk factors, including 
age, hypertension, diabetes, and smoking, and 
kidney disease-related risk factors, such as 
 extracellular fluid volume overload, vascular cal-
cification, hyperphosphatemia, oxidative stress, 
vascular endothelial dysfunction, chronic inflam-
mation, and anemia. These risk factors worsen 
the cardiac function in dialysis patients in a com-
plex manner (Fig. 39.7) [44, 45].

Long-term dialysis patients have an increased 
risk of CVD as a result of the long-term exposure 
to many of these risk factors. Typically, long- 
term extracellular fluid volume excess and eryth-
ropoietin therapy, as well as a reduction in 
vascular compliance because of progressive arte-
riosclerosis, result in refractory hypertension in 
many patients, which is associated with a signifi-
cant increased risk for left ventricular hypertro-
phy and subsequent cardiac failure. As noted 

above, there have also been many reports of a 
high incidence of arrhythmia and vascular and 
valvular calcification in adult long-term dialysis 
patients [46–48].

 Long-Term Dialysis and CVD in Children
While there are fewer pediatric long-term dialy-
sis patients compared with the adult dialysis pop-
ulation, there have been a few reports pertaining 
to children using the CVD surrogate markers of 
LVH and CIMT, which have addressed their rela-
tionship to the duration of dialysis.

Litwin et  al. measured the CIMT, the wall 
cross-sectional area (WCSA), and the lumen 
cross-sectional area (LCSA) using ultrasonogra-
phy in 24 patients with CKD stages 3–5 (CKD 
group) and in 32 patients with ESKD (19 post-
 HD renal transplant recipients [D-Rtx] and 13 
HD patients [D-D]) who were less than 18 years 
old, and these parameters were normalized to 
standard deviation scores (SDS). The CIMT-SDS 
and WCSA-SDS were significantly higher in the 
patients with a history of dialysis compared to 
those with CKD (D-D 2.2  ±  1.4  years, D-Rtx 
2.3 ± 1 year vs. CKD 1.0 ± 1.5 years, P < 0.001). 
Additionally, the total duration of dialysis was 
correlated with the CIMT-SDS 1-year post-renal 
transplantation (r = 0.46, P < 0.01) [49].

Oh et al. assessed the CIMT in 39 patients 
with ESKD with childhood-onset CKD (HD 
patients, PD patients, and transplant recipients 
with a history of dialysis who were 19–39 years 
of age) using high-resolution ultrasound. The 
cumulative time on dialysis was 6.9 ± 6.3 years 
in HD patients, 2.3  ±  3.5  years in transplant 
recipients with a history of HD, 2.5 ± 3.1 years 
in PD patients, and 1.5 ± 2 years in transplant 
recipients with a history of PD. In addition to 
serum calcium, the total duration of dialysis 
predicted CIMT independently (partial 
R2 = 0.10, P = 0.03) [26]. The Dutch LERIC 
study showed increased vascular stiffness in a 
cohort of 130 patients aged 20–40 years with 
onset of dialysis at age <15 years, as expressed 
by an increased incremental elasticity on 
carotid ultrasound; the duration of uncon-
trolled hypertension and age were the most 
important determinants [50].
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Vascular calcification is a known risk factor 
for progressive CVD. Coronary artery calcifica-
tion (CAC), in particular, is reported to be a pre-
dictor of cardiovascular events and cardiovascular 
mortality in adult dialysis patients [51]. While 
adult long-term dialysis patients are well known 
to have a high incidence of vascular calcification, 
the association between long-term dialysis and 
vascular calcification has also been noted in pedi-
atric patients (Table 39.11) [52].

Al-Biltagi et al. assessed CAC in 50 pediat-
ric HD patients using electron beam computed 
tomography (EBCT) and reported that CAC was 
observed in 20% of patients and that patients 
with CAC had a longer total duration of dialy-
sis (74.5 ± 9.5 months vs. 52.7 ± 8.3 months, 
P  =  0.0006) compared to those without CAC 
[53]. Goodman et al. assessed CAC in 39 young 
ESKD patients who had a history of undergo-
ing dialysis (7–30 years old, PD patients, HD 
patients, and post-dialysis transplant recipi-
ents). CAC was observed in none of the 23 
patients who were younger than 20  years of 
age, but it was present in 14 of 16 patients 

who were 20 to 30  years old. Compared to 
those patients without CAC, those with CAC 
had a longer duration of dialysis (4 ± 4 years 
vs. 14  ±  5  years, P  <  0.001) [54]. Similarly, 
Srivaths et  al. assessed for CAC in 16 young 
HD patients (9.1–21.2  years) using computed 
tomography (CT) and reported that five of 
16 patients had CAC and that those patients 
with CAC had a longer duration of dialysis 
(49.4  ±  15.3  months vs. 17.2  ±  10.5  months, 
P = 0.0002) (Table 39.11) [55].

All studies identified a long duration of dialy-
sis, in addition to chronic kidney disease-mineral 
bone disorder (CKD-MBD)-related factors such 
as hyperphosphatemia, as risk factors for 
CAC. Long-term dialysis patients may, of course, 
have an increased risk of vascular calcification 
because of the longer exposure to abnormal min-
eral metabolism.

In conclusion, long-term dialysis may increase 
the risk of CVD in pediatric dialysis patients, in a 
manner that is similar to what occurs in adult 
patients. To address this issue, various treatment 
guidelines recommend appropriate management 

Fig. 39.7 Pathogenesis of heart failure in long-term dialysis patients. (Modified from Ref. [44])
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of blood pressure, CKD-MBD, anemia, and dys-
lipidemia after the start of dialysis to reduce 
CVD events. Echocardiography should be per-
formed for cardiac function assessment at least 
once every 6–12  months. Some registries have 
also shown lower mortality rates among children 
who have received a kidney transplant compared 
with those who remain on dialysis [4]. If possi-
ble, fairly prompt access to transplantation 
should, in turn, be encouraged if at all possible, to 
reduce the duration of dialysis.

 Chronic Kidney Disease-Mineral 
and Bone Disorder

CKD-MBD is also an extremely important path-
ological condition for pediatric patients with 
ESKD.  Complications that are specific to chil-
dren are deformed extremities and failure to 
thrive. Abnormal bone metabolism also causes 
calcification of the arteries as noted above, and as 
with adults, this may increase the risks of cardio-
vascular lesions and death.

In adults, studies have been conducted using 
life prognosis as an outcome, while in children, it 
is difficult to evaluate the impact of CKD-MBD 
on long-term patient survival. As alternative end-
points, bone lesions, cardiovascular calcification, 
and failure to thrive have been studied. However, 
data are limited even for these endpoints in chil-
dren on long-term dialysis.

 Bone Disease
In 2007, the International Pediatric Peritoneal 
Dialysis Network (IPPN) established a prospec-
tive clinical registry designed to collect detailed 
clinical and biochemical data on children receiv-
ing PD [56]. To date, 3771 patients treated with 
PD from 43 countries worldwide have been reg-
istered (http://www.pedpd.org/index.php?id=14).

Based on the IPPN database, clinical symp-
toms and/or radiological signs of bone diseases 
were observed in 139 of 890 PD patients (15%) 
when they were registered [56]. These included 
radiological signs of osteodystrophy/rickets 
(9.4%), radiological osteopenia (4.5%), deformed 
extremities (5%), and bone pain (1.4%). Tissue 
calcification was reported in 14 patients (1.5%). 
Among 271 patients who were followed up for 
12 months, signs and symptoms of CKD-MBD 
continued in 20 patients (7.4%), improved in 32 
patients (11.8%), and newly developed in 17 
patients (6.3%) [56].

In terms of the relationship between dialysis 
duration and bone lesions, clinical bone disease 
has been associated with a longer duration of 
dialysis. In a cohort of 247 Dutch patients who 
developed ESKD at the age of 0–14  years and 
started renal replacement therapy (including 
renal transplantation) between 1972 and 1992 
(dialysis duration, 4.1 [range, 0–25.6] years), 
bone symptoms were observed in 36.8% of the 
patients, bone deformities in 25.5%, and frac-
tures in 13.4% [57].

Table 39.11 Studies of vascular calcification in pediatric RRT patients

Author
Year 
published

Number age 
(years)

Methods of 
RRT

Cumulative time 
on dialysis Risk factors of CAC

Al-Biltagi 
[53]

2017 53 patients
17.3 ± 3.6

HD, PD, TX 6.7 ± 1.9 Dialysis vintage
PTH

Goodman 
[54]

2000 39 patients
19 ± 7

HD, PD, TX 14 ± 5 Longer dialysis vintage
Higher BMI
Serum P and ca × P

Srivaths [55] 2010 16 patients
19.1 ± 2.1

HD 4.1 ± 1 Longer dialysis vintage
Higher P
Lower Chol

Adapted from Querfeld et al. [45]
RRT renal replacement therapy, CAC coronary artery calcification, PD peritoneal dialysis, HD hemodialysis, Tx trans-
plantation, PTH parathyroid hormone, BMI body mass index
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 Vascular and Valvular Calcification
As noted earlier in this chapter, CAC is frequently 
observed in adult dialysis patients, and it is asso-
ciated with the prognosis for long-term outcome 
[58]. It has also been reported in young adults 
with pediatric onset of dialysis by Groothoff 
et al. and Goodman et al., respectively [50, 54]. 
In the Dutch study, carotid arterial wall thickness 
was increased in young adults with ESKD, and 
hypertension was a primary determinant of this 
complication [50]. In the study by Goodman 
et  al., 92% of patients had CAC, patients with 
CAC had a longer dialysis duration (14 ± 5 years 
vs. 4 ± 4 years) compared to those without calci-
fication, and calcification was frequently seen in 
patients with high serum phosphorus levels, ele-
vated calcium-phosphorus product, and a high 
calcium intake [54]. In this study, the calcifica-
tion score, which is used as an indicator of calci-
fication, and dialysis duration were associated.

Thus, vascular calcification in ESKD may 
start during childhood age, and long-term dialy-
sis appears to be an important risk factor for 
CAC.

 Longitudinal Growth
In dialysis patients, malnutrition, endocrine dys-
function, anemia, inappropriate dialysis, and aci-
dosis all contribute to the risk for a patient’s 

course to be complicated by failure to thrive. 
Therefore, it is difficult to isolate the influence of 
CKD-MBD on growth. There are, at the same 
time, many reports on an association between 
failure to thrive and dialysis duration.

In the long-term outcome Dutch LERIC study, 
more than 61% of subjects were severely growth 
retarded with a height SDS lower than -2SD; the 
dialysis vintage in years for these patients was 
twice as much as in the non-severely growth 
retarded group, with very few of the latter group 
having received recombinant growth hormone 
therapy [57]. However, a recent ESPN/ERA- 
EDTA Registry study showed that even today, 
many children with RRT and on dialysis do not 
reach a normal target height and that recombinant 
growth hormone therapy is often not prescribed, 
even in countries with secured financial compen-
sation [59, 60].

In the IPPN registry, the mean standardized 
height of the enrolled PD patients was low 
(−2.43 SD), and the height was below the third 
percentile in 39% of patients. The annual pro-
spective change in standardized height tended to 
be inversely correlated with parathyroid hor-
mone (PTH). Patients with a mean PTH >500 pg/
mL had a significantly lower height SDS com-
pared to children with lower PTH levels 
(Fig. 39.8) [56].

Fig. 39.8 CKD-MBD 
and longitudinal growth. 
Time-averaged mean 
plasma intact 
parathyroid hormone 
concentrations and 
change in standardized 
height in 214 pre- and 
early pubertal children 
followed prospectively 
for at least 12 months. 
Full circles indicate 
patients receiving 
recombinant growth 
hormone. (Modified 
from Ref. [56]). SDS, 
standard deviation score
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Thus, to help optimize growth in ESKD patients, 
as well as to decrease fracture risk, biochemical 
correction of CKD-MBD parameters (normaliza-
tion of Ca, P) and control of PTH (2−3X normal 
value) are considered to be essential.

 Peritoneal Dysfunction 
and Encapsulating Peritoneal 
Sclerosis (EPS)

Peritoneal dysfunction and EPS associated with 
long-term PD are the most significant and severe 
complications of long-term PD in children, and 
they are directly linked to the long-term progno-
sis of dialysis patients. Peritoneal dysfunction, 
which is characterized by inadequate ultrafiltra-
tion (UF) and inadequate solute clearance, is the 
second leading cause of PD termination next to 
infection [36]. A report from Japan indicated that 
about one-half (49%) of patients who were on PD 
for 5 years or more were switched to HD because 
of UF failure and insufficient dialysis [30].

Because PD has many advantages for pediat-
ric dialysis patients, particularly in constitution-
ally small patients, it is essential to thoroughly 
understand these complications so as to optimize 
the use of PD.

 Peritoneal Dysfunction
Peritoneal dysfunction is characterized by 
increased peritoneal permeability and subsequent 
UF failure. The increased peritoneal permeability 
is characterized by an increase in the dialysate- 
to- plasma creatinine ratio (D/P Cr), which is cal-
culated using the peritoneal equilibration test 
(PET). The associated peritoneal morphology 
has been evaluated through laparoscopy [61], 
peritoneal biopsy [62, 63], mesothelial cell cytol-
ogy [64], and other methods.

There have been many reports on factors 
that may affect peritoneal permeability, includ-
ing catheterization [65], PD-related peritonitis 
[66–69], and a prolonged period on dialysis 
[70]. As part of the investigation of the rela-
tionship between dialysis duration and perito-
neal permeability, it has been reported in adults 
that peritoneal permeability was actually 

enhanced by early exposure to higher intraperi-
toneal glucose concentrations [70]. In children, 
it has been reported that there was no change in 
PET category for approximately 2 years after 
the initiation of PD [71, 72], but that an 
increased D/P Cr and a decreased D/D0 Glu 
were observed thereafter [73]. Kaku et al. per-
formed 202 standardized PETs in 129 children 
and reported that the duration of PD was posi-
tively correlated with D/P Cr and negatively 
correlated with D/D0 Glu, showing that long-
term peritoneal dialysis worsens peritoneal 
function, possibly more than episodes of peri-
tonitis (Fig. 39.9) [74].

Peritoneal morphological changes, such as 
peritoneal thickening and vascular damage, have 
been found to progress in association with the 
prolongation of PD (Fig.  39.10). Moreover, 
severe peritoneal thickening is associated with a 
decreased UF capacity [75]. This suggests a close 
association between peritoneal dysfunction and 
peritoneal structural changes.

The results described above were obtained 
from patients using a peritoneal dialysis solu-
tion with a low pH.  Subsequent studies were 
conducted to evaluate differences in PET results 
associated with the use of neutral pH dialysate 
and a low pH dialysate [76, 77]. No differences 
in small molecule transport rates were noted, 
and PD with neutral pH dialysate had little 
effect on peritoneal permeability or morphology 
for more than 3  years [78]. At the same time, 
there have been some reports which have shown 
that the use of neutral pH dialysate was associ-
ated with a decreased UF [79, 80], so the effects 
of neutral pH dialysate are not consistent in all 
studies.

Factors in the peritoneal effluent, such as 
matrix metalloproteinase-2 (MMP-2), interleu-
kin- 6 (IL-6), hyaluronan, vascular endothelial 
growth factors (VEGFs), cancer antigen 125 
(CA125), and coagulation-fibrinolysis factors, 
have all been reported as markers for peritoneal 
injury. Increasing serum β2-microglobulin levels 
have also been reported to be useful markers of 
peritoneal injury and morphological changes 
[81–90]. In particular, the level of CA125 in the 
PD effluent often tends to decrease as the dialysis 
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period is prolonged, and it has been reported to 
be consistent with actual morphological findings 
[91].

 Encapsulating Peritoneal Sclerosis
Encapsulating peritoneal sclerosis (EPS) is the 
most serious complication of PD. EPS is 

defined as a clinical syndrome with persistent, 
intermittent, or recurrent obstructive ileus, 
which is accompanied by extensive adhesions 
of the diffusely thickened peritoneum [92]. 
EPS has a poor prognosis, with a mortality rate 
of 25–56% in adults and 13–27% in children 
[93–97].

Fig. 39.9 Correlation between peritoneal membrane permeability and peritoneal dialysis duration. [Modified from 
Ref. [74])

Fig. 39.10 Mild 
thickening of peritoneal 
membrane with increase 
of collagen fiber
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Pathophysiology
While the pathophysiology of EPS is unclear, EPS 
is very likely to be of multifactorial etiology. The 
peritoneum normally consists of a single layer of 
mesothelial cells, submesothelial connective tis-
sue, and arterioles [98]. Mesothelial cells act as a 
barrier against all peritoneal injuries and play 
important roles in the transport of water and sol-
utes, inflammation, and tissue repair. Conventional 
peritoneal dialysis solutions are characterized by 
acid pH, high lactate concentration, high osmotic 
pressure, high glucose concentration, and glucose 
degradation products (GDPs) which are formed 
during high-temperature sterilization. GDPs stim-
ulate mesothelial cells to produce transforming 
growth factor-beta (TGF-β) and VEGFs [99]. The 
profibrotic factor TGF-β induces epithelial-to-
mesenchymal transition of mesothelial cells, 
which further progresses to EPS through media-
tion by factors such as VEGF and plasminogen 
activator inhibitor 1 [100–102] (Fig. 39.11).

A “two-hit” theory has been proposed to 
explain the pathogenesis of EPS (Fig.  39.12). 
Prolonged exposure to bioincompatible dialysis 
solutions causes peritoneal mesothelial cells to 
detach and disappear, leading to peritoneal fibro-
sis and peritoneal hypertrophy. In addition, hya-
linizing vasculopathy occurs, and the thickened 
peritoneal capillary wall and the lumen narrow-
ing change peritoneal permeability (first hit). 
Under those conditions, inflammatory stimuli 
such as bacterial peritonitis (second hit) result in 
the proliferation of peritoneal capillaries and an 
increase in peritoneal permeability. This increases 
the penetration of large molecular substances 
such as fibrin and results in fibrin deposition on 
the peritoneal surfaces [75].

Further degeneration and sclerosis of the 
fibrinous membrane subsequently results in 
compression of the intestine, leading to clinical 
manifestations. The fibrinous membrane extends 
from the parietal peritoneum to the visceral 
peritoneum, sometimes with accumulation of 
ascitic fluid inside, which is readily detected by 
abdominal CT.  Even mild inflammation may 
trigger capsular formation in patients with 
severe peritoneal dysfunction and morphologi-

cal changes. Conversely, severe inflammation 
may induce EPS in patients with even mild peri-
toneal dysfunction and morphological changes. 
Thus, even short-term PD patients may develop 
EPS if inflammation is severe. Additionally, dif-
fuse calcinosis between the capsule and the 
degenerated peritoneum may occur in patients 
with severe fibrosis or secondary 
hyperparathyroidism.

Incidence of EPS
Based on various single-center and multicenter 
studies and national registry observational cohort 
studies involving adults, the prevalence of EPS is 
estimated to be between 0.4% and 8.9% 
(Table 39.12). On the other hand, there are only 
two reports of children, consisting of the Japanese 
multicenter study and the Italian registry of pedi-
atric chronic dialysis. These cohorts reported that 
the incidence of EPS after 5 years on PD in chil-
dren was 6.6% and 21.1%, respectively [95, 103].

EPS Development Can Be Predicted
Previous studies involving many patients have sug-
gested that the development of EPS may be associ-
ated with abnormalities of D/P Cr [104–106], 
mesothelial cell area [106], MMP-2 [90, 107], IL-6 
[108], and CA125 in the PD effluent [91].

Because the PET is an established method for 
assessing peritoneal permeability, it is recom-
mended that the PET be performed on a regular 
basis, at least once per year, in patients on 
PD.  Assessment of peritoneal function through 
the PET is noninvasive and highly objective, easy 
to perform, and economical. Whereas the D/P Cr 
is not sufficiently conclusive to be able to predict 
the development of EPS based on a single assess-
ment, it can be monitored for any change over 
time [104, 105]. A continuously increasing D/P 
Cr, with results demonstrating at least 12 con-
secutive months of high D/P Cr, indicates pro-
gressive severe peritoneal deterioration, and 
discontinuation of PD should be considered in 
this situation. Although mesothelial cell cytology 
has been demonstrated to correlate with the risk 
of EPS [106], it is not a very sensitive or specific 
predictor of EPS. The same is true for the afore-
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mentioned effluent markers. To summarize, no 
measure is an independent, absolute diagnostic 
marker that can be used alone to detect peritoneal 
dysfunction or morphological change that may 
lead to EPS. It is recommended to make a com-
prehensive assessment based on the findings 
from multiple measures.

Risk Factors
As stated above, numerous factors are likely 
involved in the development of EPS. Possible 
causal factors include PD duration, peritonitis, 
acetate dialysate, high-glucose dialysate, bio-
incompatible dialysate, chlorhexidine, and 
plasticizers [30, 109]. Additionally, some 

Fig. 
39.11 Pathogenesis of 
encapsulating peritoneal 
sclerosis (EPS)

Fig. 39.12 Two-hit theory of pathogenesis of encapsulating peritoneal sclerosis (EPS)

M. Honda et al.
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patients might have a genetic predisposition to 
EPS [92, 109].

PD Duration
The most important risk factor for EPS is long- 
term exposure to peritoneal dialysate. The 
Japanese registry of pediatric peritoneal dialysis 
patients reported that all patients with EPS had 
been on PD for 5 years or more [95]. Additionally, 
the incidence of EPS was 6.6% after 5 years or 
more of PD and 12% after 8  years or more of 
PD.  The Italian Registry of Pediatric Chronic 
Dialysis reported that the incidence of EPS was 
21.1% in patients who had received PD for more 

than 5 years compared with 0.4% for those who 
had received PD for less than 5 years [103]. The 
European Pediatric Dialysis Working Group 
(EPDWG) reported that the median duration of 
PD was 5.9 (range, 1.6–10.2) years in patients 
with EPS and 1.7 (range, 0.7–7.7) years in 
patients without EPS [94].

Many studies in adults have also shown that 
the incidence of EPS increases as the PD duration 
becomes longer (Table 39.12).

Composition of Dialysate
As a result of the reported association between 
acetate-buffered dialysate and the development 

Table 39.12 Relationship between long-term PD and EPS incidence

EPS incidence (%) PD duration Country Adult or children Reference
6.6
12

5 years or more
8 years or more

Japan Children Hoshii S et al. [95]

21.1 5 years or more Italy Children Vidal et al. [103]
5
10.8
19.4

5 years or more
6 years or more
8 years or more

Australia Adult Rigby RJ et al. [160]

0.5
3.3

5–10 years
10 years or more

Japan Adult Kawanishi et al. [161]

0.7
2.1
5.9
5.8
17.2

5 years
8 years
10 years
15 years
15 years or more

Japan Adult Kawanishi et al. [123]

8.8
5

5–6 years
6 years or more

Scotland Adult Brown et al. [93]

0.8
3.9

5 years or more
8 years or more

Australia and New Zealand Adult Johnson et al. [96]

20
100

6 years or more
8 years or more

Ireland Adult Phelan et al. [162]

15
38

6 years or more
9 years or more

USA Adult Bansal et al. [163]

0.6
2.3
1.2

5 years
8 years
8 years or more

Japan Adult Nakayama et al. [116]

6
8
18
75
67

6–8 years
8–10 years
10–12 years
12–14 years
14 years or more

Italy Adult Vizzardi et al. [164]

9.4
22.2

5 years or more
7 years or more

Scotland Adult Petrie et al. [165]

10.8
23.3
25

5 years or more
6 years or more
7 years or more

Iran Adult Alatab et al. [166]

EPS encapsulating peritoneal sclerosis, PD peritoneal dialysis
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of EPS [110], lactate-buffered dialysates are cur-
rently used in many PD patients. Additionally, 
exposure to bioincompatible dialysate containing 
high concentrations of glucose and GDPs may be 
a risk factor [92].

Icodextrin has also been shown to be associ-
ated with an increase in local inflammatory mark-
ers such as IL-6 [111, 112], and an association 
between the long-term use of icodextrin and the 
development of EPS has been reported [113]. 
However, no differences in the prescription of ico-
dextrin between patients with and without EPS 
have been reported [114]. In fact, icodextrin has 
also been reported to be involved in the protection 
of mesothelial cells and peritoneal function [115]. 
Thus, no conclusive evidence that icodextrin con-
tributes to the development of EPS is available.

In contrast, neutral pH peritoneal dialysis 
solutions containing fewer GDPs are being used 
by an increasing percentage of PD patients glob-
ally (but not in the USA), and this has resulted in 
a reduction in EPS, based on an observational 
study [116]. In patients using neutral pH dialy-
sate, the incidence of EPS decreased to 1.0% 
with an incidence rate of 2.3/1000 patient-years, 
and clinical symptoms of EPS were often mild. 
Studies with parietal peritoneal biopsy tissues 
have also provided evidence of a lower incidence 
of peritoneal vascular degeneration in the neutral 
pH dialysate group [117, 118].

Peritonitis
Severe peritonitis, especially when caused by 
Staphylococcus aureus, Pseudomonas, or fungi, 
might be a risk factor for EPS [93]. It is unclear 
whether the frequency of peritonitis is a risk fac-
tor for EPS [94, 103]. It has been reported that 
patients with severe peritonitis episodes 
 developed progressive EPS after switching from 
PD to HD [119], whereas mild recurrent peritoni-
tis was not a risk factor for EPS [96]. While peri-
tonitis may be strongly associated with the 
development of EPS [120], the degree of associa-
tion differs between patients on short-term PD 
and those on long-term PD. Patients on PD for as 
long as 5 years or more are more likely to develop 
EPS when peritonitis occurs [30, 121, 122].

Discontinuation of PD
EPS has also been reported to occur after renal 
transplantation or after switching from PD to HD 
[123–126]. Post-transplantation EPS has occurred 
mostly within 1  year of transplant, presumably 
because of the profibrotic effects of calcineurin 
inhibitors (CNIs) [124, 126]. CNIs, especially 
tacrolimus, increase TGF-β mRNA expression 
and extracellular matrix production [126, 127]. A 
steroid reduction protocol might also increase the 
risk of EPS by reducing the anti- inflammatory 
effects of steroids [128]. However, mammalian 
target of rapamycin inhibitors may reduce angio-
genesis and fibrosis [129, 130].

In Japan, EPS has often occurred after switch-
ing from PD to HD, with a reported incidence of 
69% in adults [96] and 29% in children [30, 95]. 
Discontinuation of PD might result in an increase 
in inflammatory mediators and the intraperito-
neal fibrin concentration, and there have been 
conflicting reports about the benefits of perito-
neal lavage after discontinuing PD. Some stud-
ies have reported that the lavage prevented EPS 
[106, 131], whereas others pointed out that the 
lavage might increase the risk of EPS [92].

Drugs
Besides the abovementioned CNIs, treatment 
with β-blockers has been reported to be a risk fac-
tor for EPS [132]. An association between the use 
of chlorhexidine to sterilize tubing connections 
for PD and development of EPS has also been 
reported [133].

 Diagnosis of EPS
The diagnosis of EPS is based on a combination 
of structural (e.g., CT scan appearance) and func-
tional features (intermittent, subacute bowel 
obstruction) [134].

Clinical Diagnosis
EPS develops gradually and progresses slowly 
[135]. The pre-EPS clinical picture is character-
ized by UF failure and mild ascites. In early EPS, 
findings that are suggestive of a systemic inflam-
matory response are sometimes noted. Late EPS is 
characterized by symptoms of intestinal obstruc-
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tion that are caused by the encapsulating perito-
neum. Digestive symptoms including abdominal 
pain, nausea, vomiting, constipation, and diarrhea, 
which are symptoms of small intestinal obstruc-
tion, are noted. Finally, symptoms of complete 
intestinal obstruction may occur, including 
abdominal mass, low-grade fever, hemorrhagic 
effluent, anorexia, weight loss, and malnutrition. 
Increased CRP [95, 103], as well as failure of UF 
(or decrease in UF), and increased peritoneal per-
meability are noted. It has been reported that EPS 
occurred in 50% of patients who continued PD 
after a decrease in UF [136], and the EPDWG 
reported that failure of UF was observed in 90% or 
more of children with EPS [94]. However, these 
changes in membrane function are also observed 
in many patients on chronic PD without EPS.

Radiological Diagnosis
Radiographic examinations which are often con-
ducted to diagnose EPS include ultrasonography 
and CT.  Ultrasonography reveals the formation 
of a mass in the intestinal tract, with a thickened 
peritoneum, and CT reveals peritoneal thickening 
and encapsulation, which are findings of intesti-
nal obstruction, in addition to peritoneal calcifi-
cation (Fig. 39.13) [137–139]. However, because 
these imaging findings are infrequently seen in 
the early stages of this disorder, neither ultraso-
nography nor CT is suitable for screening.

Pathological Diagnosis
Peritoneal biopsy is recommended for children 
who have been on PD for 8 years or more with 
failure of UF and/or peritoneal calcification on CT 
[140]. If biopsy reveals a loss of mesothelial cells, 
thickened submesothelial connective tissue, dena-
tured collagen fibers, and/or a markedly thickened 
microvascular wall with vascular lumen narrowing 
(Fig. 39.14), a diagnosis of peritoneal sclerosis is 
made [75], and PD should be discontinued; this 
approach protected all of six reported pediatric PD 
patients diagnosed with peritoneal sclerosis from 
EPS [140]. Peritoneal biopsy is helpful and practi-
cal in diagnosing EPS as mentioned above, but is 
not recommended to be performed on a routine 
basis because it is highly invasive.

 Treatment
The International Society for Peritoneal Dialysis 
(ISPD) position paper on EPS recommends that 
treatment of EPS includes discontinuation of PD, 
nutritional support, and surgical therapy [134]. 
However, there are no consensus guidelines on 
the management of EPS.

Corticosteroids are used in Japan as the first 
treatment option after the onset of EPS [141, 142]. 
Corticosteroids may act by inhibiting inflammation 
to prevent ascites and fibrin deposition. Treatment 
should be initiated immediately after EPS onset; 
dose reduction following a good response is also 
important. Additionally, the necessity for pro-
longed high-dose steroid therapy for patients with a 
continuously increasing CRP has been reported 
[143]. However, reports about the efficacy of corti-
costeroids are insufficient, so there is currently no 
consensus on the use of this therapy.

Tamoxifen, a selective estrogen receptor modu-
lator [144], is widely used in Europe for the treat-
ment of EPS. Tamoxifen may prevent peritoneal 
dysfunction and morphological changes by inhib-
iting profibrotic factor gene expression, inhibiting 
mesothelial stromal cell transformation, and pro-
moting denatured collagen removal [145, 146]. 
Treatment with tamoxifen has resulted in resolu-
tion of EPS-related symptoms [147], and an EPS 
registry study in the Netherlands reported a signifi-
cant improvement in the survival rate in the tamox-
ifen group [148]. EPS treatment guidelines 
published in the Netherlands in 2011 contain rec-
ommendations for the use of steroids and tamoxi-
fen and the timing of surgery [143]. However, 
because drug therapies have been evaluated only 
in case series or in small case-control studies, no 
definite conclusions can currently be drawn about 
the clinical efficacy of these therapies. In the 
United Kingdom (UK), the National Institute for 
Health and Care Excellence Guideline [149] stated 
that drug therapy should be used at the discretion 
of individual physicians because there is no con-
clusive evidence regarding its utility.

Surgery
While surgical treatment was initially contraindi-
cated for EPS [150], favorable results of intesti-
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nal adhesiolysis have been reported in Japan 
[151–153]. Surgical treatment is required for 
patients with an acute abdomen resulting from 
complete intestinal obstruction, intestinal perfo-
ration, or intra-abdominal hemorrhage, as well as 
those with no response to drug therapy. Surgical 
treatment administered by an experienced team 
should be considered for complete EPS as soon 
as possible after a reduction in inflammation has 
been accomplished. Based on reports in Japan 
[152], the UK [154], Germany [155], and the 
Netherlands [156], the mortality rate for surgery 
ranges from 32% to 35%, which is better than the 
results associated with conservative therapy (39–
56%) [96, 97].

Nutritional Support
Malnutrition is of great concern in patients with 
severe EPS, and nutritional support is extremely 
important for these patients. Adequate enteral or 
parenteral nutritional support restores the 

nutritional status in many patients [157, 158]. 
Nutritional support should be initiated early to 
prevent malnutrition and ideally to decrease mor-
tality risk.

 Outcome
Based on a report in adults, the mortality rate of 
EPS is as high as 25–56%, and many PD patients 
have died within 2 years of the diagnosis of EPS. 
The pediatric registries have reported mortality 
rates of 13–27% [94, 95, 159], which are lower 
compared with those in adults, but the reason for 
this is unknown. Normal intestinal function has 
been reported after recovery from EPS [94], 
showing that early diagnosis and appropriate 
management are extremely important for the 
patient’s prognosis.

 Prevention
Currently, there are no recommended strategies 
to prevent EPS. Kawaguchi et al. recommended 

a b

Fig. 39.13 (a) CT scan findings of EPS. Thickened bowel wall (arrow) and loculation of ascitic fluid (star). (b) CT scan 
findings of the peritoneum with calcifications (*)

Fig. 39.14 Peritoneal 
biopsy of EPS
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that for patients on PD for more than 8 years, the 
therapy can be continued under certain condi-
tions, specifically if there is a stable D/P Cr on 
PET test, no development of a high-transport 
membrane status or requirement for the frequent 
use of hypertonic solutions, clinical stability with 
a good appetite and stable body weight, no signs 
of overhydration, stable serum CRP, and the 
absence of recurrent episodes of peritonitis [92]. 
Earlier discontinuation of PD may be considered 
for the patient who has been on PD for 5 years or 
more with an increased D/P Cr or worsening UF 
capacity/development of UF failure.

 Cognitive Functioning
Impaired neurocognitive development and func-
tioning are important, but not well-understood 
complications of pediatric CKD.  There is evi-
dence that dialysis treatment is a prominent 
determinant. Many have found evidence of sev-
eral neuropsychological deficits in children with 
ESKD, including impairment in IQ, academic 
achievement, memory, and executive functioning 
[167–169]. This may not be completely revers-
ible after transplantation and can result in cogni-
tive dysfunction in adulthood. Cognitive and 
learning impairment is more prevalent in middle- 
aged adult patients with childhood ESKD than in 
the age-matched population [170, 171].

These issues have been uniquely addressed in 
the aforementioned longitudinal Dutch initiative, 
LERIC study [171]. As noted previously, the 
LERIC study comprises all Dutch patients who 
started RRT at age 0–15 years between 1972 and 
1992. Information was obtained by reviewing all 
available charts from all patients in 2000 and 
2010 and inviting all living patients to return for 
cross-sectional investigation. While the LERIC 
study is predominantly an analysis of long-term 
RRT with a functioning kidney transplant, because 
these patients began RRT as children, the study 
offers important insights into the future for chil-
dren who have received long-term dialysis.

In the LERIC study, the  mean IQ scores of 
adults aged 20–40  years with childhood ESKD 
were on average ten points lower than in the aged-
matched Dutch population, which is in line with 
the results of recent intelligence quotient (IQ) 

studies performed in children [171–173]. Impaired 
schooling and cognition appear to have been 
induced by a long period of dialysis during youth. 
The LERIC study found no difference in intellec-
tual performance between patients who were on 
dialysis and those who were transplanted at the 
time of the investigation [171], which is in line 
with comparable outcomes of recent IQ studies in 
ESKD. Most deficits were found in tasks requiring 
memory, concentration, and general knowledge 
[171].

In contrast to the finding of the LERIC study, 
pediatric transplanted patients with a median age 
of 25.7  years in a Swedish study reached the 
same level of academic achievement as in the 
general population. The limitation of this study 
was that 40% of the overall cohort did not partici-
pate and no information about the characteristics 
of these non-participants was provided [174].

Other studies on cognition in pediatric patients 
with CKD suggest that toddlers and young chil-
dren with CKD are at greatest risk for impaired 
neurocognitive development [175]. In a large 
North American study from the Chronic Kidney 
Disease in Children (CKiD) cohort, of the 386 
children with CKD stages 2–4 (mean glomerular 
filtration rate 41  mL/min/1.73  m2) studied, the 
overall neurocognitive functioning was within 
the average range for the entire group, but 21% to 
40% of participants scored at least one SD below 
the mean on measures of IQ, academic achieve-
ment, attention regulation, or executive function-
ing. A higher glomerular filtration rate was 
associated with a lesser risk for poor performance 
on measures of executive function [176].
Early detection of neurocognitive impairment in 
children on long-term dialysis is of extreme 
importance; an individualized adapted school 
program may significantly improve academic 
performance and lead to greater autonomy and a 
skilled job as an adult that better matches the sub-
ject’s capabilities and expectations.

 Quality of Life

In the LERIC study, patients aged 20–40  years 
with pediatric onset of ESKD and who were on 
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dialysis at the time of assessment indicated the 
presence of an impaired quality of life more often 
than the general population in all physical 
domains: in activities that require good physical 
condition (physical functioning), in social activi-
ties that require a good physical condition (role 
physical), in social functioning, and in general 
health perception. These same patients, however, 
reported equally or even less often an impaired 
quality of life for mental domains [177] com-
pared to age-matched Dutch citizens. This was 
sharply in contrast with data from dialysis 
patients of the same age with onset of ESKD in 
adulthood, who scored substantially lower on all 
physical and mental domains compared to 
healthy individuals [178–180].

The high mental health scores in LERIC are 
in line with data from other studies in adoles-
cents and adults with chronic illness since child-
hood, including cystic fibrosis, sickle cell 
disease, and asthma [181–183]. Different life 
expectations and coping strategies between chil-
dren and adults may explain the different mental 
status of patients with adult and those with pedi-
atric onset of disease. Health-related quality of 
life reflects the difference between health expe-
riences and health expectations; children may 
be far superior to adults in successfully using 
coping strategies [184, 185]. Although trans-
planted patients showed the most favorable out-
comes with respect to the physical domains, 
“early” aging seems to become a problem after 
more than 30  years of RRT.  Finally, consider-
ation of the sociodemographic variables is also 
important, and being employed appeared to be 
associated with a lower risk of impaired QoL in 
the domains of physical functioning, vitality, 
and general health perception. Having offspring 
was also associated with a lower risk of impaired 
QoL [186].

 Social Outcome

Employment In the LERIC study, social out-
come was assessed in 2000 (mean age 30) and 
2010 (mean age 40). In 2000 and 2010, 67.4% 
and 61.8%, respectively, of subjects were 

employed, 85% (81.8% in 2010) for more than 
50% time equivalent [187, 188]. Involuntary 
unemployment occurred in 19.1% vs. 6.4% in the 
Dutch population at large. Low-skilled profes-
sions were most prevalent (53%); only 10% of 
patients had high-skilled professions [187, 188]. 
In 2010, there was a very significant difference 
between patients on dialysis, of whom only 
31.3% were still employed, and transplanted 
patients. Dialysis as the RRT modality and hav-
ing motor disabilities were the most important 
risk factors for unemployment. Increasing 
chronic fatigue was also often mentioned as a 
reason for becoming unemployed. Others, how-
ever, reported that their employment contract was 
not renewed as a direct result of the disclosure of 
their dialysis patient status to the employer. 
Unemployment was more often related to the 
patients’ low subjective health perception, rather 
than to their objective physical condition, or to 
whether they were transplanted or on dialysis. 
Between 2000 and 2010, there was a trend toward 
more highly educated occupations and an 
increase in the educational level within the 
cohort. In 2010, 22.1% of subjects had completed 
a high vocational training or scientific degree, 
compared to 31.2% in the general Dutch popula-
tion (P  >  0.05). 34.8% of the patients had an 
income equal to or above the national modal 
income of €2500 (about US$ 3200) gross per 
month, a significantly smaller proportion com-
pared to the general population (61.1%) [188].

In a French outcome study on 624 patients 
transplanted at childhood, fewer subjects than 
expected had a high-level degree (14.8% vs. 
30.2% general population) and fewer women had 
a baccalaureate degree (49.2% vs. 76.5%), but 
these differences were less marked than in LERIC 
[170]. Mean incomes were much lower than in 
the overall French population and more patients 
were unemployed (18.5% vs. 10.4%, p < 0.01). A 
low educational level of the parents or patient, 
female gender and being on dialysis at the time of 
assessment, ESKD onset in infancy, and the pres-
ence of comorbidities and disabilities were all 
independent risk factors for a poor social out-
come. Interestingly, patients less often had a per-
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manent contract than the average French 
employee (66.8% vs. 81.8%) [170].

The relatively good overall outcome reported 
from the French study might be slightly biased 
by the fact that more non-responders than 
responders had graft failure at the time of inves-
tigation and that the cumulative duration on 
dialysis was also higher in the non-responder 
group. Nearly 50% of the French patients men-
tioned having suffered from discrimination, 
either from employers (27.8%), work col-
leagues (19.9%), or at school (60.8%) and even 
from friends (19.3%) (212). In LERIC, 35.2% 
of subjects lost their job between 2000 and 
2010; 32.3% were fired – sometimes as part of 
a “reorganization,” and 45.2% stopped working 
for medical reasons. In 12.1%, employers indi-
cated that the disease state of the patient influ-
enced their achievements. About 21% of 
patients felt that their disease had a significant 
negative influence on their professional 
achievements and career [188].

Partnership and Independency In 2000, many 
LERIC patients mentioned significant difficulties 
in finding a partner. At age 20–40 years, 31.9% 
lived alone, 34% with a partner, and 49 (34%) 
with their parents. The odds ratio of living with 
parents, as a measure of autonomy, versus living 
alone or with a partner was 3.3 (95% CI, 2.3–4.7) 
for LERIC patients compared with age-matched 
Dutch inhabitants [187]. This is in line with data 
from the French follow-up study of pediatric 
transplanted patients of the same age as in LERIC 
at the time of assessment (31.1% partnership, 
35.7% living with parents) [170]. Between 2000 
and 2010, the situation in the LERIC cohort com-
pletely changed: in 2010, 67.4% of subjects were 
married or lived with a partner, and 28 (31.5%) 
had offspring compared to values of 74.4% 
(P > 0.05) and 64.8% (P < 0.05), respectively, in 
the general population . This delay in starting a 
relationship could reflect a genuine delay in sex-
ual or “social maturity” as previously has been 
described in patients with a chronic disease [174, 
189]. These patterns also seem to be culturally 
determined: for instance, impaired autonomy 
development in disabled patients is more preva-

lent in Southern than in Northern European coun-
tries [170, 185, 189–193]. Men appear to have 
problems finding a life partner more often than 
women [170, 192].

 Conclusion

Children with ESKD and especially those with 
long-time dialysis treatment are at risk for long- 
term medical complications and impaired auton-
omy, development, and educational attainment. 
Early recognition and intervention may be of 
extreme importance in order to optimize their 
long-term survival with as few comorbidities as 
possible and prepare them for a successful career 
as partner, parent, and functional member of 
society.
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 Introduction

In addition to important indicators of health out-
comes such as growth, cardiovascular health, and 
infection rates, healthcare providers are increas-
ingly invested in evaluating and considering the 
quality of life (QOL) of patients on dialysis and 
their families. It is now considered important, 
and often required, to assess QOL as a key out-
come alongside other measures of health out-
comes. Indeed, for patients with end-stage renal 
disease (ESRD) in the United States, yearly 
assessment of QOL is mandated by the Centers 
for Medicaid and Medicare Services [3].

The World Health Organization defines qual-
ity of life as individuals’ “perception of their 
position in life, in the context of the culture and 
value systems in which they live, and in relation 
to their goals, expectations, standards, and con-
cerns” [48]. It is meant to be a broad concept that 
reflects an individual’s physical health, psycho-
logical state, personal beliefs, social relation-

ships, and his or her relationships to important 
features of the environment. It is widely recog-
nized that chronic disease and its treatment may 
significantly impact patients’ QOL, including 
psychological health (mood, attention, concen-
tration, learning), social functioning (quality of 
relationships, participation in normative social 
activities), physical health, and educational or 
vocational outcomes (school attendance, aca-
demic achievement, and attainment of vocational 
goals). Within the context of disease, quality of 
life is often referred to as health-related quality of 
life (HRQOL), recognizing that disease may 
have a unique impact on a person’s life, but still 
defining HRQOL as a multidimensional con-
struct. Most measures include questions or rat-
ings that tap into the aspects of physical, 
psychological, social, and educational or voca-
tional functioning described above.

Historically, parents or caregivers have been 
relied upon to describe a child’s HRQOL, but 
current practice emphasizes the importance of 
assessing both caregiver perceptions and the 
child’s own perceptions of his or her HRQOL. One 
reason for this is that many studies have identi-
fied discrepancies between parent-proxy and 
youth self-report of HRQOL [2, 27–29], so gath-
ering information from both sources is best prac-
tice and believed to provide a more comprehensive 
picture of HRQOL [4, 7, 21].

Information gathered about patient- and 
parent- perceived HRQOL is primarily used to 
assess individual patient outcomes and to 
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 evaluate how disease and treatment is impacting 
an individual child and sometimes his or her 
family. This allows providers to consider poten-
tial interventions to address areas of HRQOL 
that are suboptimal or poor. In addition to this 
individual level of assessment, more attention is 
being paid to HRQOL as an important measure 
of the success of a given treatment within a pop-
ulation. Indeed, WHO defines health as “a state 
of complete physical, mental, and social well-
being, not merely the absence of disease.” The 
value of treatment, even if successful clinically, 
is diminished if the patient does not perceive 
adequate HRQOL.  Thus, information about 
HRQOL can be used to evaluate the impact of 
treatments or programs on groups of patients, to 
inform standards of care and policy for identified 
patient populations. One example of an effort 
within nephrology to standardize outcomes that 
include aspects of HRQOL is SONG-Kids 
(Standardised Outcomes in Nephrology  – 
Children and Adolescents). The aim of this ini-
tiative is to enhance the relevance, transparency, 
and impact of research designed to improve the 
lives of children across all stages of CKD and 
their families and, importantly, includes patients 
and their caregivers in the process of identifying 
key outcomes [40].

 Assessment of HRQOL

Measures of HRQOL can be categorized into 
three types: generic HRQOL measures, disease- 
specific measures, and measures of functional 
disability. The reported psychometric properties 
of available pediatric instruments tend to be fair 
to good, but the full psychometric picture is often 
incomplete [28]. An important weakness of cur-
rent measures is the absence of empirically 
derived minimal clinically important difference 
scores; this would allow providers to better inter-
pret the magnitude of change that is observed and 
identify thresholds for meaningful change [28]. 
Three measures of generic HRQOL and one 
disease- specific measure that have been used 
with children who have ESRD are presented 
below, with a brief description of each.

 Child Health and Illness Profile (CHIP)

The Child Health and Illness Profile (CHIP) has 
child and adolescent self-report versions and a 
parent-proxy report. The adolescent version 
(CHIP-AE) is for ages 11–17 and has been used 
with youth who have CKD.  It has 153 items, 
assesses six domains of health (discomfort, satis-
faction, disorders, achievements, resilience, and 
risks), and requires approximately 20 minutes to 
complete. It has demonstrated test-retest and 
internal reliability and criterion and construct 
validity [30].

 Child Health Questionnaire

The Child Health Questionnaire (CHQ; [24]) is a 
generic HRQOL measure that includes both 
parent- proxy report for children ages 5–18 and 
child self-report for ages 10–18 years. This mea-
sure requires approximately 20 minutes to com-
plete and assesses 12 domains of health (physical 
functioning, limitations in schoolwork and activi-
ties with friends, general health, bodily pain and 
discomfort, limitations in family activities, emo-
tional/time impact on the parent, impact of emo-
tional or behavior problems on schoolwork and 
other daily activities, self-esteem, mental health, 
behavior, family cohesion, and change in health). 
This measure has demonstrated internal consis-
tency and concurrent validity [24].

 PedsQL Generic Core Scales

The Pediatric Quality of Life Inventory 
(PedsQL) Generic Core Scales is a 23-item 
generic (not disease-specific) measure of health-
related quality of life [45]. It assesses four 
domains of health (physical functioning, emo-
tional functioning, social functioning, and 
school functioning), and scores from these four 
domains are used to calculate three summary 
scores: psychosocial health, physical health, 
and a total scale score. The PedsQL was devel-
oped for youth and young adults 2–25  years; 
self-report forms for ages 5–18 years are avail-
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able, as well as parent-proxy forms for children 
ages 2–18. The PedsQL takes approximately 
4 minutes to complete and has been translated 
into several languages. It has demonstrated fea-
sibility, reliability, and validity for use with chil-
dren broadly, including those who have ESRD 
[17]. The parent-proxy report has also been 
shown to be feasible, reliable, and valid with 
youth 2–16 years of age [44].

 PedsQL ESRD Module

In addition to the generic form of the PedsQL, a 
34-item PedsQL End-Stage Renal Disease 
Module was developed for use with children who 
have ESRD [17]. This measure has seven scales 
relevant to ESRD: general fatigue, side effects of 
kidney disease, treatment problems, family and 
peer interactions, worry, perceived physical 
appearance, and communication. Child self-
report and parent-proxy reports are available for 
patients ages 5–18  years, and a parent-proxy 
report is available for children 2–4 years. The for-
mat is similar to the PedsQL Generic Core Scales. 
Goldstein et  al. reported initial support for the 
use of the ESRD module with children who have 
ESRD.  Several scales demonstrated acceptable 
internal consistency reliability, and the measure 
demonstrated good construct validity. Ideally, the 
ESRD module would be used in conjunction with 
the Generic Core Scales, with both patient and 
parent informants, in order to capture compre-
hensively the child’s HRQOL from both patient 
and parent perspectives.

 Early Investigations of the Quality 
of Life of Youth on Dialysis

The first study to evaluate HRQOL in pediatric 
dialysis patients using a multidimensional, stan-
dardized measure of HRQOL was published in 
1994 by Kurtin et al. [23]. In this pilot study, a 
measure of HRQOL was administered to 20 ado-
lescents on hemodialysis. Overall, youth on 
hemodialysis reported impaired HRQOL. Those 
who were rated as less adherent by their health-

care providers reported more pain, poorer general 
and mental health, and lower family cohesion.

This pilot study led to the first multicenter, 
longitudinal study of QOL of children with 
chronic kidney disease (CKD) in the United 
States, initiated by Furth et al. The study expanded 
on Kurtin et  al.’s pilot research to validate two 
multidimensional generic quality of life mea-
sures (the CHQ-Parent Form and the CHIP-AE) 
for use with children who have CKD. The parents 
of 78 patients with CKD completed the CHQ lon-
gitudinally (over 4 years); results indicated that 
parents reported poorer physical health for their 
children as their estimated glomerular filtration 
rate (eGFR) declined and that height gain was 
associated with better parent ratings of the physi-
cal and psychosocial functioning of their children 
[9]. This same study also examined adolescent 
self-report of HRQOL using the CHIP-AE. The 
sample included adolescents across multiple 
stages of CKD, including those on dialysis and 
post-transplant, with age-, socioeconomic-, and 
gender-matched controls. They found that the 
CHIP-AE distinguished between adolescents 
with kidney disease and the healthy control group 
in several domains [14]. Children with CKD 
reported lower satisfaction with health and more 
restriction in activity, with those on dialysis 
reporting the lowest levels of functional health.

 Current Findings: Quality of Life 
of Youth on Dialysis

A number of cross-sectional studies have reported 
poorer HRQOL for children with CKD and in 
particular for youth on dialysis. Goldstein et al. 
[16] evaluated the HRQOL of 85 children on 
dialysis or with a renal transplant using both 
parent- proxy and self-report data from the 
PedsQL Generic Core Scales. Ratings derived 
from this patient group were compared to the rat-
ings of a matched control group of healthy chil-
dren. Results indicated that children with ESRD 
had worse HRQOL across domains  – physical, 
emotional, social, and school – than the healthy 
control group, with dialysis patients reporting 
worse HRQOL than transplant patients. McKenna 
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et  al. [25] reported both parent-proxy and self- 
reported HRQOL for patients with a range of 
CKD, including dialysis and transplant, and com-
pared self- and parent-reported HRQOL to pub-
lished norms. Patients on dialysis reported lower 
physical and school functioning ratings com-
pared to a healthy control group but had similar 
ratings of emotional and social functioning. In 
contrast, parent-proxy ratings of youth on dialy-
sis were lower than the healthy control group 
across all domains of the PedsQL. Dotis et al. [6] 
assessed the HRQOL of 55 children ages 
8–18 years, a subset of whom were on dialysis 
(n = 14), and found that patients reported lower 
physical HRQOL than a healthy control group. In 
a study that assessed the HRQOL of 55 children 
with ESRD (dialysis or transplant), patients with 
ESRD had significantly lower scores than a 
healthy control group across all domains of 
HRQOL, for both self- and parent-proxy report, 
with patients on dialysis reporting poorer physi-
cal and school functioning than those with renal 
transplants [8]. Similar findings were reported by 
Kilicoglu et al. [22] for another group of dialysis 
and transplant patients; those receiving renal 
replacement therapy reported poorer HRQOL 
than a control group.

In addition to El Shafei et al., several other 
studies have indicated that patients on dialysis 
report poorer HRQOL than patients who have 
undergone renal transplant. In a study using the 
PedsQL ESRD module only, transplant patients 
(n  =  37), versus those on dialysis (n  =  55), 
reported better quality of life in one domain of 
self-report, and their parents reported better 
HRQOL in two domains [29]. In another study 
examining HRQOL in dialysis versus trans-
plant, dialysis patients scored lower than healthy 
controls and transplant patients on a measure of 
health satisfaction [31]. Varni et  al. [44] com-
pared the parent-proxy and self-reports of 
HRQOL of children in ten disease groups, 
including ESRD, and found that compared to 
youth who had undergone renal transplant, chil-
dren on hemodialysis reported significantly 
impaired physical and overall HRQOL and their 
parents reported poorer HRQOL across all 
domains for their children on hemodialysis 

compared to those who had received a trans-
plant. For the subset of children on peritoneal 
dialysis, their parents reported lower emotional 
functioning for their children compared to chil-
dren who had received a transplant.

In contrast, in a study of 192 youth, Splinter 
et al. [35] found that both dialysis and renal trans-
plant patients self-reported impaired HRQOL 
compared to healthy controls and youth with 
other chronic health conditions. Those undergo-
ing preemptive transplants reported higher physi-
cal HRQOL but otherwise had scores similar to 
those who underwent non-preemptive transplant. 
Rather than type of renal replacement therapy, it 
was presence of comorbidities that was the most 
important determinant of impaired HRQOL.  In 
one of few studies to examine this question longi-
tudinally, Wightman et  al. [47] retrospectively 
examined the longitudinal HRQOL data for 56 
children who were on dialysis before undergoing 
kidney transplant. They found that reported 
HRQOL improved over time for all scales on the 
PedsQL ESRD module; for patients with both 
pre- and post-transplant assessments, total scores 
increased on both self-report and parent-proxy 
reports. In another longitudinal study of HRQOL 
that included only patients on dialysis, Neul et al. 
[27] found that patients on dialysis longer, par-
ticularly females, had worse ratings of emotional 
functioning. Parents of older youth and youth on 
dialysis longer reported worse functioning for 
their children on multiple domains of HRQOL 
and perceived their children’s school functioning 
as deteriorating over time.

With regard to long-term outcomes, Tjaden 
et al. [38] examined social outcomes 30 years 
later for all Dutch patients born before 1979 
who started RRT at less than 15 years of age. 
These patients completed a measure of HRQOL 
and reported on other sociodemographic out-
comes. Eighty-nine of 152 patients still alive 
responded; those on dialysis reported impaired 
physical HRQOL, but mental health scores 
were comparable to the general population. 
Those with a history of ESRD had fewer off-
spring, were less likely to have income equal to 
or above average, and were less likely to be 
employed than the general population. Lower 
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HRQOL was associated with disabilities, 
comorbidities, and unemployment.

A number of studies have used qualitative 
methods to evaluate the HRQOL of children with 
advanced CKD. Tong et al. [39] asked 27 adoles-
cents and young adults awaiting transplant or on 
dialysis to keep a daily journal and complete 
interviews regarding their experiences and per-
spectives. This qualitative data indicated that 
these patients had impaired self-worth, perceived 
a precarious future, and felt limited with regard to 
their physical and psychosocial capacities; they 
did not perceive having the same opportunities 
and potential for success as their healthy peers. In 
the same sample, using cross-sectional method-
ology, Tong et  al. [41] examined perceived 
HRQOL using a visual analogue scale and three 
utility-based measures of HRQOL.  They found 
that these adolescents and young adults reported 
low HRQOL, and utility-based HRQOL scores 
suggested they were willing to trade considerable 
life expectancy for perfect health. Dialysis 
patients reported the highest burden of kidney 
disease (interference with daily life, time burden, 
and the feeling of being a burden to others).

Tjaden et  al. [37] conducted a systematic 
review of 17 qualitative studies to describe the 
experiences and perspectives of adolescents on 
dialysis. The selected group of studies included 
143 children and adolescents on dialysis and 
identified five main themes underlying these chil-
dren’s experience of dialysis. These included loss 
of control, restricted lifestyle, use of coping strat-
egies, managing treatment, and feeling different. 
They concluded that children undergoing dialysis 
often have poor self-esteem and a pervasive sense 
of losing identity, body integrity, control, and 
independence, and these children perceive that 
their disease limits their opportunities in life.

 Comorbidities and HRQOL

As reported above, the presence of increased 
comorbidities tends to negatively impact the 
HRQOL of children with ESRD. With regard to 
specific comorbidities, Stabouli et al. [34] exam-
ined sleep disorders in children with CKD, iden-

tifying seven relevant studies, five of which 
included children on dialysis. They found that the 
prevalence of sleep disorders ranged from 77% to 
85% among patients on dialysis. Two of these 
studies also assessed HRQOL within the context 
of sleep disturbance. Davis et al. [5] found high 
rates of sleep disturbance among children with 
CKD and found that the presence of sleep distur-
bance correlated with a decline in HRQOL inde-
pendent of disease group (pre-dialysis, dialysis, 
or transplant) or estimated GFR. Riar et al. [32]
assessed children with CKD for restless legs syn-
drome (RLS) specifically, in a prospective, cross- 
sectional study that compared patients to a 
healthy control group and included assessment of 
HRQOL using the PedsQL Generic Core Scales. 
They found that RLS was more common in chil-
dren with CKD, and there were no associations 
between CKD stage (pre-dialysis, dialysis, or 
transplant), etiology, or duration of disease and 
presence of RLS. Children with RLS were more 
likely to rate the quality of their sleep as “bad” or 
“very bad,” and on parent-proxy report children 
with RLS had poorer psychosocial and total 
HRQOL scores.

Short stature, another comorbidity of CKD, 
has been associated with lower HRQOL.  One 
study found that children with CKD who had 
short stature reported lower self-esteem and lower 
satisfaction with their overall health than those 
with more normal growth [31]. In studies of chil-
dren with mild to moderate CKD, in one study 
short stature was associated with lower physical 
HRQOL [15], and in another it was associated 
with lower ratings of HRQOL by both parents and 
patients [19]. Tjaden et  al. [36] reported in a 
30-year follow-up study of childhood ESRD that 
short stature in adulthood was associated with less 
likelihood of having children. Another study 
found that both growth hormone use and height 
gains were associated with improved parent-
proxy scores in the HRQOL domains of physical 
and social functioning [1]. Unfortunately, many 
children with CKD and short stature do not 
receive growth hormone therapy [43]; this is a 
potentially modifiable comorbidity, and improve-
ment in height may lead to greater satisfaction 
with health and better quality of life.

40 Health-Related Quality of Life of Children and Adolescents on Dialysis
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Anemia is a common comorbidity of CKD 
and has been associated with reduced 
HRQOL.  For children with mild to moderate 
CKD, anemia has been associated with lower 
parent-proxy scores on the social functioning 
scale of the PedsQL [15]. In a study of 105 ado-
lescents with CKD stages 1–5, the parents of 
patients with hematocrit less than 36% (n = 75) 
reported that their children were less likely to 
participate in activities at school and with their 
friends and rated them as being less physically 
active than children with hematocrit greater than 
36% [13]. In another study of children on dialy-
sis, those who were anemic reported a negative 
impact on HRQOL in the areas of sleep, alert-
ness, emotions, and daily activities [42]. In con-
trast, in a study that used level of hemoglobin to 
define anemia (<11 g/dl defined as anemic), there 
were no differences in HRQOL between the ane-
mic and non-anemic groups.

To better manage comorbidities associated 
with ESRD, a number of studies have investi-
gated the benefits of more frequent hemodialysis 
or variations on how hemodialysis is adminis-
tered (e.g., at home, nocturnally). Initial findings 
included several positive outcomes that may 
affect HRQOL, including allowance of unre-
stricted diets and fluid intake, lack of need for 
phosphate binders, improved metabolic and 
blood pressure control, and in some cases 
improved growth [10, 26, 46]. Studies of adults 
have demonstrated improvements in blood pres-
sure, phosphate control, and health-related qual-
ity of life through use of nocturnal hemodialysis 
[11, 33]. With regard to the pediatric literature, a 
small study (n = 4) examined outcomes of more 
frequent HD, including three patients who 
received more frequent HD at home. Results 
revealed no change in the total HRQOL score via 
parent-proxy or patient report, but the parents of 
the patients who completed HD at home reported 
improved emotional and psychosocial scores for 
their children (Goldstein et al. 2008). Geary et al. 
[12] reported that three of four adolescents in a 
trial of home nocturnal hemodialysis had 
improved HRQOL ratings, increased school 
attendance, and more positive teacher assess-
ments. Difficulties associated with this treatment 
modality included increased burden for parents, 

disruption for other family members, and the 
need to establish a new routine. Hoppe et al. [20] 
prospectively examined 16 patients (ages 0.5 to 
17  years) who transitioned from conventional 
hemodialysis to hospital-based intermittent noc-
turnal hemodialysis. In addition to improvements 
in several uremia-associated measures, perceived 
QOL improved and school absence decreased for 
all patients.

 Conclusions

Along with other health outcomes, such as growth 
and cardiovascular health, it is important to assess 
and prioritize the HRQOL of children on dialysis. 
Cross-sectional, longitudinal, and qualitative stud-
ies all indicate that the HRQOL of children and 
adolescents on dialysis is significantly impaired 
compared to healthy children. Thus, comprehen-
sive assessment of HRQOL, which may include 
both generic and disease- specific measures, is of 
key importance so that opportunities to improve 
HRQOL can be identified and pursued. Several 
different measures of HRQOL exist (see [28], for 
a review). In addition, discrepancies between par-
ent-proxy and child self-report have been identi-
fied in the literature, so gathering both perspectives 
will improve our understanding of patients’ 
HRQOL.  Comorbidities, such as short stature, 
anemia, and sleep disturbance, are important driv-
ers of HRQOL and are associated with poorer 
HRQOL.  Alternative modalities that reduce 
comorbidities and improve engagement in norma-
tive activities, such as school attendance, may 
improve HRQOL.  The literature on HRQOL in 
children and adolescents on dialysis would benefit 
from additional clarity regarding correlates of 
HRQOL and testing of interventions to improve 
this important health outcome.
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Care for Adolescents and Young 
Adults with Advanced Chronic 
Kidney Disease
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Introduction

Experiencing chronic illness during adolescence 
or young adulthood is a major challenge. For 
patients with advanced chronic kidney disease 
(CKD), it can be overwhelming. If the onset of 
CKD is during adolescence, hopes and dreams 
for the future may be shattered. When it begins 
earlier, there may be lost opportunities for normal 
psychosocial milestones and development. These 
children and adolescents often miss out on typi-
cal peer activities, socially, academically, and 
vocationally. Generally, their transition to adult 
healthcare occurs during one of the most emo-
tionally vulnerable stages of development, the 
period of emerging adulthood. The clinical 
vignettes below illustrate a number of the chal-
lenges involved in transition. In this chapter, we 
will examine these and other transition elements 
in greater detail.

 Clinical Vignettes

Sally was diagnosed with pauci-immune glomer-
ulonephritis and pulmonary hemorrhage 
9 months ago at the age of 16 years. Her treat-
ment included plasma exchange, corticosteroids, 
and rituximab. Although she stabilized clinically, 
her renal function is declining, and she’ll need 
dialysis within a month. Prior to her illness, she 
had no health issues and was an excellent student 
and musician. Her dream is to become a concert 
violinist.

Harry is 16 years old and has been on hemodi-
alysis for 4 years. He received a kidney transplant 
5 years ago for end-stage renal disease (ESRD) 
due to focal segmental glomerulosclerosis 
(FSGS), but his disease recurred aggressively, 
and despite intensive multifaceted treatment, his 
graft failed within 9 months. He lives in a foster 
family and is worried about what will happen 
when he turns 18. His dream is to be healthy and 
to have supportive friends and family.

Casey is almost 18  years old and has had 
chronic kidney disease (CKD) since infancy. She 
received a kidney transplant at the age of 6 years 
and did well until mid-adolescence. At the age of 
16, she lost her transplanted kidney due to 
antibody- mediated rejection and has been on 
peritoneal dialysis since. She is now highly sensi-
tized. Her home is 300  miles from the nearest 
pediatric dialysis and transplant center. She 
struggles with taking her medication and with 
following her diet restrictions. Two years ago she 
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dropped out of school, because it was too great an 
effort. Her dream is to get a new kidney.

Jordan is 21 years old and recently transferred 
to an adult hemodialysis unit. He often arrives 
late, and he is commonly very fluid overloaded. 
While in pediatrics he was listed for a transplant 
but didn’t get an offer; now the adult transplant 
center is considering withdrawing him from the 
active list because of adherence concerns. He 
finds it very difficult to be in a dialysis unit where 
patients are decades older and very ill-looking, 
and he avoids most social contact.

Simon is 18 years old and has had CKD since 
childhood. He started peritoneal dialysis a year 
ago and was recently transferred to an adult unit. 
His mother accompanies him to all of his health-
care appointments and provides most of the his-
tory. When questioned directly, he is unable to 
describe the nature of his underlying kidney con-
dition, as well as the names of or the reasons for 
most of the medications he takes.

The personal and treatment challenges illus-
trated in the above vignettes include:

 1. Coming to terms with the sudden onset of a 
life-threatening condition and complex treat-
ment in the teenage years

 2. Dealing with a serious disease for which there 
are limited treatment options

 3. Treatment adherence
 4. Poor psychosocial support
 5. Living with kidney disease from an early age
 6. Missed educational opportunities
 7. Depression
 8. Lack of patient autonomy in the understand-

ing of their disease and its treatment
 9. The change in environment from pediatric to 

adult care

These elements and more need to be consid-
ered in transitioning a patient from pediatric to 
adult care.

Overview

Transition is a purposeful multiyear process that 
begins during pediatric care and continues after 
transfer, until the patient is fully integrated into 
adult care. The goal is to maximize lifelong func-
tioning and potential through comprehensive 
patient-centered, flexible, and developmentally 
appropriate care that is continuous from adoles-
cence to adulthood [1]. For many patients with 
chronic illness, the process of transition may con-
tinue until they are in their mid-20s, for reasons dis-
cussed in section “Attention to Psychosocial Issues 
and Needs, Including Educational Challenges”.

A number of publications have looked at bar-
riers to transition, across a wide range of condi-
tions [2–5]. Common themes are listed in 
Table  41.1. Beneficial aspects of transition to 
adult care have also been described by recently 
transferred youth; they appreciate the focus on 
responsibility and self-management, a business- 
like atmosphere, information relevant to adult 
issues, new treatment options, and the possibility 
to choose a hospital closer to home. The primary 
determinant of a positive transition experience 
was the patient-centeredness of the adult-oriented 
provider and collaboration between the adult and 
pediatric services [6].

Helping young people successfully transition 
into the adult world requires a multifaceted team 
approach that supports them from their early 
teenage years to at least their mid-20s.

Several excellent and comprehensive guide-
lines have been published on the adolescent to 
adult transition of care in the UK, USA, Canada, 
and other countries [7–12]. An outstanding web-
site for transition resources is available at Got 
Transition [13]. However, successful implementa-
tion of guidelines requires support from multiple 
disciplines and very importantly from high-level 
hospital administration. Resources are needed in 
terms of healthcare professionals, organizational 
support, and information technology.
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Key elements of all these published guide-
lines include the following:

 1. Having a named healthcare worker respon-
sible for the patient’s transition process and a 
transition champion

 2. Starting early
 3. Timely attention to psychosocial issues and 

needs, including educational challenges, that 
patients may face

 4. Regular evaluation of adherence, including 
barriers and facilitators

 5. Patient and family engagement and 
empowerment

 6. Regular assessment of transition preparation 
using standardized tools and development of 
individualized transition plans

 7. Tracking progress of individual patients and 
of the clinic/program’s transition process as 
a whole

 8. Appropriate timing of transfer
 9. A succinct relevant patient transfer summary
 10. A personalized health passport or summary 

document for the patient
 11. Open bidirectional communication between 

the pediatric and adult teams

 12. Recognition by the adult team of the young 
adult’s developmental needs

 13. Continuation of the transition process after 
transfer to adult care, until the young person 
is fully integrated and able to function in the 
adult system

 14. Education and training for healthcare 
professionals

There is also a need for research, quality improve-
ment assessment, consideration of cost, and advo-
cacy for health policy change. We will review each 
of these components in the following sections.

 Named Healthcare Worker 
and Transition Champion

The named worker can be someone with a formal 
position such as a patient navigator [12, 14–21] 
or transition coordinator or can be a designated 
nurse in the renal unit. The importance of appoint-
ing someone to be responsible and providing 
them with sufficient time and resources cannot be 
overemphasized. If not, there is an ongoing chal-
lenge during clinic visits, or in the dialysis unit, 

Table 41.1 Potential transition barriers [2–5, 9, 83]

Patient and family related potential barriers Provider and system related potential barriers
    1.  Difficulty “letting go” of long-standing 

relationships with pediatric providers
    2.  Fear of poor outcomes in relinquishing control of 

the condition to the young person
    3.  Limited knowledge about their medication, illness, 

and the transition process
    4. Insufficient self-management skills
    5. Poor treatment adherence
    6.  Limitations in neurocognition and/or 

developmental immaturity
    7.  Difficulty developing trust in new adult site 

providers
    8.  Feeling overwhelmed by the adult environment 

(described as impersonal, unwelcoming, and 
difficult to navigate)

    9.  Psychosocial issues (e.g., depression, anxiety, 
denial of illness, mental health and substance 
issues, absent/unsupportive caregiver, unstable life 
circumstances)

  10. Schooling and vocational issues
  11. Competing life demands
  12. Lack of peers with the same condition

1.    Lack of institutional backing to effectively promote 
good transition practices

2.   Inadequate transitional care funding and resources
3.   Poor transition organization and support
4.    Lack of coordination for patients with need for 

several subspecialty services
5.    Inadequate communication from pediatric clinicians, 

including medical records and follow-up 
recommendations

6.    Lack of sharing of protocols between the pediatric 
and adult sites

7.   Limited availability of adult providers
8.    Insufficient training of adult providers in adolescent 

medicine and pediatric-onset conditions
9.    Shorter appointment times in adult healthcare 

system
10.  Lack of mental health and support services in adult 

care
11.  Change or loss of insurance coverage when reaching 

adult age
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to balance planning for future events (transition 
and transfer) with day-to-day demands. In 
nephrology, the transition navigator could be 
responsible for children on dialysis as well as 
those with kidney transplants, advanced CKD, or 
milder CKD combined with other complex con-
ditions or needs. Having one navigator for dialy-
sis, transplant, and advanced CKD patients 
facilitates continuity of care during their transi-
tion preparation years. Typical roles of a transi-
tion navigator are listed in Table  41.2. These 
multiple tasks could be shared by several people, 
but there must be someone to oversee and coordi-
nate the process. For programs with relatively 
small patient numbers, the coordinator or naviga-
tor position could be shared with other special-
ties, allowing for the development of expertise. 
There is also a very important need for a transi-
tion champion, a leader who advocates for and 
promotes optimal transition practices, within 
individual programs and at the broader hospital 
level. Often this person is a physician or nurse.

 Starting Early

Most guidelines recommend formally starting 
the transition process at around the age of 12 
to 14 years [10, 11, 13, 22]. However, thinking 
about this future task should begin much ear-
lier; some would advise shortly after diagnosis 
[11]. This is because young people with 
chronic disease need to integrate the care and 
responsibility for their health into their daily 
lives and develop confidence in their abilities. 
Even small children can play an active role in 
their care, so that participation in their treat-
ment becomes a natural part of their everyday 
life. Their parents are integral to this process. 
The active involvement of children and ado-
lescents in their treatment also promotes their 
feeling of self-efficacy. A longitudinal study 
of adolescents and young adults with a variety 
of chronic conditions showed that perceived 
self-efficacy is associated with a better health-
related quality of life (HRQoL) [23].

Table 41.2 Roles of transition navigatora or coordinator [12, 14–16, 18–21]

Clinical Administrative
• Transition readiness assessments
• Creation of medical passport
• Patient education and self-management coaching
•  Screening for transition concerns such as 

psychosocial issues and comorbid diagnoses
• Provide coaching on adherence
• Encourage healthy lifestyle habits (diet, exercise)
•  Provide support for medical or mental health crisis 

management

• Track patients and outcome data
• Develop and update educational material
•  Facilitate group encounters (e.g., peer mentorship, 

educational evenings, etc.)
• Participate in quality improvement

Navigational Patient advocacy
•  Help establish relationships with primary care 

providers and appropriate specialty care providers
•  Work with patient and healthcare providers to 

promote continuity of care
•  Assist with data sharing between pediatric and adult 

service providers
•  Facilitate and accompany patient to first adult site 

appointment
•  Track follow-up appointments, medication refills, 

and laboratory tests to flag early for nonadherence
•  Assist with health system navigation at and between 

appointments

•  Evaluation of whether the patient will need 
community navigational support (e.g., 
developmental services, mental health services, 
postsecondary education accommodations)

•  Assist patients and families navigate financial 
barriers to healthcare (e.g., health and medication 
insurance changes at transition, transportation issues)

•  Address concerns of autonomy and potential need 
for surrogate decision-maker

•  Engage patients and families (get their input) in the 
planning of transition interventions

aThese tasks can be shared by several members of the multidisciplinary team, but a named person needs to coordinate 
and be responsible for the process
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 Attention to Psychosocial Issues 
and Needs, Including Educational 
Challenges

Young people with advanced CKD begin adoles-
cence, and thus transition, in the context of a very 
serious disease. They and their family may have 
already had to deal with considerable psychosocial 
challenges before adolescence: these include incur-
ability of the disease, threat to life, painful and 
unpleasant examinations and treatments, adher-
ence to numerous medical prescriptions, instruc-
tions and restrictions, dependence on medical 
devices and healthcare providers, violation of body 
image, problems of social integration, neglect of 
parents’ individual and marital needs as well as of 
siblings’ needs, challenges with regular school 
attendance, cognitive delays associated with early-
onset renal failure [24, 25], burdens for some of 
additional disabilities and comorbidities, and 
socioeconomic hardships. For other adolescent 
patients, advanced CKD and ESRD may seem to 
appear abruptly (e.g., patients with rapidly progres-
sive glomerulonephritis or those with minimally 
symptomatic renal tubular and interstitial disease 
or dysplasia). They are suddenly struck with a seri-
ous disease and have not grown up with the idea 
that their life has limitations. This group of patients 
may have major difficulties in adapting to illness 
and treatment and need special attention.

Studies have shown that HRQoL in pediatric 
patients with CKD, especially dialysis patients, is 
lower compared to healthy peers [26] but also com-
pared to patients with other chronic diseases [27, 
28]. This is also reflected in mental health. For 
example, Clementi et al. [29] report increased rates 
of depression and anxiety disorders, lower self-
esteem, and a higher level of social impairment in 
pediatric dialysis patients. Therefore, patients and 
their families often carry a heavy burden when they 
enter adolescence and the transition process begins.

Growing up is a challenge for everyone. Age- 
specific developmental tasks and challenges 
include identity formation, development of 
autonomy, identification with peer groups, emo-
tional bonds, cognitive development, physical 

development, sexuality, forming one’s own phi-
losophy of life, and school and vocational train-
ing. Age-specific changes of brain structure and 
function have been shown in MRI studies. The 
developmental changes in the brain continue 
beyond the age of 18, well into the third decade 
of life. The brain develops asynchronously: the 
limbic system, associated with emotions, reward, 
impulsivity, and motivation, matures fairly early 
in adolescence, whereas the prefrontal cortex, 
involved in executive functions such as planning, 
problem-solving, and impulse control, doesn’t 
reach maturity until the middle of the third decade 
of life [30]. Age-typical risk-taking behavior and 
sensation-seeking are associated with this asyn-
chronous maturation (Fig. 41.1).

Although these age-typical processes affect all 
young people, adolescents and young adults with 
a serious chronic disease such as CKD face par-
ticular challenges, including:

 Adherence to Treatment, Despite 
Asynchronous Brain Development

In order not to endanger their health, they have 
the additional burden of adhering to their medical 

Maturation

Adolescence

Limbic reward areas

Risk phase

Prefrontal cortex

Age

Fig. 41.1 Nonlinear maturation processes of subcortical 
and prefrontal brain areas lead to an imbalance of neural 
networks in adolescence. Age-typical risk-taking behavior 
and sensation-seeking are associated with this asynchro-
nous maturation. (Modified from Casey et al. 2008 [30]; 
reproduced with permission of John Wiley and Sons)
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treatment while coping with the same develop-
mental, psychological, and neurobiological pro-
cesses as other adolescents.

 Acceptance That the Disease Does Not 
End with Childhood

As chronically ill youth grow out of childhood 
and adolescence, they are challenged to under-
stand and cope with a difficult reality: that their 
disease is not a transitory aspect of their child-
hood but something that will always be a major 
part of their lives. Therefore, it is not surprising 
that some youth with a serious chronic disease, 
such as CKD, experience an identity crisis in late 
adolescence and early adulthood that requires 
psychotherapeutic treatment.

 School and Vocational Training 
in Difficult Circumstances

Adolescents and young adults with advanced 
CKD often face hurdles with their education. 
Their health condition may lead to problems with 
concentration and memory, limitations in physi-
cal energy, and absenteeism due to clinic visits, 
hospitalizations, or dialysis treatments. Education 
is a very important determinant of future health; 
timely recognition of educational challenges is 
important so that processes can be put in place 
early to support the patient and optimize their 
potential. An additional consideration during 
vocational training and later employment is that 
CKD patients may need to accept restrictions in 
their choices of work and may have to give up 
their originally desired career.

 Additional Challenges in Special 
Social Situations

Some youth with CKD exist in precarious situ-
ations that become even more difficult when 

they reach the age of majority, for example, 
those with emotionally unsupportive families, 
those with behavioral or mental health prob-
lems, those living in poverty, and those aging 
out of foster care [31–35]. Fragmented social 
support programs and idiosyncratic eligibility 
criteria may impede young adults getting the 
help they need and lead to lapses in care and 
stigmatization [35]. When these young people 
have a serious chronic disease, the hurdles can 
be overwhelming.

Some youth with CKD may not have the cog-
nitive capacity to make informed decisions for 
themselves. In these situations, timely evaluation 
of decision-making capacity and the potential 
need for a surrogate decision-maker or official 
curatorship is essential. This should be started by 
the time the patient is 17 years of age, as the pro-
cess can be lengthy. Conditions of guardianship 
or decision support need to be clearly docu-
mented in the patient’s chart and communicated 
to the new adult clinicians [9].

Adolescents and young adults with CKD are 
in a vulnerable phase of life and therefore need 
regular evaluation of their psychosocial situa-
tion and a low threshold to access psychosocial 
support. It is also very important to provide sup-
port in school and vocational training in order to 
reconcile the requirements of medical treatment 
with educational needs. Having a psychologist 
and a social worker as part of the CKD and dial-
ysis care team is key and should be the goal for 
all programs [36]. In general, the less support 
the family can provide, the more support by pro-
fessionals is needed.

Unfortunately, psychosocial support services 
are less readily available in the adult medical sys-
tem; this is an important argument in favor of 
individualized transfer timing. For patients that 
must be transferred while still needing psychoso-
cial support, steps must be taken to either ensure 
services in the adult center or to connect the 
young person with a psychosocial counseling 
center near his or her home.
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Table 41.3 The three “pillars” of adherence

Communication between 
Patient/Family (P/F) and 
Health-Care Team (HCT)

Practical implementation in 
everyday life

Mental and emotional 
strength

Possible barriers 
to adherence

• HCT overestimates the P/F’s 
health literacy or cognitive 
capacity, particularly when 
the care plan is complex

• HCT fails to recognize 
limitations in language 
skills when the P/F’s mother 
tongue is different

• HCT overestimates the 
capacity of the P/F to absorb 
/retain information in 
certain settings, e.g., 
presence of distractions, 
emotionally taxing 
situations (situational 
receptivity)

• P/F do not fully understand 
treatment and prescriptions

• P/F disagree with (parts of) 
the treatment plan

• Lack of clarity of 
medication prescriptions or 
other treatment regimen 
aspects

• Treatment requirement not 
practical for the P/F, e.g., 
“Take medication every 
6 hours!”

• Adverse side effects of 
medication

• Forgetting medication
• Competing priorities
• Uncertainty in what to do 

with problems in 
medication taking, e.g., 
when realizing they forgot 
to take their medication, 
when they have vomiting 
or diarrhea

• Difficulty adhering to diet 
and fluid restrictions

• Financial-organizational 
aspects, e.g., high travel 
costs for outpatient 
consultations, difficulty 
missing work/school

• Stress and emotional 
exhaustion due to the 
long-term burden of 
the illness and 
treatment

• Anxiety/psychological 
distress related to 
learning and 
responsibility for 
complex treatments 
(e.g., home dialysis)

• Poor social support
• Other forms of 

psychosocial issues
• Denial of disease
• Puberty

Support 
measures for 
improving 
adherence

• Provide information that 
takes into account the P/F’s 
language ability and 
intellectual capacity

• Be aware of potential 
problems with situational 
receptivity and the need to 
adapt or reschedule teaching

• Age-appropriate education 
and regular involvement of 
the young person, from an 
early age

• Provide complex regimens 
in writing, in “patient- 
friendly language,” and keep 
them updated (e.g., 
medication prescription)

• Develop a consensus on 
treatment that considers the 
P/F’s views and ideas

• Cultivate a relationship of 
trust between P/F and HCT

• Treatment regimens that, as 
much as possible, adapt to 
the everyday life of the P/F

• Coaching, teaching, 
provision of practical aids 
(e.g., medicine dosettes, 
practical dietary 
information, phone or 
tablet apps for learning and 
reminders)

• For medication side effects
  –  Evaluate if the dose 

can be changed
  –  Assess if something 

can be actively done to 
diminish the side 
effects

  –  If not possible to make 
a change: Give extra 
appreciation for the 
“price” the patient is 
“paying” for the 
therapy

• In case of financial 
problems: Consult a social 
worker

• Express appreciation 
for the coping efforts 
of the P/F – even if 
adherence is not yet 
satisfactory

• Have an “open ear” for 
personal problems, if 
necessary calling 
professional 
psychosocial help

• For patients in puberty: 
If necessary, help with 
the search for other 
fields for 
experimenting with 
sensation-seeking and 
risk-taking, e.g., advise 
on possible sports 
activities

• Mediation of contacts 
to people who are 
equally affected; 
recommendation of 
participation in 
self-help activities, 
therapeutic camping, 
etc.

Checklist for assessing possible barriers to adherence and counseling tips to improve it. Each column (“pillar”) is neces-
sary but, on its own, is insufficient for acceptable adherence. If there are problems in one of the “pillars,” the whole 
adherence-“building” becomes unstable (see also Fig. 41.2)
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 Regular Evaluation of Adherence

Adherence to treatment is a challenge for almost 
all patients. “Satisfactory adherence” is attained 
when the difference between the patient’s actual 
therapy (e.g., medication taken, dialysis per-
formed, diet, etc.) and the prescribed therapy has 
no effect on the therapeutic outcome [37]. With 
the progression from childhood to adolescence 
and then young adulthood, satisfactory adher-
ence usually becomes more challenging [37]. 
Most adolescents don’t want to seem different 
from their peers and, as part of normal develop-
ment, may resist the expectations of their parents 
and other adults. As they move into young adult-
hood, competing demands may contribute to 
poor adherence. Executive brain function, neces-
sary for planning, good decision-making, and 
impulse control, is not fully developed until the 
mid-20s [30, 38, 39]. Among transplant recipi-
ents, the risk of graft failure is highest in adoles-
cents and young adults aged 17–24  years and 
next highest in those aged 25–29  years; it is 
thought that nonadherence plays an important 
role in this outcome [40].

Regular support for adherence and nonjudg-
mental counseling are important for youth at all 
their outpatient visits. A partnership between the 
patient and healthcare team is essential. The 
“three pillars of adherence” (Table  41.3, 
Fig.  41.2) can serve as a checklist for regular 
adherence discussions, assessing possible barri-
ers to adherence and jointly considering possi-
bilities for improvement. Satisfactory adherence 
requires all three “pillars” to function: communi-
cation between the patient and healthcare team, 
practicality of implementation of the treatment 
regimen in everyday life, and mental and emo-
tional strength. If one of the “pillars” develops 
cracks, the “adherence building” becomes 
“unstable.”

 Patient and Family Engagement 
and Empowerment

A well-functioning parent-young person rela-
tionship is central to the support of adolescents 
and young adults during the transition process. 
However, by the time their chronically ill chil-

Adherence

Communication between 
patient/family and 
health-care team

Practical 
implementation 
in everyday life

Mental and 
emotional strength

Fig. 41.2 The “three 
pillars of adherence” 
(see also Table 41.3)
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dren reach adolescence, many parents have little 
strength remaining for the increased transition 
demands. A poignant statement from a system-
atic review of qualitative studies on parents’ 
experiences sums it up: “In addition to ‘normal’ 
parental roles, being a parent of a child with 
chronic kidney disease demands a high-level 
healthcare provider, problem-solving, informa-
tion seeking, and financial and practical skills at 
a time when the capacity to cope is threatened 
by physical tiredness, uncertainty, and disrup-
tion to peer support within and outside the fam-
ily structure” [41].

Parents caring for a chronically ill child are at 
increased risk for depression, diminished quality 
of life, psychological stress, poor physical health, 
trauma symptoms, and financial burdens [41–44]. 
Despite this, most patient-family units adjust and 
jointly fulfill their tasks in treatment.

With the onset of adolescence, the challenges 
for patients and parents grow, with each taking on 
new roles. The patient must progressively assume 
more responsibility for his/her health manage-
ment, and the parents must learn to gradually 
relinquish control over their child’s adherence. 
The parents move from being the all-controlling 
“CEO” of their child’s healthcare to a “consul-
tant” in the background for support [45] 
(Fig. 41.3). Parents also need to understand that a 
teenager in an “adult” body doesn’t yet have fully 
developed “adult-level” thought processes and 

decision-making judgment. Their task is a tight-
rope walk between under- and overprotective-
ness, with a continued need for vigilant 
background oversight of treatment. The multidis-
ciplinary healthcare team can play an important 
role in positively supporting these changes. 
Parent-child conflict may be greater for chroni-
cally ill AYA, compared to healthy peers [46].

Many parents and some patients are fearful of 
the transfer to adult care; concerns include poten-
tial deterioration in quality of care, diminished 
support, and the emotional challenge of leaving 
their long-established and trusted pediatric team 
[2, 47]. They find it easier if they are sufficiently 
prepared and actively involved in the transition 
process, including timing of the transfer of care 
and if they perceive a cooperative alliance 
between the pediatric and adult teams [48].

When no family is available to support the 
young person during their transition and transfer, 
there is a need to find someone who can fill this 
gap; possibilities include a relative, a residential 
group caregiver, or youth worker from a commu-
nity psychosocial agency. Transfer to adult medi-
cine without a close support person may 
overburden the young person and pose a risk to 
their health.

 Regular Assessment of Transition 
Preparation Using Standardized 
Tools

There are a number of publicly available generic 
transition preparation tools, some more compre-
hensive than others. Most target older adoles-
cents and their transfer readiness, and only a few 
have been validated. A list of currently validated 
tools is available on the Got Transition website 
[49]. When choosing a tool, it is important to 
ensure it covers all areas of transition prepara-
tion, including mental health, sexuality (fertility, 
pregnancy, contraception, and sexually transmit-
ted infections), substance use, and healthy, active 
living. Many validated tools consist of simple 
checkboxes for the patient to fill out. However, 
unless these are carefully reviewed by a health-
care professional in an interview with the 

Fig. 41.3 A model of leadership transition for health 
management responsibility between parents and their 
children with special healthcare needs. (Image reproduced 
from Bell 2017, [84] with permission of Springer Nature)
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 adolescent, important items may be missed. 
There is also a need for transition tools for 
younger adolescents that assess age-appropriate 
milestones and tasks, because stepwise prepara-
tion for independence is recommended from the 
age of 12  years. For example, at the Montreal 
Children’s Hospital, there are age-specific forms 
to promote progressive steps toward self-reliance. 
There are also questionnaires for parents, to help 
them better understand and foster their child’s 
developing autonomy. All are publicly available 
on the hospital website [50]. Developmentally 
progressive checklists, entitled “Ready, Steady, 
Go,” are also available on the website of a large 
UK teaching hospital [51, 52]. In addition, there 
is an outstanding set of tools developed for pedi-
atric transplant recipients by the American 
Society of Transplant Pediatric Community of 
Practice which could easily be adapted for dialy-
sis patients or those with advanced CKD [53].

Once these assessments are completed and 
reviewed with the healthcare professional, an 
individualized transition plan needs to be put in 
place for each patient that promotes their pro-
gressive independence and self-responsibility. It 
should be clearly labeled and easily accessible in 
the patient’s medical chart. An excellent example 
from Got Transition [13] includes the following: 
(1) prioritized goals, (2) specific issues or con-
cerns, (3) selected actions to take with consider-
ation of both the target date and completion date, 
and (4) the name of the person responsible. These 
transition plans of action need to be periodically 
reviewed for progress and updates. For patients 
with intellectual disability who will never be 
independent, transition support needs to include, 
or focus on, the patient’s parents. Important 
issues to address include legal information about 
surrogate decision-making, community 
resources, potential financial aid, and the changes 
that will occur in the adult healthcare system. 
Teaching and preparation of parents should also 
be documented and tracked in the patient’s chart.

It can be difficult to find enough time at regu-
lar clinic visits to incorporate all the elements 
needed to prepare a patient for transition and 
transfer. A useful option is to have designated 

multidisciplinary transition preparation clinics. 
Patients can attend these clinics once or twice a 
year, starting a few years prior to the planned 
transfer date. At the Montreal Children’s Hospital, 
transition preparation clinics are offered to all 
adolescents with complex renal disease, starting 
from the age of 12 to 14 years. Each patient is 
seen without their parent by the renal nurse, dieti-
cian, and social worker, as well as by a dedicated 
adolescent medicine physician and nephrologist. 
One or both parents also meet with the nephrol-
ogy nurse, to help them prepare their adolescent 
for progressive autonomy.

 Tracking Progress of Individual 
Patients and of the Clinic’s 
Transition Process as a Whole

Keeping track of patients in need of transition 
preparation and their multiyear progress requires 
a systematic approach. An individual flow chart 
within a patient’s medical file can facilitate this. 
Suggested items to include are the following: (1) 
the dates of (a) the patient’s serial transition 
assessments, (b) updates of their medical sum-
mary and emergency care plan, (c) discussions 
about the adult model of care, (d) when the 
patient/family was advised regarding the need for 
a primary care physician (and the name of that 
person), and (e) the planned transfer time; (2) the 
names of the selected adult nephrologist and 
other adult specialists (if relevant); and (3) docu-
mentation of the preparation and content of the 
transfer package. An example of such of a form 
can be found in the Got Transition tools [54].

It is also important to monitor the clinic or 
program’s transition process as a whole, and a 
registry/database is recommended, such as that 
shown on the Got Transition website [55]. For 
pediatric renal programs, it should include, at a 
minimum, patients on dialysis, kidney transplant 
recipients, adolescents with complex kidney dis-
ease, and those with advanced CKD. A program 
registry is important for overall program organi-
zation, quality improvement, and, potentially, 
future research initiatives.
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 Timing of Transfer

Transfer of care is a pivotal event in the transi-
tion process, and its timing should be opti-
mized. The joint consensus statement of the 
International Pediatric Nephrology Association 
(IPNA) and the International Society of 
Nephrology (ISN) recommends individualized 
transfer timing, taking into account the patient’s 
transition readiness, clinical and social stabil-
ity, school milestones, and other subspecialty 
coordination [10].

However, in many pediatric nephrology cen-
ters, the age at transfer is fixed and nonnegotia-
ble, usually at around 18  years of age, and 
determined by government regulation, health 
administration organizations, or insurance [56–
58]. There is concern that a fixed transfer age 
may negatively impact outcome [56] and some 
evidence to suggest that transition readiness 
improves with increasing young adult age [59, 
60]. In a landmark study using the United States 
Renal Data System (USRDS) to look at the asso-
ciation between age and graft failure rate, Foster 
and colleagues showed that the highest rate of 
graft failure was between the ages of 18 and 
19 years – precisely when many centers have to 
transfer their patients to adult medicine [61]. An 
investigation of the correlation between age at 
transfer and kidney graft failure revealed that 
patients who were transferred under the age of 
21 years had a significantly higher graft failure 
rate than those who were 21 years or older at the 
time of transfer [62].

For centers that are required to transfer their 
patients at the age of 18 years, systems are needed 
to support the young person during the vulnera-
ble young adult (or emerging adult) period 
(approximately 18 to 25 years of age). These can 
include providing a phase of overlapping pediat-
ric/adult care, having a designated nurse and phy-
sician interested in young adult care assigned to 
each young adult patient, organizing a young 
adult clinic, facilitating networking among peer 
patients, and involving external psychosocial 
counseling agencies and/or (if available) psycho-

social staff at the adult center [11, 63]. A number 
of centers in Canada, Europe, and the USA have 
established young adult clinics in a variety of 
specialties, including diabetes, kidney transplant, 
respirology, and rheumatology [64–68]. 
Improved outcomes have been noted, but more 
studies are needed. Whatever the approach, an 
adult site champion is very important to lead and 
advocate for optimal transition processes, while a 
navigator/coordinator (see section “Named 
Healthcare Worker and Transition Champion” 
above) can help the young person make their way 
in the adult health system and prevent losses to 
follow-up.

 Succinct Relevant Patient Transfer 
Summaries

Creating the transfer summary can often feel like 
a daunting task, particularly for patients followed 
for many years or with multiple health issues. An 
early start greatly simplifies the process. For 
example, an annual health summary for each 
patient with chronic kidney disease can be incre-
mentally updated and edited. The final transfer 
summary should be succinct and highlight infor-
mation that will be most pertinent to the patient’s 
ongoing care. This summary should also include 
significant psychosocial aspects. The person 
receiving it will likely have time constraints and 
will need the most relevant information to be 
clearly available. Inclusion of appropriate contact 
information for the patient, including preferred 
modes of contact (e.g., cellphone, email, text 
message), is essential.

Another challenge is organizing the transition 
of patients followed by multiple services, each of 
whom needs to transfer care. For patients who 
will be followed in the same adult facility for all 
their health issues, the process is somewhat sim-
pler; if this will not be the case, all the patient’s 
relevant health documents/summaries need to be 
accessible to each service. A navigator or coordi-
nator can play an important role in facilitating 
this process.
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 A Personalized Health Passport or 
Summary Document for the Patient

The patient should also receive a copy of their 
health summary in an easy-to-understand format, 
commensurate with their health literacy. 
Providing this a few years before transfer (and 
regularly updating it) can help empower the 
patient and assist them in learning about their 
health condition. A health passport is also useful; 
an excellent prototype can be found on the Good 
2 Go Transition website, from the SickKids 
Hospital in Toronto [69]. A variety of passports 
are available on this site from a drop-down list, 
including one specifically for kidney disease. 
These passports are very comprehensive and 
once created can be printed into a wallet size 
card. They include the patient’s medical condi-
tions, past procedures, treatments, medications, 
allergies, and other health-related information. 
Healthcare providers or parents can assist the 
patient in completing their passport online, as 
needed.

 Open Bidirectional Communication 
Between the Pediatric and Adult 
Teams

Both the pediatric and adult nephrology teams 
need to appreciate each other’s approaches to 
care. This can enhance the pediatric team’s prep-
aration of their patients for transfer and the adult 
team’s understanding of the expectations of the 
adolescents and young adults. For complex 
patients, like those on dialysis or with advanced 
CKD, it is very helpful for the healthcare profes-
sionals at each site to communicate by phone or 
in person, not just in writing. For patients with 
kidney diseases seen primarily in pediatric prac-
tice, a condition fact sheet can be very helpful for 
the adult care provider. This is particularly rele-
vant for genetic conditions and congenital anom-
alies. It is also useful for the adult and pediatric 
teams to give each other feedback on how each 
patient’s transition process went, in order to facil-
itate continuous improvement. Things to con-
sider are how well the pediatric team prepared 

the patient for the adult model of care, the 
patient’s attendance at follow-up visits, avoidable 
complications, and the patient and family’s satis-
faction and ideas for improvement.

 Recognition by the Adult Team 
of the Young Adult’s Developmental 
Needs

Many patients who transfer at the younger end of 
the transition age spectrum need ongoing support 
to achieve their potential. In Canada, a number of 
European countries, Australia, and New Zealand, 
the required age to transfer is at around 18 years 
of age, sometimes with little flexibility. During 
this vulnerable age, extra services are often 
needed by the patient to help address psychoso-
cial issues, education, and the development of 
autonomy in their medical care [39, 70].

 Continuation of the Transition 
Process After Transfer to Adult Care, 
Until the Young Person Is Fully 
Integrated and Able to Function 
in the Adult System

Following transfer to adult care, communication 
and collaboration between the pediatric and adult 
teams remains important. Transition does not end 
with transfer – it continues until the young per-
son is fully integrated into adult care. Preparing 
the setting for the young person’s entry to the 
adult site can make a substantial difference to the 
likelihood of success. Recommendations are for 
the adult site to have a welcome package that ori-
ents the young person to the new hospital and 
clinic [71]. For dialysis patients, this could 
include the following: the names and contact 
information for all the relevant healthcare profes-
sionals the patient will interact with in the dialy-
sis unit (e.g., the nephrologists, dialysis nurses, 
nutritionist, social worker, psychologist, and 
administrative support staff), other relevant clinic 
information (e.g., the pretransplant evaluation 
clinic staff names and contact information), who 
(and how) to contact adult care providers for an 
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emergency outside of dialysis hours, location and 
contact information for medical imaging, the 
blood procurement center, the emergency depart-
ment, and other logistics. A welcome tour of the 
new facility and hospital is also important, as is 
an intake meeting with the young person during 
which time issues important to them are dis-
cussed. Confidentiality and communication of 
information also needs to be addressed; whereas 
in the pediatric center the parent is often con-
tacted to receive their child’s test results or to set 
up appointments, the patient will almost always 
be the person contacted in the adult program.

Many adolescents and young adults with kid-
ney failure have additional health problems and 
are followed by other specialty services. There is 
a need to facilitate continuity of care for all of the 
patient’s healthcare issues. This is particularly 
important because of the known risks of losses to 
follow-up in many different disease groups after 
transfer to adult care [9]. A system to help patients 
coordinate all of their care is important. As on the 
pediatric side, it is recommended to have a mech-
anism to track patients who have been transferred 
to adult care [13]; it should continue throughout 
the high-risk period of emotional development, 
until the mid-20s. Attention to changes in finan-
cial or social circumstances and psychological 
well-being is also important. A navigator or coor-
dinator can play an important role in all of these 
spheres and ideally continues to work with that 
patient after transfer to adult care.

 Education and Training 
for Healthcare Professionals

There are educational gaps regarding transition 
challenges, barriers, and best practices in both 
pediatric and adult healthcare, and this pertains to 
physicians, nurses, and allied health profession-
als. It is essential for adult clinicians to learn 
about pediatric-onset diseases, as well as adoles-
cent and young adult development. Pediatricians 
need to understand the adult model of care and 
the current resource limitations in the adult sys-
tem. Emerging adults comprise a very small 
number of adult patients, in a system  overburdened 

with an ever-expanding population of elderly 
patient with multiple comorbidities. Some spe-
cialty societies have developed healthcare transi-
tion training modules for residents, but more is 
needed, both during training and as part of con-
tinuing professional development. In nephrology, 
there should be bidirectional training opportuni-
ties for both adult and pediatric residents in pedi-
atric, adolescent, and young adult nephrology. 
Pediatric nephrologists can also assist the educa-
tion process by developing condition fact sheets 
for pediatric-onset kidney diseases, as mentioned 
in section “Open Bidirectional Communication 
Between the Pediatric and Adult Teams” above.

 Financial Considerations

There are only a few published studies that have 
addressed the costs of transition. An evaluation of 
the financial impact requires assessment at sev-
eral levels – cost to the individual clinic program, 
to the hospital, to the overall healthcare system, 
to the national economy, and to the individual 
patient’s health. The Triple Aim, elaborated by 
the Institute for Health Improvement (IHI), is a 
framework to optimize health system perfor-
mance in three dimensions: improvement of the 
individual experience of care (including quality 
and satisfaction), improvement of the health of 
populations, and reduction of the per capita costs 
associated with healthcare [72]. A recent system-
atic review used the Triple Aim Framework to 
evaluate transition interventions and found that 
better adherence (population health) was the 
most frequently reported benefit, with improve-
ments also seen in the experience of care and 
health service use [73]. Effective transition inter-
ventions included disease-specific education, 
generic self-skills management, inclusion of a 
designated transition coordinator, explicit com-
munication between pediatric and adult provid-
ers, a separate young adult clinic, a joint pediatric 
adult clinic, out of hours support, and enhanced 
follow-up. Individual transition programs that 
looked at the financial implications of transition 
interventions (costs of care) demonstrated either 
cost savings or cost neutrality, as well as improved 
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clinical outcomes [74–77]. This is an area for fur-
ther research. The quality of transition also has an 
impact on the long-term health of adolescents 
and young adults with chronic conditions and fis-
cal issues. Since their health status has an effect 
on their ability to work and pay taxes, or become 
dependent on public social security agencies, the 
positive impact of effective transition of adoles-
cents and young adults on the national economy 
needs to be included in cost evaluation.

Reimbursement of physicians for work related 
to transition of care also needs to be taken into 
account. In the USA, there are billing options that 
permit reimbursement for the extra time involved 
in the coordination of care of complex patients, 
including some specific aspects pertaining to 
transition of care [9, 78]. A roundtable report 
from transition experts makes explicit recom-
mendations regarding payment for transition- 
specific activities, which are useful for the 
advocacy of policy change [79]. Healthcare pro-
viders in other countries can evaluate their avail-
able reimbursement possibilities using these 
recommendations as a guide.

 Quality Improvement and Research

The Got Transition “Six Core Elements of Health 
Care Transition” provides adaptable templates 
for assessment of transition quality improvement 
initiatives at the individual clinic and institutional 
levels [71]. These facilitate progressive process 
improvement using a “Plan, Do, Study, Assess” 
(PDSA) approach.

There has been an exponential increase in 
publications related to transition over the past 
decade, but evidence-based research remains 
scarce. Most transition research has focused on 
the quality of interventions for transition prepara-
tion [80]. There is also a plethora of published 
descriptions of problems related to transition. 
Studies on the integration of adolescents and 
young adults into adult medicine and their long- 
term outcomes are largely lacking. There is a 

need to further define outcome measures and 
ensure that they include the patients’ perspec-
tives. High-quality research is required to develop 
and assess interventions and inform future 
evidence- based practices.

 Public Policy

Appropriate transition to adult care is central to 
the health and well-being of adolescents and 
young adults with chronic health conditions and/
or social complexity and needs to be integrated 
into social and healthcare policies. This includes 
recognition that the transition process continues 
after moving to adult care and that continuing 
support is needed for several years post-transfer 
(at least until the age of 25  years) [81]. 
Adolescents and young adults with chronic health 
conditions may also need support in the social 
system, e.g., those with educational or vocational 
challenges, mental health issues, and minimal 
family support or who are aging out of foster 
care. Youth with chronic kidney disease are par-
ticularly vulnerable.

Determined advocacy has led to recognition 
of the complex and ongoing needs of vulnerable 
young adults by the National Academies of 
Science in the USA and by the National Health 
Service (NHS) in Great Britain [12, 35, 82]. 
Although some progress has occurred, there is 
still much to achieve, in particular ongoing advo-
cacy for policy change to improve transition to 
adult care and to take into account the special 
needs of emerging adults [81]. Within the health-
care system, examples include the provision of 
appropriate reimbursement of healthcare provid-
ers for the extra time involved in preparing and 
supporting youth in transition [79], the integra-
tion of knowledge and practice of transition to 
adult care into the required competencies of pedi-
atric and adult healthcare training, and the incor-
poration of expectations of appropriate systems 
of transition to adult care into the standards of 
accreditation of healthcare institutions.
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 Summary

Transition to adult care is a multifaceted, longitu-
dinal process involving multiple stakeholders. It 
begins in childhood and ends in young adulthood 
and requires communication and collaboration 
among all the participants. Figure 41.4 summa-
rizes the transition journey. Adolescents and 
young adults with chronic kidney disease are 
especially vulnerable because their lives depend 
on their adherence to treatment. Excellent gen-
eral guidelines and tools exist to help improve the 
process, and implementation is facilitated by 
institutional resources and support. Advocacy, 
health, and social policy change and high-quality 
research are essential to further improve systems 
and outcomes.
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 Introduction

Dialysis is a lifesaving intervention for children 
with end-stage kidney disease (ESKD) and in 
well-resourced countries serves as the default 
treatment for children until successful kidney 
transplantation. In some cases, it may be appro-
priate to withhold dialysis altogether or withdraw 
it once started. A decision to do so requires a 
thoughtful and multidisciplinary approach to a 
complex problem [1].

Withholding dialysis is defined as foregoing 
dialysis in a patient for whom dialysis has yet to 
be initiated (i.e., never starting). Withdrawal of 
dialysis means the discontinuation and forgoing 
of ongoing dialysis therapy (i.e., stopping after 
dialysis has been started or attempted). Both 

situations are similar in that life-sustaining 
treatments are possible but are not provided. 
While generally considered ethically equiva-
lent, they are often treated differently by 
patients, families, and medical teams making 
clinical decisions.

Withdrawal of dialysis is common, espe-
cially for adults. In the United States, approxi-
mately one quarter of all deaths among adults 
who receive chronic dialysis occur after a deci-
sion has been made to withdraw dialysis, and 
withdrawal of dialysis is the second leading 
cause of death among adult chronic dialysis 
patients in the United States [2]. Less is known 
about withdrawal from pediatric dialysis, but 
an analysis of French-speaking pediatric 
nephrology centers from 1995 to 2001 found 
50 cases where dialysis was withheld or with-
drawn among 440 children with end-stage kid-
ney disease (11.5%) [3]. The most common 
reasons for withdrawal included concerns of 
subsequent quality of life, severe neurological 
handicap, and consequences of the disease on 
the family [3]. This is consistent with other ill 
children, as withdrawal of life-sustaining treat-
ments is a leading cause of death in both neo-
natal and pediatric intensive care units [4, 5]. 
This chapter will explore the ethics of with-
holding and withdrawing dialysis in children in 
general and for specific situations and 
populations.
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 Ethical Considerations 
in Withholding and Withdrawing 
Dialysis Treatment

 The History of Dialysis Provision 
and Ethical Implications

It is important to understand the history of ethics 
in dialysis, both to better understand how resource 
allocation fits into this decision-making and the 
context in which the medical community, gov-
ernment funders, and the larger public view dial-
ysis coverage and choices. Many will be familiar 
with the infamous Seattle “God” committees of 
the 1960s as a turning point for both modern 
nephrology and modern bioethics [6, 7]. Revealed 
to the lay public in a Life magazine article by 
Shana Alexander, the committee was actually 
called the Admissions and Policy Committee of 
the Seattle Artificial Kidney Center at Swedish 
Hospital. This group of community members (a 
lawyer, a housewife, a labor leader, a clergy 
member, and others) was charged with deciding 
which ESKD patients would be able to access the 
extremely limited number of chronic hemodialy-
sis chairs at Swedish Hospital. Demand far 
exceeded supply; the Scribner shunt had only 
recently been developed and its use was still 
experimental, and there were more people with 
ESKD than the program could accommodate [8]. 
At the time, patients under 18  years were not 
even considered as candidates, fearing the rigors 
of dialysis would be too traumatic for them [9].

One of the biggest criticisms of the “God” 
committee was that the members placed a heavy 
emphasis on the candidate’s social worth. 
Characteristics like high prestige occupation, 
religious attendance, and breadwinning position 
within a family made candidates more attractive 
to the committee, resulting in white, employed, 
churchgoing men receiving disproportionate 
access [10]. When the public learned how the 
committee worked, there was a public outcry and 
a call for more dialysis chairs and better alloca-
tion decisions. A committee chaired by nephrolo-
gist Carl Gottschalk recommended federal 
funding for all patients with ESKD, and President 
Nixon signed this into law in 1972 [11, 12]. This 

relatively wide coverage continues today, where 
emergency and often chronic hemodialysis is 
covered for most residents in well-resourced 
countries, even in the United States where access 
to other types of healthcare is far from universal. 
One of the most persistent legacies of the “God” 
committees is the understanding that, at least for 
this particular therapy, the public supports the 
idea of providing it to all who need it, regardless 
of their presumed social worth or ability to pay 
[13].

 Best Interest Standard and Harm 
Principle in Pediatric 
Decision-Making

The intricacies of the withholding and withdraw-
ing of dialysis will be discussed in more detail 
later in the chapter, but it is first important to 
understand how high-stakes decisions are made 
in pediatrics in general. The best interest standard 
has long been held as an appropriate decision- 
making tool for pediatrics and other cases in 
which a person is incapable of expressing their 
own wishes. Described as “the option that maxi-
mizes the person’s overall good and minimizes 
the person’s overall risks of harm,” this standard 
has been used in ethical decision-making, as a 
legal standard for decisions involving incapable 
minors, and by the United Nations, whose 
Convention on the Rights of the Child states “In 
all actions concerning children… the best inter-
ests of the child shall be a primary consideration” 
[14–16]. While there are invariably burdens asso-
ciated with dialysis (discomfort, time away from 
home and school, complications such as infec-
tion, bleeding, etc.), dialysis is very often consid-
ered to be in the best interests of a child with 
ESKD by the medical team, family, and the child 
himself or herself compared with the alternative 
of comfort care only.

While the best interest standard is widely ref-
erenced in pediatric decision-making, it has a 
number of limitations. It is sometimes difficult to 
define the best interests of a child, especially 
when it comes to complex and burdensome 
chronic treatment. Dialysis may be well tolerated 
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by some children but can be much more difficult 
for others. It can be challenging to know what 
burdens and benefits are experienced, especially 
in children with no or limited verbal interaction 
(e.g., neonates, those with intellectual disabili-
ties). Further, it can be difficult to accurately 
weigh the relative impact of both burdens and 
benefits, and disagreements about how much 
each matter can sometimes come down to a dis-
agreement about values. For one family, length of 
life may be of utmost benefit, and they may then 
be willing to accept dialysis even when it is more 
burdensome, whereas other families may more 
highly value the quality of life and may be will-
ing to give up longevity in order to minimize pain 
or time spent in hospital.

Another criticism is that the best interest stan-
dard places the interests of the child centrally. 
While this may make intuitive sense in most situ-
ations, the centrality of the patient does not nec-
essarily take into account the effect that a decision 
will have on parents, other family members, or 
the larger society [17, 18]. Pediatric dialysis can 
have real and lasting negative effects on the men-
tal health, economics, and marital stability of 
families [19–21]. Given the responsibilities 
placed upon families to provide dialysis, espe-
cially peritoneal dialysis (PD) or home hemodi-
alysis, it would be unrealistic to discount the 
burden of the disease on the family. It is possible 
that a choice in the best interests of the child 
would not be in the best interests of other chil-
dren in the family or the family as a whole. This 
impact is recognized by pediatric nephrologists 
as an important consideration in the withholding/
withdrawing conversation, with 68% of respon-
dents (21/31) in one survey recognizing that the 
impact of the dialysis on the family was an 
important consideration [3].

An additional criticism of the best interest 
standard is the absolutist nature of “best.” 
Selecting the best treatment option requires 
weighing values such as survival, comorbidities, 
quality of life, and burden of care. It is possible 
that parents and the medical team may disagree 
on a treatment choice and both be making a 
decision consistent with their view of the child’s 
best interests. Recognizing this limitation, oth-

ers have proposed utilization of a “reasonable 
interest standard” or “not unreasonable stan-
dard” rather than best interest standard [22, 23]. 
With dialysis, it is clear that most “reasonable” 
parents would choose treatment in uncompli-
cated cases, but it is not clear what the “reason-
able” parent would choose in more complicated 
situations, like the very young or very ill child. 
While the “reasonable interest” or “not unrea-
sonable standard” might make sense when ask-
ing parents to choose among different types of 
renal replacement therapy (e.g., peritoneal dial-
ysis vs. in-center hemodialysis vs. home hemo-
dialysis), using these standards to decide 
whether or not to forgo dialysis does not seem to 
be the right fit.

A better framework for considering parental 
refusal of dialysis treatment may be the “harm 
principle” developed by Diekema [17]. The 
harm principle holds that parents should not be 
required to make the very “best” decision for 
their child in all situations but rather that they 
should not be permitted to make decisions that 
significantly increase the likelihood of serious 
harm as compared to other options. This princi-
ple allows for the differing values that parents 
may place on benefits and burdens of treatment 
options when compared to the opinions of medi-
cal professionals, but does not allow for parents 
to refuse a treatment in which serious, imminent 
harm is expected to occur and where there is a 
reasonable intervention that could avoid that 
harm. Such a standard might be reasonable to 
apply in situations where dialysis clearly pro-
vides more benefits than burdens. An example 
might be a 6-year-old with acute kidney failure 
from diarrhea-associated hemolytic uremic syn-
drome, clear indications for acute dialysis, a 
high likelihood of renal recovery, and no known 
comorbidities. If a parent refused medically rec-
ommended dialysis in this situation, it might be 
reasonable to apply the harm principle and 
explore whether the parent’s choice can be 
respected or whether their authority should be 
abrogated. Such a decision would of course 
need due consideration and deliberation and 
likely the involvement of social work and other 
members of a multidisciplinary care team.
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 The Technological Imperative

Dialysis is a potentially lifesaving therapy, and 
the fact that it can be provided in pediatrics with 
excellent patient survival rates is something to be 
celebrated. As with other high-technology inter-
ventions, it is increasingly recognized that doing 
something simply because we can do it is not 
appropriate in all situations. First described by 
Fuchs, the technological imperative has been 
suggested as something which is imprinted on 
physicians during training: the drive to use the 
best, most modern, and most high-tech interven-
tions because they are available [24]. It may be 
best understood at its core as “That which is pos-
sible to do has to be done” [25]. Pediatric 
nephrologists are well trained in the technical 
aspects of dialysis and can do amazing things 
with the technology: providing dialysis for chil-
dren weighing as little as 1 kg, correcting severe 
electrolyte abnormalities, and managing and sav-
ing the lives of children with poisonings, over-
doses, and inborn errors of metabolism. We are 
less well trained in holding back, declining to 
offer therapy when the burdens outweigh the 
benefits or when a patient or family does not want 
the treatment. Understanding the technological 
imperative that is a natural part of our specialty 
and preparing to manage the emotional reaction 
that we may have when a patient or family desires 
to forgo medically available therapy is a lifelong 
challenge but one that we should be prepared to 
confront. The technological imperative should 
not be allowed to stand in the way of shared 
decision- making as it sometimes is just as power-
ful to leave a tool unused.

 Equivalence of Withholding 
and Withdrawing Dialysis

The Equivalence Thesis holds that there is no 
ethical distinction between withholding and 
withdrawing life-sustaining treatments. This 
means that if it is ethically permissible to with-
hold dialysis, it should also be permissible to 
withdraw the treatment, all other things being 
equal. While the ethical equivalence of with-

holding and withdrawing dialysis is widely 
accepted, there may be an emotional distinction 
for the patient, family, and medical team [26–
28]. A series of surveys have demonstrated that 
physicians and the lay public do not feel that 
withholding and withdrawing life-sustaining 
treatments are the same, with most, though not 
all, preferring to withhold rather than withdraw 
life-sustaining treatments [29–34]. Providers 
may sense that withdrawing dialysis or other 
life-sustaining treatments feels more distress-
ing than simply withholding the treatment. This 
may reflect a perception of greater moral 
agency, responsibility, and culpability on the 
part of the healthcare provider for a patient’s 
death associated with withdrawal of treatment 
(commission) vs. never initiating life-sustain-
ing treatment (omission). There is a tendency to 
describe a situation in which treatment has 
begun as “the train has left the station” and can-
not be stopped [35].

Nephrologists’ perceptions of a moral differ-
ence between withholding and withdrawing dial-
ysis may result in negative consequences for 
patients. Implicit belief that withholding is pref-
erable to withdrawing can result in both inappro-
priate undertreatment (reticence to begin therapy 
due to concerns that once begun it cannot be 
stopped) and overtreatment (failure to withdraw 
harmful treatment once started). Overtreatment 
may result in waste of limited medical and finan-
cial resources by insisting on a therapy that is no 
longer beneficial or desirable for the patient [28, 
36, 37]. Others who feel withholding dialysis is 
more problematic than withdrawal may require 
all patients to undergo dialysis treatment, as 
withholding precludes a dying patient of a 
chance, even if extremely limited, of benefitting 
from dialysis treatment. While this approach 
offers the opportunity for unlikely patients to 
benefit, it would result in suffering for the major-
ity who will not benefit and significant waste of 
resources by providing treatment unlikely to be 
beneficial [34, 38, 39].

The distinction between withdrawing and 
withholding dialysis is, in fact, morally and 
legally irrelevant. Both not initiating and stop-
ping life-sustaining therapy can be justified, 
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depending on the circumstances [28, 40, 41]. 
Given the consequences that arise from implicit 
beliefs of moral differences between withholding 
and withdrawing, nephrologists would be better 
served to combine the concepts into a single 
term, forgoing. It is that term which we will use 
for the remainder of this chapter.

 Considerations for Forgoing Dialysis

The 2010 Renal Physicians Association (RPA) 
Guidelines on Shared Decision-Making in the 
Appropriate Initiation of and Withdrawal from 
Dialysis recommend forgoing dialysis if the ini-
tiation or continuation of dialysis is deemed to be 
harmful or of no benefit, and to strongly consider 
forgoing dialysis in a patient with a terminal ill-
ness whose long-term prognosis is poor [27]. 
Similarly, the European Paediatric Dialysis 
Working Group (EPDWG) clinical practice rec-
ommendations for the care of infants with stage 5 
chronic kidney disease recommend forgoing 
dialysis if the expected short- or long-term prog-
nosis is poor, there are significant concurrent 
medical care issues, or the predicted quality of 
life for the child and the family is likely to be 
poor [42]. It is important to recognize that a deci-
sion to forgo life-sustaining treatments is not the 
same as forgoing care [43]. An intensification of 
palliative treatments should occur in conjunction 
with any decision to forgo dialysis. This is espe-
cially important as palliative care may be under-
utilized for children with ESKD [44].

 Process of Forgoing Dialysis

There is no universally accepted criterion in pedi-
atrics for withholding or withdrawing of life- 
sustaining treatments such as dialysis. Decisions 
should be individualized and consistent with the 
interests of the child and with consideration of 
the benefits and burdens resulting from continued 
renal replacement therapy. Choices should reflect 
the patient and family’s goals of care that are 
achievable and should be centered upon the 
patient’s quality of life [27, 45, 46].

The RPA guidelines, along with the American 
Academy of Pediatrics, recommend that physi-
cians develop a patient-physician relationship 
that promotes family-centered shared decision- 
making [27, 46]. Shared decision-making 
involves clinician-family collaboration and cul-
minates in a decision arrived at through consen-
sus of the involved groups [47]. Family-centered 
shared decision-making respects parental author-
ity in medical decision-making for children and 
is supported by the ethical principles of benefi-
cence, nonmaleficence, and respect for auton-
omy. If parents request to involve other family 
members, these requests should be respected. 
Although children generally do not have legal 
authority to make independent healthcare deci-
sions, it is important to involve children in the 
decision-making process to the extent it is devel-
opmentally appropriate. In addition, other mem-
bers of the medical team, potentially including 
the patient’s pediatrician, intensivist, and any 
other relevant subspecialist, should be encour-
aged to participate in coordinating care related to 
treatment decisions made by the family. In the 
setting of a child with multiple medical comor-
bidities, decisions about dialysis should be made 
in the context of other life-sustaining treatments 
including ventilators, parenteral nutrition, and 
the provision of intensive care.

Parents should be provided with information 
regarding the risks, discomforts, side effects, and 
benefits of treatment alternatives including dialy-
sis and comfort care only. As part of these discus-
sions, the nephrologist should provide their 
recommendation of the best option for the child, 
citing reasons for their recommendation based on 
medical, experiential, and moral factors [48]. 
Importantly, changes in a patient’s prognosis may 
change the nephrologist’s recommendations. The 
family should be informed of this change without 
delay [45].

Care should be given to ensure that symptoms 
are minimized to the greatest degree possible and 
that patients experience a “good death” whenever 
possible, defined by patients and families as one 
which is “pain-free, brief, peaceful, occurring in 
the presence of loved ones, and at the place of 
one’s choice” [49]. Some parents may request 
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that withdrawal of dialysis occur in the hospital 
setting, and in most circumstances this request 
should be respected. The goal of medical care is 
not limited to treatment and cure; medical teams 
also carry an obligation to ease a patient’s pain 
and suffering associated with dying. In some cir-
cumstances, those obligations may best be met in 
the hospital setting.

Parents and providers should be prepared for 
the fact that death may not occur rapidly after for-
going dialysis. In an adult series, death after dial-
ysis discontinuation occurred at a median of 
8  days after stopping, but some patients lived 
over 3 years after reaching stage V CKD despite 
never starting dialysis [50].

 Disagreement

Parents should be supported throughout the 
decision- making process, provided with the most 
accurate evidence on which to base their deci-
sions, and not made to feel that they are alone in 
carrying the weight of this difficult choice [51]. 
In most situations, parents can be trusted to make 
a decision that is consistent with the medical 
information and well within the standard of care. 
In some situations, however, there may be funda-
mental differences of opinion within the family, 
within the medical team, or between the family 
and medical team as to the best course of action.

Instead of pursuing unilateral decisions, it is 
the duty of the medical team to continue to 
engage in respectful dialogue [52]. These discus-
sions should include revisiting the family’s goals 
of care for the child and education about the 
child’s expected prognosis and treatment options. 
Discussions should also acknowledge the degree 
of uncertainty related to prognosis [27]. Palliative 
medicine, pastoral care, and cultural support can 
be extremely helpful in this communication and 
should be engaged early in this process [27, 45, 
49, 53]. The RPA guideline recommends that 
medical teams explicitly describe comfort mea-
sures and other components of palliative care that 
are available [27]. The purpose of these discus-
sions is to develop consensus (not unanimity) 
among the medical team and the family.

The RPA guideline also recommends the 
establishment of a systematic due process 
approach for conflict resolution if there is dis-
agreement between parents and the medical team 
or within the medical team itself about what deci-
sion should be made [27]. Potential interventions 
could include consultation with colleagues not 
involved in the child’s direct medical care or con-
vening of multidisciplinary conferences to dis-
cuss different perspectives related to treatment. If 
consensus still cannot be reached or if the treat-
ing nephrologist believes that the parents are 
making decisions inconsistent with the best inter-
ests of the child, consultation with a hospital eth-
ics committee is highly recommended [27]. Court 
involvement to order dialysis treatment over 
parental objections represents a serious challenge 
to parental authority and autonomy and may per-
manently alter a family’s future interactions with 
medical providers. Further, a personal or cultural 
history of negative interactions with child protec-
tive services (e.g., the indigenous populations of 
Canada, Australia, and the United States) is the 
reality for many families and may further weaken 
trust in providers who involve protective services 
without exhausting attempts at reaching consen-
sus. Pursuit of state intervention should be con-
sidered only as a last resort.

 Futility

As part of discussions in the setting of disagree-
ment regarding forgoing dialysis, nephrologists 
may be tempted to claim that dialysis treatment is 
futile. This is rarely, if ever, a sufficient basis to 
forgo dialysis. A claim of futility is supported by 
the standard that a doctor is under no moral obli-
gation to do to a patient that which is of no ben-
efit to the patient. Unfortunately, there is no 
single agreed-upon definition of futility, and the 
concept has different meanings to physicians, 
parents, and the press [26, 54]. Physiologic futil-
ity claims that an intervention cannot achieve the 
desired outcome [54]. An example of this would 
be dialysis in a child for whom it is impossible to 
obtain vascular or peritoneal access. Quantitative 
futility claims that while it is possible for an 
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intervention to achieve the desired goal, it is so 
unlikely that it should not be pursued [55]. An 
example may be providing dialysis to an excep-
tionally small newborn (i.e., one weighing less 
than <1000  g) who is too small for traditional 
forms of vascular or peritoneal access. While it 
may be possible to obtain access, it is very 
unlikely, but not impossible, to be successful. So 
long as access may be obtained, dialysis will 
almost always provide improved metabolic clear-
ance and volume control and thus will not meet a 
standard of physiologic or quantitative futility. 
This is not to claim that in every instance dialysis 
should be pursued, but rather that futility is an 
inappropriate reason not to do so. The assessment 
of benefit in such cases goes beyond whether 
dialysis will provide renal clearance and ultrafil-
tration to more global questions focused on qual-
ity of life for the patient. These considerations are 
inherently value-based and should be determined 
by the child’s parents except when there is reason 
to believe that the parents are not acting as appro-
priate decision-makers for the child [45, 54, 56].

 Allocation of Resources

Some providers may be concerned over the allo-
cation of resources to children with poor progno-
ses, or conversely they may be concerned about 
the “waste” of withholding or withdrawing dialy-
sis therapy in a child in whom enormous resources 
have been invested. It is important to acknowl-
edge that there are limited resources available for 
healthcare and that society should utilize these 
resources in the most efficient manner possible 
for the benefit of the greater good of the popula-
tion. However, in a society with resources avail-
able to fund medical care, rationing decisions 
should not be left to doctors at the bedside; rather 
they should be considered at a societal level. In 
addition, studies of the neonatal and pediatric 
intensive care units suggest that few resources are 
“wasted” on those children with even the most 
futile diagnoses [57, 58]. Similarly, the degree of 
previous resource utilization or medical effort is 
irrelevant to this discussion of justification of 
ongoing treatments. A “sunk cost” does not jus-

tify continued treatment if that treatment is no 
longer in the child’s interests [59].

Most discussions of resource allocation in 
dialysis presume that the child is living in a well- 
resourced country where there is access to dialy-
sis for acute and chronic kidney disease. It must 
be acknowledged that much of the world does not 
experience such plenty and that resource deci-
sions are very different in countries where pov-
erty, politics, and/or war has limited what can be 
provided [60, 61]. Excellent outreach efforts by 
the pediatric community are attempting to bring 
acute dialysis to low-resource countries [62–64]. 
Increased and sustained efforts to make dialysis 
an option for children who would benefit from it 
in the developing world are an important part of 
our roles as advocates and global citizens.

 Time-Limited Trials

In cases of uncertain prognosis or when consen-
sus cannot be reached regarding initiating or for-
going dialysis, the RPA guidelines and others 
encourage nephrologists to consider a time- 
limited trial of dialysis [27, 52, 65]. A time- 
limited trial is an agreement between care 
providers and surrogate decision-makers to pro-
vide a medical therapy over a defined period of 
time to determine if the patient improves or dete-
riorates according to agreed-upon clinical out-
comes [66]. A trial of dialysis therapy may allow 
for further information to be gathered about the 
benefits and burdens of dialysis therapy without 
committing the child to a lifetime of renal 
replacement therapy [27, 52, 65]. While intui-
tively appealing, time-limited trials have a num-
ber of important limitations that diminish their 
usefulness including the arbitrary use of time 
limits; difficulty in determining clear, meaningful 
endpoints; and differing interpretations of a trial 
of therapy between parents and providers [37]. 
As noted earlier, organ replacement therapies 
such as dialysis are almost always effective at 
improving metabolic and fluid balance which 
make these poor endpoints for a trial. Other 
potential endpoints such as peritonitis or catheter 
failure may reflect random, common, and 
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 treatable complications. Other seemingly objec-
tive endpoints (e.g., ability to wean off a ventila-
tor or outcome of neuroimaging) may instead 
reflect implicit value judgments by the treating 
team (e.g., the quality of a child’s life on chronic 
mechanical ventilation or with significant intel-
lectual disability) [37]. Finally, there may be dif-
ferences in understanding what is meant by a 
“trial of therapy.” In contrast to providers, many 
parents interpret a “trial of therapy” as continuing 
treatment indefinitely unless a complication 
arises and the burdens of continued treatment 
exceed the benefits [37]. This is the same as for-
going dialysis treatment that has been initiated. 
Pediatric nephrologists should be hesitant to con-
sider time-limited trials and may be better served 
by limiting discussions with parents to the initia-
tion, continuation, and forgoing of dialysis.

 Special Populations

 Suspected ESKD in the Antenatal 
Period

About 50% of infants who receive dialysis during 
the neonatal period are diagnosed antenatally, 
which makes antenatal counseling an important 
component of optimizing medical intervention 
after birth [67]. The process of shared decision- 
making can and does start in the antenatal period. 
This is accompanied by significant uncertainty as 
there are no absolute prognostic markers in the 
antenatal period that accurately predict the degree 
of renal impairment and postnatal survival and no 
universal consensus in the medical community 
on how these infants should be managed [68]. 
Nevertheless, difficult choices need to be made 
with incomplete information, which can be dis-
tressing and confusing to families.

This complexity is illustrated by the example 
of renal oligohydramnios (ROH), which serves as 
an important prognostic marker in the fetus with 
suspected renal anomalies [69, 70, 71]. In a 2018 
study of 103 pregnancies with ROH, 38% of sub-
jects opted for pregnancy termination after 
receiving prenatal counseling [69]. Importantly, 
prenatal evidence of severe renal disease did not 

predict a lethal diagnosis in those fetuses that 
were carried to term. Of infants in this study, 54% 
were born alive and 78% of these were managed 
with active care. Of those actively managed, 
chronic kidney disease was common (more than 
50% at 3  years of follow-up), but survival was 
excellent, with 92% surviving until discharge and 
84% after a median follow-up of 1.5  years. 
Although one third of surviving children needed 
dialysis during the first 6 weeks of life, 42% had 
some recovery of renal function. We now know 
that this is a serious but not necessarily fatal diag-
nosis, and the outcomes are somewhat based on 
what parents choose to treat and what medical 
professionals choose to offer. This underscores 
the importance of antenatal consultation with a 
nephrologist, as the majority of families in this 
study who opted for pregnancy termination never 
spoke with a nephrologist.

Loos and Kemper [70] advocate for the impor-
tance of a multidisciplinary approach of obstetrics, 
neonatology, urology, genetics, and nephrology in 
addition to psychological or social work support 
throughout the decision-making process. Through 
this consultation, all reasonable options can be dis-
cussed, including pregnancy termination and early 
dialysis, but also a wait- and- see approach that 
could provide palliative care at birth with the 
option for aggressive management if kidney func-
tion is better than expected [70].

 Suspected ESKD in the Neonatal 
Period

When babies are born with ESKD, either because 
their parents decided to continue a pregnancy 
after antenatal consultation or if the diagnosis 
was not picked up in the antenatal period, they do 
face a potentially grim prognosis. Dialysis in 
newborns is more complicated than that of older 
children, with more comorbidities, complica-
tions, and hospitalizations and a lower survival 
rate [72, 73]. However, recent publications show 
that survival rates are improving, with survival of 
those put on dialysis at <1 month of age nearing 
the survival rates of older infants [74]. Parents 
who choose to pursue dialysis in the newborn 
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period need to be prepared for a long and poten-
tially morbid course, but ESKD is survivable, and 
most children who survive will eventually be able 
to get a transplant with outcomes similar or better 
than older children [72].

Prognostic uncertainty and expected morbid-
ity does impact on the physician’s view of 
whether it is appropriate to forgo dialysis in the 
neonatal period. Two surveys by Geary and col-
leagues in 1998 and 2011 showed that pediatric 
nephrologists were much more comfortable in 
allowing parents of newborns to forgo dialysis 
when compared to older children [75, 76]. Among 
the factors most important to the nephrologists 
were the family’s right to decide, the anticipated 
morbidity for the child, and the presence of 
comorbidities. Comorbidities are present in 73% 
of newborns who are RRT candidates, so it would 
be expected to play a larger role in neonatal 
decision- making [67, 77]. As the morbidity of 
dialysis decreased and survival of young infants 
increased between the two surveys, nephrolo-
gists’ attitudes did change, but they continued to 
be much more willing to allow parents of new-
borns wider discretion than that for older chil-
dren. This suggests a flexible approach that 
matured with emerging evidence, but also the 
possibility of a self-fulfilling prophecy  – if we 
only rarely attempt dialysis in young babies, we 
will rarely have survivors. As with the lower limit 
of viability for preterm infants, the target is 
always moving, and what is now considered care 
that falls under parental discretion may well be 
the standard of care in the future [1, 78].

Communication strategy is of utmost impor-
tance in making important decisions in the NICU, 
which is universally a high-stress and high-stakes 
environment. Lantos proposes an approach to 
this communication which allows parents to be 
told the truth in the way that they need to hear it. 
This sometimes means “telling the truth slant” 
(sometimes through indirect communication) 
and seeking non-opposition to forgoing treatment 
instead of a too traumatic frank approval [79]. 
While designed for NICU cases, this compas-
sionate communication technique may be useful 
in other cases of forgoing dialysis as well.

 Developmentally Disabled Children 
and Those with Significant 
Comorbidities

Children with developmental disabilities (DD) 
or other significant comorbidities create spe-
cial challenges when deciding whether to 
forgo dialysis. It is important to value the lives 
of these children as much as any other child 
and not to use their disability as a reason to 
give them less than we would provide to a 
child of average developmental ability. The 
limited data available suggests that many chil-
dren with DD will have equivalent survival 
rates to children of average development, if 
dialysis is offered [80]. In some jurisdictions 
like the United States, it may be a violation of 
laws protecting the disabled to offer less treat-
ment to a child based on their DD diagnosis 
[81]. However, it is important to recognize 
dialysis as a burdensome and potentially mor-
bid intervention, and the burdens of this ther-
apy may be different for children with different 
challenges. For example, a child with signifi-
cant developmental disabilities may not be 
able to remain still for a dialysis session or 
may pull at intravascular or intraperitoneal 
catheters, raising a potential for serious bleed-
ing or infection. Some of these concerns can 
be ameliorated with good multidisciplinary 
care (e.g., choosing the least intrusive method 
of dialysis, parent presence during the session, 
play or music therapy, use of anxiolytics, etc.), 
but there will be some children for whom the 
burdens of dialysis cannot be reduced enough 
to be outweighed by the benefits. Since these 
are important considerations for any child 
considering dialysis, they cannot be ignored in 
an assessment of the benefits and burdens for 
a child with DD [77]. Each case should be 
evaluated based on the specific medical 
aspects, quality of life factors, contextual fea-
tures, and patient and parent preferences to 
arrive at a decision that meets the needs of that 
particular child, and DD should rarely, if ever, 
be considered an absolute contraindication for 
dialysis [52].
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 Children Who Are Not Transplant 
Candidates

Transplantation is usually considered as the best 
therapy for children with ESKD, enabling better 
survival, better cardiac health, and a better qual-
ity of life than those who remain on dialysis [68, 
82, 83]. Contraindications to transplant are rare 
and generally limited to those diseases for which 
transplant will not be expected to benefit the 
child (e.g., children with life-limiting comorbidi-
ties like malignant cancer or children for whom 
quality of life is not expected to improve with 
transplant like those in a persistent vegetative 
state or those with an extremely high rate of dis-
ease recurrence in the graft, such as some types 
of nephrotic syndrome) [84–86]. While some of 
these children may become transplant candidates 
with future advances in medications or technol-
ogy, some will never be transplant eligible.

In these children, dialysis needs to be reevalu-
ated not as the bridge therapy it commonly is in 
pediatrics, but as a terminal therapy as is more 
common in adults with ESKD. Dialysis as a ter-
minal therapy may still well be beneficial in these 
children, but again a careful weighing of benefits 
and burdens will be required [52].

 Undocumented Immigrants/Refugees

As global conflicts continue to drive immigrants 
and refugees to better resourced countries in the 
Middle East, Europe, North America, and 
beyond, children will arrive with severe kidney 
disease or develop kidney disease while living 
with immigrant or refugee status. These children 
may present emergently with ESKD or have pro-
gressive disease which is expected to end in 
ESKD.  Healthcare providers caring for these 
children may face ethical and legal difficulties in 
providing dialysis for these children when and if 
it becomes necessary.

In many countries, laws protect all patients 
(children and adults) who require emergency 
treatment including dialysis, but chronic therapy 
is much more variable. In a 2016 survey of 
nephrologists in the Middle East, Europe, and 

North Africa, dialysis for refugees was covered 
by government payors according to 40% of 
respondents, and a tiny minority reported that 
they had been forbidden from providing dialysis 
by either government or hospital authorities [87]. 
In Canada, dialysis is generally covered for refu-
gee claimants by interim refugee health coverage 
[88]. In the United States, EMTALA protects 
those needing emergency dialysis, but chronic 
dialysis can be more variable and is often only 
provided in safety-net hospitals and federally 
qualified health centers, by specific state legisla-
tion or by philanthropy funds in hospitals [89]. In 
New Zealand, chronic dialysis is provided for 
“renal refugees” who cannot access it in their 
home countries [90]. There are reports that less 
well-resourced countries like Lebanon have 
much more difficulty in providing this ongoing 
care, both because of the large number of refu-
gees that they are hosting and the financial limita-
tions for healthcare that already limit access in 
those countries [91].

In the limited survey data available, most 
nephrologists recognize that the provision of 
dialysis to such patients, including children, is 
part of the physician’s moral code [87]. Dialysis 
for those who need and want it is clearly benefi-
cent for the patient, and denying it is stressful for 
healthcare providers as well [92]. While it might 
be reasonable to limit care available to those from 
far beyond our borders, immigrants and refugees 
are members of the communities to which they 
migrate. They contribute in countless social 
ways, but also economically with labor, taxes 
(sales, property, etc.), and contributions to social 
programs like social security [13]. Maintenance 
dialysis is also cheaper than emergency-only 
dialysis, because of the lower needs for inpatient 
stays and ER visits [93, 94]. Providing medical 
care to members of our community is an essential 
part of our obligations as physicians, and denying 
care based on immigration status violates the 
important commitments that we have made to 
beneficence and solidarity [95–97]. There is little 
defense to forgo dialysis because of a child’s 
legal status in a country. Physicians faced with 
administrative or governmental barriers need to 
be strong advocates to get their patients the care 
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that they deserve. This may include advocating 
for patients to stay in a well-resourced country to 
get the care that they would not be able to receive 
in their home countries [90].

 Adolescents Who Make a Request 
to Forgo Dialysis

While discontinuation of dialysis in adult units is 
relatively common, pediatric nephrologists will 
only rarely encounter an adolescent with ESKD 
who requests discontinuation of maintenance 
dialysis [98]. While it is important to respect the 
developing autonomy of an adolescent, nephrolo-
gists should also recognize their duty of benefi-
cence toward the child [99]. Forgoing dialysis is 
rarely in such a patient’s best interest, as defined 
by the healthcare team, but it is important to 
understand that the perception and grading of 
burdens and benefits may be very different for the 
patient him or herself [99, 100]. The adolescent’s 
emerging autonomy and the complexity of the 
best interest analysis make these cases especially 
fraught. Wherever possible, nephrologists should 
work to address barriers to successful treatment 
including working to improve the doctor-patient 
relationship and therapeutic alliance; involve-
ment of other specialists such as psychiatry, psy-
chology, social work, palliative care, or pain 
medicine; and, if indicated, utilizing pain, anxio-
lytic, or psychotropic medications. If transplant 
is a feasible option, it should also be explored. If 
there is serious concern for child abuse or medi-
cal neglect, state custody should be sought, but it 
is important to explore how the provision of dial-
ysis without consent will affect the teen and 
whether it can be logistically provided to some-
one who does not want to receive it. Dialysis 
treatment requires an ongoing commitment, and 
it would be practically difficult, if not impossible, 
to provide it to an adolescent who actively fought 
the treatment. If the adolescent required sedation 
or restraint to undergo each dialysis treatment 
against her wishes, the trauma and additional 
burdens placed on the adolescent and the dialysis 
team could likely exceed the benefits that contin-
ued dialysis provides [100]. Ultimately, if per-

suasion and additional resources cannot change 
the adolescent’s views, the nephrologist may be 
forced to accept these views, discontinue dialy-
sis, and transition the goals of care to palliative or 
comfort care only [100].

 Conclusions

Dialysis is usually a lifesaving, life-improving, 
and welcomed technology for children with 
ESKD and their families. In some situations, a 
decision will be made to forgo the therapy 
because it is too burdensome or insufficiently 
beneficial. In others, resource limitations or 
external factors may limit what can and should be 
offered. These decisions are inherently complex 
and challenging and require the commitment of 
the medical team to support the patient and his or 
her family before, during, and after the decision- 
making process. In any of these cases, standard 
ethical decision-making frameworks can be 
applied in order to make the best decisions, but 
decision-makers should always be cognizant of 
how dialysis differs from other high-technology, 
chronic interventions.
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 Introduction

In the past 15 years, understanding of acute kid-
ney injury (AKI) has replaced past perceptions 
of acute renal failure, reflecting a growing appre-
ciation of AKI as a dynamic, graded pathologic 
process associated with significant morbidity 
and mortality. Significant effort is being made 
to increase knowledge of AKI pathophysiology 
and develop predictive models and biomarkers 
to advance treatments and improve outcomes. 
In parallel, renal support therapy (RST) has 
expanded from a “last resort” treatment to an 
important tool to prevent AKI complications and 
improve kidney outcomes. The last decade has 
also been marked by improved RST technology 
for small patients.

 Diagnosis of Acute Kidney Injury

 Definition of AKI

Until recently, a major obstacle to understand-
ing pediatric AKI epidemiology was the lack of 
a standardized definition. Since 2005, several 
definitions have been proposed, based on acute 
serum creatinine (SCr) rise and urine output (UO) 
decrease to grade AKI severity [1]. Development 
of these simple, categorical definitions led to a 
surge of AKI epidemiological studies, initially 
in adults and more recently in children [2–4]. 
The most recent and internationally accepted 
AKI definition is that of the Kidney Disease: 
Improving Global Outcomes (KDIGO) AKI work 
group (2012) [5] (Table 43.1). Initially developed 
for use in adults, the KDIGO definition incorpo-
rates pediatric-specific criteria. There is also a 
modified neonatal version (Chap. 44) [3, 6]. The 
KDIGO definition has been applied and shown to 
have strong associations with clinical outcomes, 
including mortality, in many pediatric popula-
tions, including the multinational Assessment of 
Worldwide Acute Kidney Injury, Renal Angina 
and Epidemiology (AWARE) study in critically 
ill children [2]. The AWARE study highlighted 
that both the SCr and UO components of the 
KDIGO definition are important and should be 
monitored closely in at-risk patients. A major 
limitation of these definitions remains the low 
sensitivity and specificity of SCr and UO mea-
sures [5]. SCr concentration is affected by muscle  
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mass, fluid overload, and age, independent of 
glomerular filtration rate (GFR). Acute SCr rise 
is often delayed by up to 48–72 h and baseline 
SCr is often unknown. UO is affected by drugs, 
fluid status, and body habitus; measurement is 
affected by the presence/absence of a urinary 
catheter. The KDIGO definition does not provide 
information about AKI etiology or kidney struc-
tural/tissue injury but merely a delayed measure 
of functional abnormality (i.e., GFR).

The problem of late AKI diagnosis has 
severely delayed research on AKI treatments 
and likely contributed to many negative findings 
in AKI therapeutic trials. These problems have 
motivated research on new AKI diagnostic tests 
or AKI biomarkers to [1] enable earlier AKI diag-
nosis by reflecting kidney tissue damage before 
evidence of dysfunction; [2] isolate AKI to differ-
ent renal compartments to identify AKI etiology; 
and [3] identify therapeutic targets. Studied AKI 
biomarkers may be broadly classified into func-
tional markers (like SCr, filtered at the glomeru-
lus, reflecting GFR), tubular damage biomarkers 

(mainly urinary proteins reabsorbed by the proxi-
mal tubular cells, such as beta-2 microglobulin or 
N-acetyl-beta-D-glucosaminidase), and biomark-
ers whose genes are induced or downregulated by 
AKI (e.g., neutrophil gelatinase- associated lipo-
calin; interleukin-18; kidney injury molecule-1).

An example of a functional AKI biomarker 
is serum cystatin C (CysC). CysC is filtered at 
the glomerulus and is a more accurate marker 
of GFR than SCr. In critically ill children and 
those undergoing cardiac surgery, CysC has been 
shown to rise before SCr does with AKI. Routine 
CysC measurement is available in many centers, 
but it is currently most commonly used to esti-
mate GFR in the outpatient setting [7]. Tubular 
damage biomarkers have demonstrated modest 
success at best for AKI diagnosis prior to SCr 
rise. Biomarkers induced or downregulated with 
renal tubular injury have variably shown the 
highest promise for early AKI diagnosis. There is 
a need for ongoing validation of AKI biomarkers 
for use in clinical practice, including determining 
biomarker concentration positivity thresholds, 
determining age-specific (e.g., neonate) thresh-
olds, and validation in different AKI etiologies. 
Although current AKI biomarker utility is still 
mainly used for research, future AKI definitions 
will likely incorporate markers of kidney tissue 
injury in addition to markers of kidney function 
(i.e., SCr and UO) [8].

 Epidemiology and Outcomes of AKI

An extraordinary amount of multicenter research 
in pediatric intensive care unit (ICU) and cardiac 
surgery populations from developed nations has 
confirmed the high incidence and impact of AKI 
previously described in single-center studies. More 
recent studies have described other hospitalized 
populations (extracorporeal membrane oxygen-
ation [ECMO], nephrotoxin-exposed, oncology, 
and neonatal ICU patients). Globally, AKI affects 
approximately 13 million people/year; most cases 
occur in low- and middle- income countries. In 
developing nations, AKI is often community-
acquired, including  dehydration and infection, and 
closely linked with socioeconomic factors. The 

Table 43.1 KDIGO definition of acute kidney injury in 
children [5]

KDIGO

Stage
Serum creatinine criteria Urine output 

criteria
1 ≥1.5–1.9× baseline rise within 

7 days
OR
≥26.5 μmol/L (≥0.3 mg/dL) rise 
within 48 h

<0.5 mL/
kg/h for
6–12 ha

2 ≥2.0–2.9× baseline <0.5 mL/
kg/h for
≥12 hb

3 ≥3.0× baseline
OR
Serum creatinine ≥353.7 μmol/L 
(≥4.0 mg/dL)
OR
In patients <18 years, decrease 
eGFR to <35 mL/min/1.73 m2

OR
Initiation of RST for AKI

<0.3 mL/
kg/h for
≥24 h
OR
Anuria for 
≥12 h

KDIGO Kidney Disease: Improving Global Outcomes, 
RST renal support therapy
aPediatric literature consistently defines stage 1 AKI with 
decreased urine output for >8 h
bPediatric literature consistently defines stage 2 AKI with 
decreased urine output >16 h
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International Society of Nephrology launched its 
0by25 initiative, aimed at eliminating preventable 
deaths due to AKI by 2025 by increasing global 
awareness of AKI and using a need-based approach 
to develop systems to achieve this goal [9].

 Incidence and Short-Term Outcomes
The AWARE study was a multinational prospec-
tive study of 4683 children from 32 ICUs [2]; 
AKI incidence was 27%. This study showed 
that stage 2 or worse AKI was associated with 
increased risk of 28-day mortality and longer 
mechanical ventilation. The Kidney Intervention 
During Extracorporeal Membrane Oxygenation 
(KIDMO) group studied 834 patients receiving 
ECMO at six centers over 5 years [10]. AKI inci-
dence was 74%, occurred early in the course of 
ECMO (93% within 48 h of ECMO initiation), 
and was associated with increased mortality 
and ECMO duration. AKI in children undergo-
ing cardiac surgery has been well studied and 
has shown highly variable AKI incidence (15–
70%) across studies [4, 11]. The Translational 
Research Investigating Biomarker Endpoints 
in Acute Kidney Injury (TRIBE-AKI) study of 
131 children from three centers over 2 years 
[12] found that AKI occurred in 40% of chil-
dren within the first 3 days after surgery and was 
associated with increased length of ICU stay and 
mechanical ventilation. In 799 children from two 
centers in the Safe Pediatric Euglycemia after 
Cardiac Surgery (SPECS) trial, AKI developed 
in 36% of patients, with similar outcome asso-
ciations [13]. However, AKI incidence differed 
significantly between institutions (U. Michigan, 
66%, vs. Boston Children’s Hospital, 15%), sug-
gesting that institutional differences impact the 
AKI development. There is a relative paucity of 
AKI data in non-critically ill children, mostly 
from single-center studies. In one center, of 
13,914 noncritical pediatric admissions, AKI 
incidence was ≥5% [14]. However, less than 
one-quarter of admissions had ≥2 SCr measures; 
when only patients with ≥2 SCr were consid-
ered, AKI incidence was 30%. This study sug-
gests a need for protocol SCr monitoring. Other 
single-center work has identified other high-
risk populations including nephrotic syndrome, 

sickle cell disease, and those exposed to nephro-
toxic medications.

 Risk Factors
Major non-modifiable risk factors for AKI in 
hospitalized children include underlying acute 
diseases (e.g., sepsis, circulatory disease, con-
genital cardiac anomalies) and acute illness 
severity (e.g., ventilation, shock, ECMO). These 
risks are important to appreciate to identify 
patients at highest AKI risk. Risk factors for AKI 
after cardiac surgery have included younger age, 
lower weight, higher surgical complexity, cardio-
pulmonary bypass time, intraoperative practices, 
delayed sternal closure, perioperative comor-
bidities, and release of inflammatory mediators 
during bypass. In recent years, there has been an 
increased focus on understanding AKI risk factors 
that may be potentially modifiable. Nephrotoxic 
medication exposures (Table 43.2) are a modifi-
able risk where interventions to reduce exposure 
have led to reduced AKI incidence. In a single-
center study, the electronic health record was uti-
lized to trigger healthcare providers to monitor 
kidney function in patients at high risk of neph-
rotoxic AKI (≥3 days of intravenous aminogly-
coside or ≥3 simultaneous nephrotoxins) [15]. 
This multidisciplinary approach to AKI preven-
tion was feasible, associated with a 42% decrease 
in patient AKI days, and was sustainable over a 
4-year period with a reduction in AKI rate due to 
nephrotoxins by over 60% [16].

 Long-Term Outcomes
Observational studies in adults have demon-
strated a consistent and high increased risk for 
chronic kidney disease (CKD) and end-stage 
renal disease (ESRD) following AKI hospital-
izations [17]. Pre-existing CKD and worse AKI 
severity significantly increases ESRD risk in 
adults. There is also extensive literature in adults 
showing a strong association between AKI and 
long-term cardiovascular events and death.

In children, studies of long-term AKI out-
comes are limited. Single-center observational 
studies have shown a higher incidence of long- 
term CKD and hypertension in children with 
AKI, relative to the general pediatric population 
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Table 43.2 Non-exhaustive list of nephrotoxic medications administered to hospitalized children

Medication
Mechanism of drug-induced 
AKI Medication

Mechanism of drug-induced 
AKI

Analgesics Chemotherapy (continued)
NSAIDs AIN, CIN, altered 

intraglomerular 
hemodynamics

Gemcitabine Altered intraglomerular 
hemodynamics, TMA

Selective COX-2 
inhibitors

Altered intraglomerular 
hemodynamics

Ifosfamide Tubular cell toxicity +/− 
Fanconi syndrome

Antiepileptics Interferon GN (MCD, FSGS), altered 
intraglomerular 
hemodynamics

Topiramate Nephrolithiasis Methotrexate Crystal nephropathy
Antimicrobials Mitomycin Altered intraglomerular 

hemodynamics
Adefovir, cidofovir, 
tenofovir

Tubular cell toxicity Pentostatin Tubular cell toxicity

Aminoglycosides Tubular cell toxicity Vincristine SIADH
Amphotericin B Tubular cell toxicity. 

Lipid/liposomal 
formulations are less toxic

Diuretics

Antivirals (acyclovir, 
ganciclovir)

AIN, crystal nephropathy Loop diuretics, thiazides AIN; reduced intravascular 
volume

Beta-lactams AIN Drugs of abuse
Foscarnet Crystal nephropathy Cocaine, heroin, ketamine, 

methadone, 
methamphetamine

Rhabdomyolysis

Indinavir AIN, crystal nephropathy Psychiatric medications
Pentamidine Tubular cell toxicity Amitriptyline, fluoxetine Rhabdomyolysis
Polymyxin antimicrobials Tubular cell toxicity Benzodiazepines Rhabdomyolysis
Quinolones AIN, crystal nephropathy Haloperidol Rhabdomyolysis
Rifampin AIN Lithium CIN, rhabdomyolysis
Sulfadiazine Crystal nephropathy Proton pump inhibitors
Sulfonamides AIN, crystal nephropathy Lansoprazole, omeprazole, 

pantoprazole
AIN

Vancomycin AIN, obstructive tubular 
cast formation

Other

Calcineurin inhibitors Allopurinol AIN
Tacrolimus Altered intraglomerular 

hemodynamics
Dextran, hydroxyethyl 
starch, sucrose

Osmotic nephropathy

Cardiovascular agents Gold GN
ACEi, ARBs Altered intraglomerular 

hemodynamics
Pamidronate GN (MCD, FSGS)

Clopidogrel TMA Quinine TMA
Statins Rhabdomyolysis Ranitidine AIN
Chemotherapy SGL-2 inhibitors Altered intraglomerular 

hemodynamics
Anti-VEGF Microvascular injury, 

TMA
Sodium phosphate Crystal nephropathy

Contrast dye Tubular cell toxicity Vitamin C Crystal nephropathy
Cisplatin CIN, tubular cell toxicity 

+/− Fanconi syndrome, 
TMA

Zoledronate Tubular cell toxicity, GN 
(FSGS)

ACEi angiotensin-converting enzyme inhibitors, AIN acute interstitial nephritis, ARBs angiotensin II receptor blockers, 
CIN chronic interstitial nephritis, FSGS focal segmental glomerulosclerosis, GN glomerulonephritis, MCD minimal 
change disease, SIADH syndrome of inappropriate anti-diuretic hormone, TMA thrombotic microangiopathy, VEGF 
vascular endothelial growth factor [102–104]
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[18]. A two-center study showed that ICU chil-
dren with AKI have increased 5-year mortal-
ity and healthcare utilization [19, 20]. There is 
evidence of long-term kidney risk in the child 
oncology literature, due to a number of mecha-
nisms, including nephrotoxin exposure. One 
study showed that 70% of hospitalized children 
exposed to nephrotoxins had evidence of CKD at 
6-month follow-up [21]. Literature on long-term 
kidney outcomes of AKI after cardiac surgery is 
controversial. Two multicenter studies of children 
undergoing cardiac surgery showed that these 
patients have a high prevalence of hypertension 
and CKD 5 years after surgery (17% and 18%, 
respectively) but that post-operative AKI was not 
associated with 5–7-year kidney outcomes [12, 
22]. This finding may be due to the phenomenon 
of renal reserve and hyperfiltration mechanisms 
which may initially lead to increased GFR after 
kidney damage. A large retrospective study con-
versely showed that 5-year post-cardiac surgery 
CKD incidence was 12% vs. 3% in patients with 
vs. without AKI [23]. Regardless of the uncertain 
results on the long-term impact of AKI, children 
having cardiac surgery are at high risk for long- 
term kidney disease and hypertension.

Long-term kidney outcomes are difficult to 
study in children for several reasons. AKI as a 
risk factor for poor clinical outcomes has only 
recently been appreciated; as a result, most chil-
dren with AKI are not followed long term for 
kidney function monitoring, and little is known 
about their long-term health outcomes. One study 
found that <50% of ICU children with AKI had 
repeat SCr measurement prior to discharge [24]. 
Another challenge is the need for long-term stud-
ies to detect late-onset CKD which is resource 
exhaustive. Nonetheless, the high prevalence of 
kidney disease and hypertension after AKI found 
in studies to date and the long-term potential car-
diovascular health effects underscore the need 
to better understand risk after AKI and develop 
guidelines for long-term follow-up. The KDIGO 
guidelines recommend that patients with AKI 
should be followed 3 months after the AKI epi-
sode to screen for new or worsening CKD and 
its complications and ensure AKI resolution. The 
optimal time for initial AKI follow-up in children 
remains unclear and will be elucidated by future 

research, but one approach is reviewed in the fol-
lowing reference [18].

 Pathophysiology of AKI

A framework for AKI has been described [25]. 
Initially, there is a period of increased risk follow-
ing an inciting event, with no evidence of overt 
organ damage. This point of injury is reversible 
if the injury source is removed; otherwise, tis-
sue damage will occur. After some delay, there is 
evidence of reduced GFR with current biomark-
ers (SCr, UO). Without intervention, injury may 
progress, leading to complications and potentially 
death. Many diseases and nephrotoxins can trig-
ger and injure the tight autoregulation of blood 
flow through the glomerulus [26] (Fig.  43.1). 
With hypovolemia, the kidney will maintain blood 
pressure and perfusion to other organs through 
multiple mechanisms that raise renal vascular 
resistance, including release of angiotensin II (via 
renin-angiotensin axis regulation) and norepi-
nephrine (via sympathetic activation), leading to 
vasoconstriction and reduced GFR.  Angiotensin 
II vasoconstricts the efferent more than the affer-
ent arteriole, which preserves GFR by increas-
ing hydrostatic pressure across the glomerulus. 
Other factors also mediate afferent arteriolar 
dilation, including prostaglandin- induced vaso-
dilation; medications such as non-steroidal anti-
inflammatory drugs (NSAIDs) interfere with this 
response and increase AKI risk in the context 
of hypovolemia. Sodium and water handling by 
tubular cells are also altered with AKI, leading to 
reduced fractional excretion of sodium and oli-
guria. Aldosterone promotes tubular sodium and 
water reabsorption to maintain blood pressure. 
Antidiuretic hormone (ADH) promotes water 
reabsorption at the collecting duct in the presence 
of hypovolemia and increased serum osmolality.

With sustained injury, renal blood flow is sub-
stantially reduced due to persistent vasoconstric-
tion. Proximal tubular cells are very sensitive to 
injury [27] due to high metabolic demand and 
reduced capacity for anaerobic metabolism [28]. 
Tubular casts form from desquamated cells and 
leaked tubular protein, including Tamm-Horsfall 
protein, leading to tubular obstruction and further 
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injury. Tubuloglomerular feedback is mediated 
by increased distal tubular sodium delivery, lead-
ing to afferent arteriolar constriction and reduced 
GFR; this mechanism appears to be protective of 
injured tubular cells.

Over time, tubule atrophy and interstitial fibro-
sis following AKI result in chronic dysfunction. 
Loss of hemodynamic autoregulation mechanisms, 
glomerular hypertension, and glomerulosclerosis 
also contribute to further dysfunction and injury 
[29]. Much of our  understanding of the patho-
physiology of renal disease is derived from animal 
studies, which suggest several injury pathways, 
including maladaptive repair, disordered regen-

eration, or both (Fig.  43.1) [17]. Hyperfiltration 
occurs to compensate for nephron loss; over time, 
this causes further glomerular injury and sclero-
sis. With repeated insults, tubulointerstitial fibrosis 
and glomerulosclerosis lead to renal dysfunction 
and future progression to ESRD.

 Clinical Evaluation of AKI

 Classification and Etiology (Table 43.3)
The traditional approach to AKI involves clas-
sifying the potential etiology into three broad 
categories: “pre-renal,” “intrinsic” renal, and 

Healthy tubular epithelium Damaged tubular epithelium

Tubulo-glomerular feedback
Increased renal vascular

Increased sodium and
water reabsorption

Back-leak of
glomerular filtrate

Peritubular
capillary

Tubular
epithelium

Tubular
lumen

Angiotensin II

Aldosterone

ADH

Norepinephrine

resistance

Maladaptive
repair

Disruption of tubular
brush border

Tubular lumen
obstruction

Damage by
oxygen radicals

Tubular cell
apoptosis

Vascular insufficiency

Influx of
inflammaory cells

Tubulointerstitial fibrosis
Glomerulosclerosis (not shown)

Reversible
injury

Decreased
GFR

Fig. 43.1 Mechanisms leading to AKI are shown. 
Healthy tubular epithelium and physiologic responses 
are displayed on the left. Notably, there is a degree of 
reversibility of this damage, and therefore, decreased 
GFR can improve when the injury is not severe or 
reversed early enough in the process. These mechanisms 
include increased vascular resistance, mediated by 
angiotensin II and norepinephrine, resulting in vasocon-
striction and reduced GFR. Also, tubuloglomerular feed-
back results in afferent arteriolar vasoconstriction, 
leading to reduced GFR. This is stimulated by detection 
of increased distal sodium delivery (due to proximal 
tubular leak) at the macula densa. Increased sodium and 
water reabsorption by healthy tubular cells, mediated by 
aldosterone and ADH, results in oliguria. Back-leak of 
glomerular filtrate also occurs. As renal injury pro-
gresses, the tubular epithelium is damaged in an irrevers-

ible manner. Tubular obstruction occurs by tubular cell 
casts and protein. Maladaptive cell repair and regenera-
tion pathways persist long after the initial injury. 
Endothelial damage of tubulointerstitial cells results in 
microvascular dropout and further hypoxic- ischemic 
injury. The ensuing cellular dysfunction is further poten-
tiated by glomerular hypertension, vascular insuffi-
ciency, and inflammation. Inflammatory cells trigger 
profibrotic signaling and lead to apoptosis and loss of 
normal cell cycle regulatory mechanisms. Over time, 
there is loss of the structural architecture of the renal tis-
sue, including disruption of the tight junctions between 
tubular cells and denuding of the brush border. This 
results in tubular cell death and continued fibrosis. 
Glomerulosclerosis also occurs, resulting in hyperfiltra-
tion and further exacerbating damage of healthy tubular 
cells
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“post-renal” causes (Table  43.3). While many 
episodes of AKI are multifactorial in nature, this 
systematic approach provides a framework for 
the diagnosis and clinical evaluation of AKI. In 
utilizing this conceptual framework, it is critical 
to appreciate that it does not speak to treatment 
(i.e., not all pre-renal states need fluid, such as 
congestive heart failure).

“Pre-renal” AKI causes include heterogeneous 
conditions causing reduced renal blood flow and 
hypoxic injury. Decreased renal blood flow may 
result from low intravascular volume, low cardiac 
output, loss of vascular tone, or increased renal 
perfusion resistance (Table 43.3). It is important 
to understand that low intravascular volume may 
result from an absolute decrease in volume (e.g., 
dehydration, hemorrhage) or fluid redistribution 
from the intravascular space (e.g., leaky vessels 
from inflammation). Understanding this is criti-
cal as these states will respond very differently 
to fluid resuscitation. Conditions like hypovole-
mia from diarrheal losses respond well to fluid 
resuscitation; conditions with reduced colloid 
pressure (e.g., nephrotic syndrome, cirrhosis) 
may benefit from albumin as opposed to isotonic 
fluids. Conditions like congestive heart failure or 

intra-abdominal hypertension may be worsened 
by fluid resuscitation.

“Intrinsic” AKI refers to damage to the renal 
parenchyma or tubular, glomerular, interstitial, 
and vascular tissue. The most common etiology 
for intrinsic AKI is severe hypoperfusion lead-
ing to tubular damage and acute tubular necro-
sis. Acute glomerular diseases are classically 
 associated with a triad of AKI, hypertension, and 
hematuria. These disorders may be associated 
with systemic symptoms that provide insight into 
diagnosis (e.g., arthritis, pulmonary hemorrhage, 
rash, photosensitivity). The most common cause 
of interstitial disease is acute interstitial nephri-
tis, which may or may not develop after exposure 
to an offending agent (e.g., antibiotics, proton 
pump inhibitors, NSAIDs, etc.). Vascular causes 
include large vessel disease (renal vein thrombo-
sis, large vessel vasculitis) and microangiopathic 
processes (Table 43.3).

Nephrotoxic exposure represents an impor-
tant cause of intrinsic AKI, which may impact 
all the previously mentioned anatomic loca-
tions depending on the medication (Table 43.2). 
As mentioned previously, the contribution of 
nephrotoxic medication exposures to AKI has 

Table 43.3 A method for classifying etiology of AKI, with non-exhaustive list of causes

Pre-renal
Hypoxic-ischemic injury

Renal
Involving the glomerular, tubular, interstitial, 
and/or vascular compartments

Post-renal
Obstructive causes

Hypotension or reduced intravascular 
volume
Dehydration/hypovolemic shock due to 
GI, urinary, or other losses
Hemorrhagic shock
Sepsis
Reduced colloid pressure
Nephrotic syndrome
Liver failure
Malnutrition/hypoalbuminemia
Sepsis/capillary leak
Burns
Reduced cardiac output
Cardiogenic shock due to heart failure, 
tamponade, etc.
Vascular
Renal vein stenosis/thrombosis
Renal artery stenosis/thrombosis
Malignancy with secondary mass 
effects on vessels

Glomerular
Glomerulonephritis
Tubular
Hypoxic-ischemic injury
Hemolysis
Rhabdomyolysis
Tumor lysis syndrome
Toxins
Interstitial
Pyelonephritis
Acute interstitial nephritis
Vascular
Hemolytic uremic syndrome
Thrombosis or stenosis of renal vessels 
(artery or vein)
Malignant hypertension

Renal obstruction with 
solitary kidney
Ureteral-pelvic junction
Ureteral stenosis
Ureteral-vesical 
junction
Malignancy with 
secondary mass effects
Bilateral ureteral 
obstruction
Stones
Malignancy
Urethral obstruction
Posterior urethral valves
Catheter obstruction
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become clear. Drugs, such as NSAIDs and ACE 
inhibitors, can contribute to AKI by inhibiting 
renal vascular autoregulation. Common drugs 
implicated in AKI include aminoglycosides, 
amphotericin, chemotherapeutic agents (cispla-
tin, ifosfamide, methotrexate), and calcineurin 
inhibitors (cyclosporine, tacrolimus). Other non- 
medication nephrotoxins include radiocontrast 
agents, myoglobin, and hemoglobin.

“Post-renal” AKI is typically caused by 
obstruction, either functional (i.e., dysfunctional 
voiding) or structural (i.e., ureteropelvic junction 
obstruction) (Table 43.3).

 History and Physical Examination 
(Table 43.4)
Evaluation of AKI should include a thorough his-
tory, including medical/renal disease and recent 
medications and exposures. It is critical to evalu-
ate the prior 48–72 h to capture potential expo-
sures. Inquiries on systemic symptoms should be 
made to determine need to investigate systemic 
diseases further (e.g., vasculitis). A thorough fam-
ily history for heritable causes of renal disease is 
important to elicit. Physical examination includes 
an assessment of volume status and for signs 
and symptoms of systemic disease (Table 43.4). 
Assessment of volume status includes evaluation 
of respiratory status and edema.

Fluid Overload Formal assessment of fluid over-
load (FO) is a critical vital sign for any patient with 
AKI. There are two common methods to calculate 

FO. Goldstein et al. first described the cumulative 
fluid balance method, which is the method most 
commonly utilized in the literature:

Table 43.4 History and physical examination for AKI

History Physical examination
History of presenting 
illness, related to etiology
Urinary symptoms, 
including gross hematuria, 
foamy urine, dysuria, 
oliguria/polyuria, and 
other symptoms of 
bladder dysfunction
Pre-existing renal/medical 
disease
Medications, including 
potential nephrotoxins
NSAIDs
Aminoglycosides
Vancomycin
Piperacillin/tazobactam
Angiotensin converting 
enzyme inhibitors
Calcineurin inhibitors
Contrast
Review of symptoms, 
including systemic 
symptoms
Headaches
Hearing/vision problems
Mouth sores
Chest pain or hemoptysis
Generalized edema 
(periorbital, scrotal, and 
peripheral)
Rash (involving the face, 
palms, and/or extremities)
Family history

Fluid status
Blood pressure and vital 
signs
Fluid balance, weight, 
and fluid overload
Urine output
Edema
Peripheral perfusion
Other systemic signs
Dermatologic exam
Musculoskeletal exam
Cardiac exam
Respiratory; ear, nose, 
and throat; neurological 
exam (guided by 
underlying suspected 
etiology, aimed at 
identifying systemic 
diseases)

 
Fluid overload fluid IN liters fluid OUT liters a% /� � � � � � ��� ��� ddmit weight kg� ��100

 

FO% may also be calculated using weight- 
based method:

 

Fluid overload current weight kg ICUadmit weight kg%� � � � � � ��� � ��� � ��/ admit weight kg 100
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Significant FO represents the most com-
mon indication for intervention in children with 
AKI.  The literature has consistently shown that 
increasing magnitude of FO is associated with 
adverse outcomes in a variety of populations, 
including children treated with continuous renal 
replacement therapy (CRRT) and other high-risk 
AKI populations (e.g., ECMO, bone marrow trans-
plant) [30–32]. Literature supports that FO >10% 
should be considered a prognostic marker in ICU 
patients and a marker of need for intervention.

In recent years, it has also become clear that 
the development of FO may predate and delay the 

diagnosis of AKI. At the heart of this issue is the 
fact that SCr freely distributes between intracel-
lular and extracellular spaces, resulting in inac-
curacies due to fluid status. Several studies of 
ICU children show that failure to account for FO 
when interpreting AKI severity, as measured by 
SCr rise, leads to delays in diagnosis and staging 
of AKI and under-recognition of AKI incidence 
and association with mortality [33–35]. Recent 
studies have further cemented the concept that 
FO often occurs before meeting criteria for AKI 
[36–38]. The following formula is commonly uti-
lized in the literature to correct SCr for FO:

 Corrected creatinine serum creatinine net fluid balance TB� �1 / WW� ��� �� 

 where total body water TBW weight kg� � � � � �0 6.  

 Diagnostic Laboratory Evaluation 
(Table 43.5)
The initial laboratory workup of a patient with 
AKI seeks to identify the underlying etiology and 
potentially reversible causes of AKI (e.g., hypo-
volemia, nephrotoxins). The initial evaluation 
should minimally include electrolyte panel, SCr, 
urinalysis, urine sodium, urea and creatinine, and 
renal ultrasound.

Urinalysis and Urine Microscopy Urinalysis 
is a critical test to evaluate for hematuria, pro-
teinuria (to rule out glomerular diseases), and/or 
signs of infection. Gross hematuria and severe 
proteinuria suggest glomerular disease. With 
sterile pyuria, acute interstitial nephritis must 
always be considered, and urinary eosinophil 
testing ordered. Urine microscopy aids in diag-
nosing intrinsic renal disease and may reveal 
muddy brown casts (acute tubular necrosis), red 
blood cell casts (glomerulonephritis), pyuria or 
crystals.

Fractional Excretion of Sodium and Urea With 
renal hypoperfusion, the kidney expands the 
intravascular volume by increasing sodium and 
urea retention, as described above [28]. This com-
pensatory mechanism forms the basis of the frac-
tional excretion of sodium (FeNa) and urea 
(FeUrea) calculations (Table  43.5). Both these 
calculations compare urine to serum concentra-
tions of solute, corrected for GFR.

Renal Ultrasound Imaging plays a small role in 
diagnosing intrinsic renal disease. Ultrasound should 
be considered if there is concern for obstruction or 
performed with a Doppler to rule out large vessel dis-
ease (e.g., vessel thrombosis). Further information 
about the chronicity of a process may be obtained by 
evaluating renal size (e.g., small kidneys suggest 
CKD; larger kidneys may suggest an acute process).

Biopsy Renal biopsy is usually done to diagnose 
intrinsic AKI, findings of which are not reviewed 
here.
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Table 43.5 A proposed list of investigations for AKI

Urine testing
Urinalysis and urine culture
Dipstick testing for hematuria, proteinuria, signs of infection (leukocytes, nitrites)
Urine culture should be collected by catheterization (non-toilet-trained children) or midstream sample (toilet-trained 
children)

Urine microscopy
Muddy brown or granular casts are suggestive of acute tubular necrosis
Predominant leukocytes are suggestive of acute interstitial nephritis
Urinary eosinophils for suspected acute interstitial nephritis
Red blood cell casts and/or white blood cell casts are suggestive of acute glomerulonephritis
Quantification of proteinuria
Total (including glomerular and tubular) protein using protein/creatinine ratio
Glomerular protein using albumin/creatinine ratio
Tubular protein using ß2-microglobulin
Fractional excretion of sodium

Fractional excretion of sodium FeNa
urine Na plasma Na� �� � � � �

%
/

uurine creatinine plasma creatinine/� �
�100

FeNa <1% (<2% for neonatesa) suggests pre-renal AKI
FeNa >2% (>2.5% for neonatesa) suggests intrinsic AKI

Fractional excretion of ureab

Fractional excretion of urea FeUrea
urine urea plasmab� � � � �%

/   urea

urine creatinine plasma creatinine

� �
� �

�
/

100

FeUrea <35% suggests pre-renal AKI
FeUrea >50% suggests intrinsic AKI
Blood tests
Serum creatinine
Indirect measure of GFR
Limitations include:
  Delayed marker of reduction in GFR and tissue damage. Delay can be up to 72 h following renal insult
  Affected by a number of different factors, including age, sex, diet, muscle mass, and medications
  Serum creatinine varies with fluid status. Some investigators suggest correcting serum creatinine for fluid status:

Corrected creatinine serum creatinine
net fluid balance

tot
� �1

aal body water

�

�
�

�

�
�

�

�
�

�

�
�

Further investigations for severity and etiology of AKI
Complete blood count
If concern of thrombotic microangiopathy (anemia and thrombocytopenia), send markers of hemolysis, including lactate 
dehydrogenase, bilirubin, haptoglobin, blood film. Further investigations if evidence of hemolysis is observed
Sodium, potassium, chloride, bicarbonate, ionized and total calcium, magnesium, phosphate
Albumin
If concern of rhabdomyolysis, send serum creatine kinase, urine myoglobin
Tests, if abnormal, suggest acute on chronic kidney disease
Iron studies, including ferritin, iron, transferrin, total iron binding capacity, and calculation of percent transferrin saturation 
(TSAT)
Intact parathyroid hormone
25-[OH]-Vitamin D3
Other tests
Diagnostic imaging
Includes renal ultrasound with Doppler
Other investigations depend on etiology including VCUG, renal MAG3 scan, and DMSA renal scan
Renal biopsy
Renal biomarkers

aNeonates have reduced urine concentration and sodium retention due to relative tubular immaturity
bFeNa and FeUrea will be lowered with high urine flow rates. Diuretics reduce sodium reabsorption and thereby increase 
FeNa. FeUrea is less affected by diuretic therapy and may be helpful to distinguish pre-renal AKI from intrinsic AKI in 
patients treated with diuretics [105]
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 Management of Acute Kidney 
Injury

 AKI Management Prior to Renal 
Support Therapy

Despite research advances described above, there 
remain no treatments for AKI.  Many interven-
tional trials aimed at treating established AKI 
have failed. Current management strategies are 
limited to preventing and treating AKI sequelae 
(FO, electrolyte abnormalities, etc.). There has 
been a recent paradigm shift from reactive AKI 
management to risk stratification and early iden-
tification. Targeted interventions in at-risk popu-
lations have shown some promising results for 
preventing AKI.  This section focuses on risk 
stratification, potential interventions to prevent 
or treat AKI, and management of established 
AKI. In addition to close renal function monitor-
ing, AKI management includes optimizing nutri-
tion, avoiding hypotension and excessive FO, and 
limiting nephrotoxin exposure. Often, manage-
ment decisions require a team-based collabora-
tive approach to weigh AKI risks against benefits 
of individual interventions.

 Investigational Strategies to Risk- 
Stratify AKI
Timely identification of patients at risk for devel-
oping severe AKI, before significant SCr rise or 
AKI sequelae development, is critical to allow 
early intervention. Recent examples of strate-
gies developed to achieve early AKI identifica-
tion include risk stratification (e.g., renal angina 
index, below), AKI biomarkers (discussed pre-
viously), and a functional assessment of kidney 
function (e.g., furosemide stress test, below).

Renal Angina Index The renal angina index is a 
scoring system developed and validated to pre-
dict AKI risk in ICU children by combining 
known AKI risk factors and functional evidence 
of injury (Fig.  43.2) [39]. Renal angina index 
derivation and validation studies showed that a 
score ≥8 predicted ≥ stage 2 AKI development 
on ICU day 3 [40, 41]. Combining the renal 
angina index score with AKI biomarker results 

(neutrophil gelatinase-associated lipocalin) in 
children at ICU admission led to almost perfect 
prediction of severe AKI on ICU admission day 
3. This work demonstrates that achieving early/
timely AKI and AKI risk identification likely 
requires both clinical and laboratory evidence of 
kidney tissue injury [42].

Furosemide Stress Test The furosemide stress 
test is a novel measure that evaluates UO response 
6  h after furosemide administration, to predict 
severe AKI. In adults, patients with <200 mL of 
UO in the first 2 h of the test had the highest risk 
for severe AKI [43], and when the test was used 
in conjunction with biomarkers, severe AKI pre-
diction improved further [44]. Emerging single- 
center studies evaluating the furosemide stress 
test in pediatric populations have shown similar 
promising results [45, 46].

 Fluid Management
It is essential, but often challenging, to try to dis-
tinguish fluid responsive causes from fluid non- 
responsive causes of AKI (see Classification and 
Etiology of AKI). Patient weight should be mea-
sured daily and fluid balance should be  monitored 
at least twice daily. After fluid resuscitation, fluid 
management should be critically assessed to 
avoid FO. With the exception of hypovolemia, a 
safe initial approach to fluid management is to 
replace insensible losses (~400  mL/m2 of body 
surface area) and outputs (i.e., urine, gastrointes-
tinal) to maintain euvolemia. Adult studies have 
not shown clear benefit of colloid vs. crystalloid 
(e.g., saline) solutions [47].

Diuretic use may be considered in oliguric 
AKI.  KDIGO recommends not using diuretics 
for the prevention or treatment of AKI, except 
for the management of FO. Higher UO facilitates 
nutrition administration. Loop diuretics are typi-
cally used first (e.g., furosemide; in some cen-
ters, bumetanide) due to their rapid effectiveness, 
potency, and long history of use. When there 
is evidence that diuresis is effective and allows 
maintenance of desired fluid balance and nutri-
tion, a second diuretic targeting different parts 
of the renal tubule (e.g., distal tubule-targeted 
diuretic, like thiazides or metolazone) may be 
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considered. However, with reduced GFR of AKI, 
most current diuretics are limited in their ability 
to reach tubules to exert their effect. Diuretics 
also have adverse effects, and many studies in 
adults have shown no benefit of diuretic use in 
AKI on time to AKI recovery or mortality. Thus, 
when using diuretics in AKI, frequent reassess-
ment of benefit (negative balance, nutrition) vs. 
risk should be performed.

 Electrolyte Management
Electrolyte management involves managing 
acute disturbances and anticipating potential 
problems. In oligoanuric AKI, the most com-
mon electrolyte disturbances are hyponatremia, 
hyperkalemia, hypocalcemia, and hyperphos-
phatemia. Hyponatremia occurs due to sodium 
and water retention, and this is most commonly 

managed by restricting fluid. Hyperkalemia is 
managed by reducing intake, correcting acido-
sis, and increasing elimination or intracellular 
shifts using diuretics, cation exchange resins 
(e.g., polystyrenes), beta-2 adrenergic receptor 
agonists (e.g., albuterol, salbutamol), or insulin 
with dextrose. When electrocardiogram changes 
are present or with severe hyperkalemia, car-
dioprotection with calcium gluconate is critical 
to preventing life-threatening arrhythmias. In 
refractory cases or those with a high potassium 
load (i.e., rhabdomyolysis), RST may be needed 
(see Timing and Modality of Renal Support 
Therapy). Hypocalcemia and hyperphosphate-
mia are treated with dietary adjustments and/or 
phosphate binders. It is important to appreciate 
that in severe hyperphosphatemia, together with 
severe hypocalcemia, RST may be the best treat-

Risk criteria

Risk

Injury

Score

Score

Risk score × injury score
(1–40)

Renal angina = RAI
index ≥8

RAI index

SCr/Baseline
% Fluid
overload

1

1

2

4

8

3

5

ICU admission

Decreased or no change

>1×–1.49×

1.5×–1.99×

<5%

5–10%

10–15%

>15%≥2×

Mechanical ventilation or vasoactive support

Solid organ or stem cell transplantation

Fig. 43.2 Renal angina index [41]. Renal angina index 
(RAI) is used to prognosticate the risk of developing 
severe AKI (≥stage 2) 72 h later. RAI is calculated 12 h 
following admission to pediatric intensive care unit (ICU). 
Patient characteristics are assigned a score for “risk” (0, 1, 
3, or 5). Elevation in SCr or fluid overload (%) is assigned 
a score for “injury.” Baseline SCr is defined as the lowest 
SCr measured 3 months prior to ICU admission; baseline 
SCr was back-calculated when not available. The highest 

SCr between admission to ICU and 12 h after admission 
was used. When there was discrepancy between the score 
for SCr/Baseline or fluid overload, the worse score was 
used. The “risk” and “injury” scores are multiplied to 
achieve the “RAI Index,” and RAI ≥8 defines renal 
angina. In addition to being an important prognostic 
marker, the finding of renal angina is strongly associated 
with worse outcomes
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ment option as infusing large amounts of IV cal-
cium in patients with severe hyperphosphatemia 
may cause unwanted diffuse calcium-phosphate 
crystal formation. Also, when administering 
sodium bicarbonate therapy to correct acido-
sis or hyperkalemia, it is important to know the 
patient’s calcium concentration, which will drop 
with bicarbonate infusions. Overall, it is crucial 
to be aware of all electrolyte abnormalities and 
anticipate the effects from treating one electrolyte 
abnormality on homeostasis of other electrolytes.

 Pharmacological Therapy
Historically, vasodilators were felt to be reno- 
protective. Low-dose dopamine causes vaso-
dilation of the renal vasculature and temporary 
increased natriuresis and GFR.  However, many 
randomized controlled trials (RCTs) have shown 
that dopamine does not prevent or treat AKI, 
and some studies have shown that it can cause 
tachyarrhythmias and ischemia. Other vasodila-
tors, including fenoldopam (dopamine receptor 
agonist) and natriuretic peptides, are not cur-
rently recommended for AKI prevention or treat-
ment. Vasopressors, however, are recommended 
for patients with fluid-responsive hemodynamic 
compromise, to maintain renal perfusion.

There is emerging, tenuous evidence that ade-
nosine receptor antagonists (e.g., theophylline, 
caffeine, aminophylline) may prevent or reduce 
severity of AKI in some children. These drugs 
have been studied mostly in neonates or children 
having cardiac surgery in RCTs and observa-
tional studies, with conflicting results [48–50]. 
The latest KDIGO guideline suggests that the-
ophylline may reduce AKI or AKI severity in 
neonates with hypoxic-ischemic encephalopathy. 
However, there is no strong evidence supporting 
routine use of adenosine receptor antagonists in 
AKI.  Dexmedetomidine, an alpha-2 adrener-
gic receptor agonist, may reduce post-cardiac 
surgery AKI rates, but more research is needed. 
Rasburicase, a urate oxidase commonly used to 
reduce urate levels in tumor lysis syndrome, may 
also benefit patients with severe hyperuricemia 
in specific AKI settings (e.g., rhabdomyolysis; 
hemolytic uremic syndrome) [51, 52].

 Timing and Modality of Renal 
Support Therapy

Treating a patient with AKI with RST, even 
temporarily, is a decision carrying tremendous 
weight for the child, family, and healthcare team. 
There remains significant equipoise about the 
optimal timing of initiation of RST and the best 
modality to use in AKI.

Traditional indications for RST in AKI are 
well entrenched in the minds of nephrologists 
and intensivists, including severe electrolyte or 
metabolic disturbances (especially hyperkalemia, 
severe metabolic acidosis, or severe hyperphos-
phatemia with hypocalcemia), uremia (with ure-
mic pericarditis or encephalopathy, more typically 
seen with severe CKD), symptomatic FO, and 
removal of a dialyzable toxin that is contributing 
to AKI.  However, as our understanding of AKI 
moves beyond a binary model of “failure” or “not 
failure” to a graded level of injury and dysfunction, 
the optimal timing of initiation of RST becomes 
less clear. Several large RCTs have compared 
early vs. delayed RST initiation in ICU adults and 
produced conflicting results. In a single- center trial 
(Zarbock et al.) comparing RST initiation within 
8  h of stage 2 AKI (“early”) vs. within 12  h of 
stage 3 AKI (“late”), “early” RST was associated 
with higher 90-day survival (difference in hazard 
ratio of 15%, p = 0.03) [53]. The second trial was 
a multicenter study (Gaudry et al.) including only 
patients with stage 3 AKI; patients with “delayed” 
RST (requiring additional criteria, such as severe 
hyperkalemia, for >72 h to initiate RST) had no 
significantly different 60-day mortality vs. the ear-
lier RST group [54]. Most recently, a multicenter 
RCT (Barbar et al.) including patients with septic 
shock and severe AKI compared “early” (within 
12 h) vs. “late” RST initiation (>48 h) [55]. This 
trial was halted due to findings of futility of early 
RST.  It thus remains unclear if earlier RST ini-
tiation improves patient outcomes. Notably, early 
RST was not found to be significantly associated 
with adverse events in these studies. A larger mul-
ticenter study is currently underway to compare 
accelerated vs. standard CRRT initiation in adults 
(ClinicalTrials.gov NCT02568722).
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In children, there are no such trials. However, 
many observational studies have identified that 
higher FO at CRRT initiation is associated with 
poorer outcomes. In one multicenter study, the 
highest mortality (>65%) was seen with patients 
with ≥20% FO at CRRT initiation; this mortality 
is 8.5 times higher vs. patients with <20% FO 
[56]. Consensus opinion is that RST should be 
considered in patients with 10–20% FO. Despite 
the known risk of FO in ICU children, there 
remains equipoise on whether earlier inter-
vention in children with severe FO improves 
outcomes.

 Modality of RST
There are several RST modalities for AKI treat-
ment commonly used in children, including peri-
toneal dialysis (PD), intermittent hemodialysis 
(IHD), continuous renal replacement therapy 
(CRRT), and also sustained low-efficiency daily 
dialysis (SLEDD). Many factors contribute to 
RST modality choice, including patient size, ease 
of access, comorbidities, and center experience 
and resources. Decisions regarding modality, par-
ticularly pertaining to FO, will be discussed here. 
SLEDD, which uses conventional HD machines 
to administer IHD over prolonged periods (e.g., 
6–12  h), will not be discussed. The technical 
aspects of each modality in AKI will be discussed 
later in this section.

Peritoneal Dialysis Historically, PD was the 
preferred RST modality for AKI in children due 
to ease of use and availability (see Chap. 1). A 
major advantage of PD is the lack of need for vas-
cular access, which can be very challenging in 
children. PD is well suited in children compared 
to adults because the peritoneal membrane sur-
face area is larger relative to patient weight, 
enabling more efficient clearance. PD is less pro- 
inflammatory and promotes hemodynamic stabil-
ity because it provides physiologic continuous 
RST [57]. Disadvantages of PD include inconsis-
tency of fluid removal and solute clearance, 
slower solute clearance (vs. IHD or CRRT), and 
PD catheter site post-insertion leaks, especially 
in very edematous patients. Frequency of these 
complications is likely lower in centers primarily 

using PD to treat AKI.  Recent data suggest a 
preferential shift toward use of CRRT. Today, PD 
is often preferred in small infants, where vascular 
access remains challenging [58]. PD is com-
monly used in children undergoing cardiac sur-
gery for the additional benefit of abdominal 
decompression (to reduce venous pressure and 
improve renal perfusion) [5, 59]. Finally, for 
patients with some primary renal diseases (e.g., 
glomerular diseases, hemolytic uremic syn-
drome) that do not require a critical care setting, 
PD is preferred because it is well tolerated and 
allows vessel preservation [57].

A number of studies have evaluated PD in 
infants and small children undergoing cardiac 
surgery. Some centers place “prophylactic” PD 
catheters in high-risk patients at the time of car-
diac surgery, and some observational studies have 
shown benefit with this approach [60], including 
earlier negative fluid balance and improved clini-
cal outcomes. A single-center RCT showed supe-
rior fluid removal with PD compared to standard 
dose diuretics [61]. Several observational studies 
have shown benefit of earlier PD initiation fol-
lowing high-risk cardiac surgery. Prophylactic 
PD is generally defined as PD initiation in 
patients without FO or reduced UO; a single-
center RCT did not show improved outcomes 
[62], while another study showed >40% reduced 
30- and 90-day mortality in the prophylactic arm 
[63]. At this time, there is consensus that PD is 
the preferred modality for infants and small chil-
dren following cardiac surgery. However, it is not 
known which patients should have prophylactic 
PD catheter insertion at the time of surgery. As 
well, there is equipoise regarding early PD initia-
tion compared to standard use. In North America, 
other pediatric populations are predominantly 
treated with CRRT, unless limited by vascular 
access.

Intermittent Hemodialysis Although there has 
been significant shift away from PD toward 
CRRT, the use of intermittent hemodialysis 
(IHD) in AKI has remained relatively constant 
for the treatment of life-threatening hyperkale-
mia or acute poisoning (with or without AKI). 
However, several studies have shown that with 
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improvement in CRRT technology and high sol-
ute clearance, CRRT may also be used to rapidly 
decrease potassium and endogenous or exoge-
nous toxins. The main reason for the limited use 
of IHD in AKI is the risk of hemodynamic com-
promise in ICU patients. IHD sessions tend to be 
performed over short periods, relative to CRRT, 
leading to hemodynamic instability when 
attempting to achieve fluid removal goals in a 
short time frame [64–66]. In some patients, rapid 
solute clearance in a short time frame may 
increase risk for dialysis disequilibrium syn-
drome. There is a need for nursing and nephrol-
ogy expertise to perform IHD, access to a clean 
water source, and specialized equipment. For 
non-ICU hemodynamically stable patients with 
AKI (e.g., acute interstitial nephritis, rhabdomy-
olysis), IHD is a treatment of choice.

Continuous Renal Replacement Therapy  
Continuous renal replacement therapy (CRRT) 
provides more gradual and controlled ultrafil-
tration and solute clearance for hemodynami-
cally unstable patients. CRRT allows for the 
precise control of fluid removal in real time while 
achieving a similar daily solute removal achieved 
by IHD. This enables liberalized fluid administra-
tion (for medications and nutrition) and moment-
to-moment response to changes in clinical status. 
CRRT technique is also feasible to teach to large 
numbers of nurses; together with easily portable 
machines and solutions, CRRT is ideal for ease 
of use in the ICU setting. Data from the USA 
multicenter Prospective Pediatric Continuous 
Renal Replacement Therapy (ppCRRT) Registry 
showed that CRRT is used safely across a wide 
range of critically ill children [67], including 
neonates (weight as low as 1.3 kg) and hemody-
namically unstable patients. Despite recent tech-
nological advancements in many countries, CRRT 
is performed utilizing machines designed for 
adults with large extracorporeal circuit volumes. 
This has stimulated development and currently 
ongoing research on neonatal-specific CRRT 
machines characterized by low extracorporeal 
volumes, increased fluid precision, and ability to 
use small vascular catheters [68–70]. CRRT has 
also been considered to treat specific pediatric 

populations, including those with sepsis or 
undergoing cardiac surgery. Convective clearance 
with CRRT may provide a theoretical benefit in 
sepsis-induced AKI by enabling middle molecule 
clearance and stabilizing the immune response 
[71]; however, RCTs and observational studies in 
adults and children have not demonstrated a clear 
benefit [72, 73]. There has been interest in using 
CRRT during cardiac surgery, specifically with 
respect to use of “modified ultrafiltration.” The 
goal of this practice is to limit FO development 
and aid in removal of pro-inflammatory mediators. 
The use of intraoperative modified ultrafiltration 
in children undergoing cardiopulmonary bypass 
remains an area of extraordinary center-based 
practice variation and warrants further study [13].

CRRT with Extracorporeal Membrane 
Oxygenation (ECMO) Children treated with 
ECMO are at very high risk of AKI (see 
Epidemiology of AKI) [10]. Studies have shown 
that these patients are at risk of FO, which is asso-
ciated with increased mortality risk and length of 
ECMO duration. About 20  years ago, Swaniker 
et  al. reported that the ability to return to “dry 
weight” was associated with improved survival. 
There is consensus that CRRT aids with fluid 
removal during ECMO and nutritional status and 
is generally safe [74, 75]. In neonates, CRRT was 
associated with reduced duration of ECMO by 
24 h [76]. In an international survey by the KIDMO 
group, treatment or prevention of FO was the 
CRRT indication in 59% of patients treated with 
ECMO [10]. The degree of FO at CRRT initiation 
for children on ECMO is associated with increased 
mortality [77]. Taken together, these data suggest 
that children on ECMO may benefit from the early 
initiation of RST on ECMO, and protocols describ-
ing this have been published [78]. Further studies 
are needed to understand optimal use of CRRT in 
this unique patient population. The technical 
aspects of CRRT during ECMO will not be cov-
ered in this chapter. However, briefly, two methods 
have been described. One is to add a hemofilter in 
line within the ECMO circuit and run dialysis fluid 
countercurrent to the blood flow using intravenous 
pumps. Alternatively, and likely the best method, 
is to add a CRRT machine in line to the ECMO 
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circuit, typically pre-ECMO pump at the venous 
end of the circuit. Additional anticoagulation is not 
needed because ECMO requires systemic heparin-
ization [79].

 Performing Acute Peritoneal Dialysis 
for AKI

The International Society for Peritoneal Dialysis 
(ISPD) released guidelines for the use of perito-
neal dialysis in AKI in 2014 for adults and chil-
dren [80].

 Access
A peritoneal dialysis catheter can be relatively 
easy and safe to insert in the acute setting. PD 
catheters are most commonly inserted surgically 
using a Tenckhoff catheter; this method has the 
lowest risk for catheter-related complications 
and promotes higher-efficiency dialysis (ability 
to deliver higher dialysis flow rates, maximizing 
dwell times). Temporary catheters can also be 
inserted percutaneously at the bedside. The draw-
back of this approach is the increased risk of PD 
catheter site leakage, infection, and reduced effi-
cacy given the requirement for low fill volumes. 
Expertise is highly recommended for success-
ful temporary catheter insertion. Complications 
related to PD catheter insertion include bleeding 
and infection; rarely, perforation of the bowel or 
bladder can occur with insertion of rigid cathe-
ters. Perioperative antibiotics should be given for 
surgical prophylaxis; a single dose of cefazolin is 
the typical choice.

 Acute Peritoneal Dialysis Prescription 
(Table 43.6)
For acute PD, patients typically require starting 
RST shortly after catheter insertion and catheter 
flushing with dialysis solution containing hepa-
rin (500 units/L) until fluid is clear. Commercial 
solutions are typically used containing sodium, 
chloride, calcium, magnesium, buffer, and vari-
able amounts of dextrose. At our centers, “physi-
ologic” (neutral pH with bicarbonate buffer) 
dextrose solutions are used. These solutions pro-
mote preservation of the peritoneal membrane in 

the long term and reduce abdominal pain with fill-
ing. Heparin is added to the dialysis solution for a 
minimum of 48–72 h in order to prevent catheter 
obstruction with fibrin clot; heparin may be kept 
in the dialysis solution bags for longer if there are 
concerns or there is evidence of fibrin (the goal 
being to reduce risk of catheter blockage).

With reduced time for wound healing, the risk 
of catheter leakage is high; therefore, low dex-
trose solutions (Table  43.6) are used with low 
fill volumes (10 mL/kg). Dextrose concentration 
is increased to achieve required ultrafiltration 
acutely; higher dextrose concentrations may be 
needed to achieve ultrafiltration needs when low 
fill volumes are used. Fill volumes are increased 
gradually; if tunneled catheter insertion was 
uncomplicated, fill volumes may be increased 
over several days to 20–35  mL/kg with close 
attention for catheter site leak. If there is leak, 
dialysis may be held, and fluid cell counts and 
cultures sent to rule out peritonitis (particularly 
with evidence of leak) with or without empiric 
antibiotic therapy.

With low fill volumes, manual intermittent 
PD (IPD) can be performed 24 h/day; automated 
PD (APD) with a cycler may be used with higher 
fill volumes, often in non-ICU settings. In gen-
eral, with low fill volumes, dwell durations are 
short with approximately hourly cycles. If higher 
ultrafiltration or solute clearance is needed, 

Table 43.6 Sample acute PD prescription

Fill 
volume

10 mL/kg when 
catheter is inserted 
acutely

Solution Commercially 
available solution 
(e.g., Physioneal® 
1.36% or Dianeal® 
1.5%) + heparin 
500 units/L

Depends on fluid 
requirements and 
other components 
of dialysis 
prescription (i.e., 
cycle length)

Cycle 
length

Hourly cycles: 5-min 
fill time, 45-min 
dwell time, and 
10-min drain time

Cycle duration 
can be reduced to 
30 min for several 
cycles to allow 
rapid fluid 
removal

Total 
dialysis 
duration

Typically, 24 h in 
infants and smaller 
children

Depends on 
metabolic and 
fluid requirements
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dialysis solution dextrose concentration may be 
increased, or cycle duration decreased (minimize 
fluid absorption via the peritoneal membrane; 
promote water and solute removal). Cycle dura-
tions as short as 30–45  min (dwell times ~15–
20 min) may help achieve rapid fluid removal and 
solute clearance. Despite ISPD guideline recom-
mendations, there is little data on ideal “dose” for 
acute PD [57].

 Complications
There is increased risk for poor efficiency dialysis 
and ultrafiltration with acute PD due to use of low 
fill volumes. Severely ill children may have poor 
perfusion of the peritoneal membrane, which fur-
ther reduces dialysis efficacy. As a result, patients 
with severe metabolic disturbances (e.g., hyper-
ammonemia) or FO may need to be considered for 
alternative RST modalities (IHD or CRRT). Early 
PD catheter insertion in high-risk patients to reduce 
catheter-related complications is ideal, where pos-
sible. Of note, ultrafiltration may be unpredictable, 
resulting in less precise fluid removal that can 
result in dehydration and further renal injury [57], 
mandating frequent assessment of ultrafiltration 
and fluid balance after PD initiation.

Mechanical complications are similar to those 
of chronic PD (leaks around the catheter, in the 
subcutaneous tissue, or into pleural space; cathe-
ter kinking/malposition; catheter dysfunction due 
to constipation or obstruction by clot or omen-
tum; hernias). These complications are lower 
with Tenckhoff catheters compared to rigid cath-
eters. Tidal PD prescriptions are sometimes used 
in patients with significant fill and drain pain. As 
in chronic PD, vigilance for infection and use of 
aseptic technique when handling the catheter and 
performing dressing changes are crucial; this is 
important to impress upon ICU healthcare teams 
who may have limited experience with perform-
ing PD. Topical mupirocin ointment is applied to 
the PD catheter exit site at our center to reduce 
infection risk. Consideration for use of antifun-
gal therapy (such as nystatin) should be made for 
patients receiving antimicrobials.

Other complications include the risk of hyper-
glycemia with high glucose concentration solu-
tions. There is also risk for malnutrition due 

to PD-related protein loss and sodium distur-
bances associated with water and sodium losses. 
Hypothermia may occur if the dialysis fluid is not 
adequately warmed.

PD is fairly well tolerated from a hemody-
namic perspective. Tidal PD prescriptions should 
be considered in pre-load-dependent patients that 
may not tolerate fill and drains. Patients with 
respiratory distress or infants with severe gas-
troesophageal reflux may not tolerate large fill 
volumes. Patients with prune belly syndrome and 
ventriculo-peritoneal shunts can receive perito-
neal dialysis; however, a history of other abdomi-
nal surgeries may make PD quite challenging.

 Acute Hemodialysis for AKI

Although there has been significant shift away 
from PD toward CRRT, the use of intermit-
tent hemodialysis (IHD) in AKI has remained 
relatively constant for the treatment of life- 
threatening emergencies (e.g., severe hyper-
kalemia; ingestions; hyperammonemia) or 
non-critically ill patients with AKI.  A limited 
discussion below will highlight unique aspects of 
IHD in AKI; more detail is provided in chronic 
hemodialysis chapters, and vascular access is dis-
cussed below in the CRRT section of this chapter.

 Acute Hemodialysis Prescription
Acute IHD prescription is similar to initial pre-
scription of chronic hemodialysis [81]. When 
IHD is performed outside the HD unit, access 
to water and use of a portable reverse osmosis 
device are needed. Dialysis fluid prescription 
is similar to that of chronic hemodialysis; pre-
scribed potassium and phosphate concentration 
should be based on patient labs. Biocompatible 
dialyzers are used with a surface area close to 
the body surface area of the child. Blood priming 
of the circuit should be done if the extracorpo-
real volume is >10% of the total blood volume. 
Dialysis flow rate is typically set at a standard 
rate of 500 mL/min.

IHD for AKI is performed over a short period, 
and rapid urea reduction can cause disequilibrium 
syndrome (i.e., headache, cerebral edema, sei-
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zures, and potentially death). Although patients 
with underlying CKD are at highest risk for dis-
equilibrium syndrome, patients with AKI (espe-
cially if progression to RST need is over days to 
weeks), very high blood urea nitrogen levels (e.g., 
>30 mmol/L), and concomitant risks for cerebral 
edema (as often seen in ICU patients) may be at 
risk. Rapid urea reduction should be avoided in 
the first two to three IHD sessions. Some cen-
ters use slightly higher than usual dialysis fluid 
sodium concentration (i.e., 145  mmol/L), and 
most centers will administer intravenous mannitol 
(0.5–1 g/kg over the first 1–2 h of IHD) if there is 
concern for dialysis disequilibrium or blood urea 
nitrogen levels are very high. At our centers, two 
approaches are used to avoid rapid urea reduction 
and disequilibrium syndrome in AKI. The first is 

based on the fact that the primary determinant of 
solute clearance with IHD is blood flow. Thus, 
in the first IHD session for AKI, low blood flow 
rates (e.g., ~2 mL/kg/min) are used, and duration 
is short (2–2.5 h). In future sessions, blood flow 
and IHD duration are gradually increased as tol-
erated. Another approach is based on (a) initially 
aiming for urea reduction of 30%, which is rela-
tively safe to avoid disequilibrium syndrome, (b) 
using the known logarithmic relationship between 
urea reduction and Kt/V (shown in Table 43.7) to 
determine duration of the first IHD session, and 
(c) slowly increasing urea reduction goals for 
future IHD sessions using data from previous 
IHD sessions (detailed in Table 43.7).

Fluid management when using IHD for AKI is 
challenging for oligoanuric patients as daily fluid 

Table 43.7 Example approach to prescribing urea reduction for acute hemodialysis

Step 1. Determine 
urea reduction (UR) 
goal for first IHD 
session
and
Calculate first IHD 
session duration 
(minutes)

Logarithmic relationship between UR and Kt/V is:
− ln (post IHD urea concentration/pre ‐ urea concentration) = Kt/V
  t = time (min)
  V = volume = total body water in mL (consider patient age when calculating − this 

parameter is estimated)
  K = urea reduction coefficient in mL/min (based on dialyzer, QB, QD). Often similar to 

blood flow, so if blood flow is 50 mL/min, K will often be 50 mL/min
First IHD treatment example:
UR goal is 30%: −ln(post IHD urea concentration/pre-urea concentration) = −ln(0.7) = 0.36
Using formula above, solve for t (minutes) or duration of first IHD treatment:

t
V

K
minutes of IHD

post urea pre urea mL

mL
� � � � � �� � �

� �
ln /

/ min

-

Ensure to order pre- and post-urea concentration testing for first 3–4 IHD treatments
Step 2. Recalculate 
V (total body water 
in mL) based on 
previous IHD 
session data

Solve for V using equation above and data from previous session:

New mL
minutes of IHDof previous session mL of pre

V
t K� � � � �� / min vvious IHDsession

post urea pre urea from the previous I

� �
�ln / - HHDsession

recalculated mL to use for the current IHDsessi

� �
� � �V oon.

Step 3. Calculate t 
(minutes) to achieve 
desired UR for 
future IHD sessions 
(e.g., second, third)

Solve for t (minutes) of subsequent IHD treatments, using New (recalculated) V:

t
V

K
minutes of IHD

post urea pre urea New mL

mL
� � � � � �� � �

� �
ln /

/ min

-

New V = V calculated in step 2, from data of previous IHD treatment.
Proposed UR goals for second and third IHD treatment:
Second IHD treatment
UR goal 50%: −ln(post urea/pre-urea) = −ln(0.5) = 0.69
Third IHD treatment
UR goal 70%: −ln(post urea/pre-urea) = −ln(0.3) = 1.2

ln natural logarithm function, IHD intermittent hemodialysis, QB blood flow rate (mL/min), QD dialysis flow rate,  
(mL/min)
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removal must be performed within a short ses-
sion. Fluid restriction is often required. If IHD 
is tolerated and safe with regard to urea reduc-
tion, longer IHD sessions may help achieve fluid 
removal goals. In very hemodynamically stable 
patients, ultrafiltration rate as high as ~0.2 mL/
kg/min (or 12 mL/kg/h) may be tolerated; how-
ever, in acutely ill patients, hypotension is com-
mon, limiting ability to achieve ultrafiltration 
>1–3 mL/kg/h. Some centers use blood volume 
monitoring software available with some dialysis 
machines to help guide fluid removal.

As in chronic IHD, heparin anticoagulation 
is used (10–20  units/kg bolus, followed by con-
tinuous infusion), and activated clotting time is 
monitored. However, in many acute illnesses, 
bleeding risk may be high, in which case IHD may 
be performed without anticoagulation. This often 
requires frequent flushing with normal saline to the 
circuit pre-filter to prevent clotting. Administering 
frequent fluid boluses to prevent clotting compli-
cates fluid removal in infants, because this fluid 
must be removed, which may not be tolerated in 
small, sick children. For hemodynamically unsta-
ble patients, CRRT is thus a better option.

 Continuous Renal Replacement 
Therapy for AKI

CRRT offers several advantages, most impor-
tantly the delivery of highly precise therapy [82]. 
Gradual fluid removal offers improved hemody-
namic stability and enables nutrition. CRRT pro-
vides more efficient clearance than PD, allowing 
rapid correction of electrolyte and metabolic 
 disturbances. The major limitation of CRRT 
has historically been requirement for technical 
expertise; however, this barrier has decreased, 
with simpler and safer machines adapted for use 
in children [83].

 Vascular Access (Table 43.8)
Vascular access is challenging in children, espe-
cially infants. However, it is key to administering 
efficient CRRT, as access issues may lead to ces-
sation of CRRT, circuit clotting, and, ultimately, 
time off therapy.

Table 43.8 provides suggested catheter sizes 
based on patient weight. Access insertion exper-
tise is highly recommended in order to suc-
cessfully insert catheters of adequate caliber to 
enable adequate blood flow (lowest suggested 
catheter size in Table 43.8 is a non-tunneled 6.5 
French catheter). Different centers have access 
to different catheters. It is important to be aware 
of available catheters and to have tunneled and 
un-tunneled catheter sizes appropriate for neo-
nates, small, and larger children. Unsurprisingly, 
larger catheters have been shown to be associated 
with longer CRRT circuit survival, and use of 
very small catheters (double lumen 5 French) is 
associated with very low (<10 h) circuit survival 
[84]. In very small patients (<5 kg), use of two 
single-lumen catheters in two vessels has been 
described [85].

Access placement location will be influ-
enced by patient factors and by expertise of the 
access inserter. Temporary or semi-permanent 
(tunneled) catheters may be used. Temporary 
catheters are often placed at the bedside. Neck 
vessels (internal jugular vein) are preferred over 
femoral veins, due to less recirculation (particu-
larly in infants weighing <5 kg) and longer cir-
cuit survival associated with better blood flow 

Table 43.8 Vascular access for CRRT

Weight Cathetera

Neck 
lines

<5 kg 8Fr Medcomp Hemo-Cath
5 kg to 
<20 kg

10Fr Medcomp Split

20 kg to 
<35 kg

12Fr Medcomp

>35 kg 15.5Fr DuraMax
Palindrome

Femoral 
lines

<5 kg 6.5Fr (10 cm) Gambro Gam 
Cath (may sometimes be used 
as a neck line in small 
children)

5 to 
<20 kg

8Fr (12.5 cm) Gambro Gam 
Cath (5–15 kg)
10Fr (12 cm) Quinton 
Mahurkar (15–20 kg)

20 to 
<40 kg

10Fr (15 cm) Quinton 
Mahurkar

>40 kg 11.5Fr (13.5 cm or 16 cm) 
Quinton Mahurkar

aCatheters used at the Hospital for Sick Children, Toronto, 
Canada
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rates and potentially reduced infection rates. 
Femoral access should be considered a second 
choice for insertion site, especially in patients 
with high intra-abdominal pressure (may cause 
elevated venous return pressures), patients who 
are moving or combative, or patients who may 
need these vessels for future renal transplanta-
tion. Subclavian veins should be avoided due to 
the high risk of stenosis. Complications of vas-

cular access insertion include bleeding, infec-
tion, and air emboli; these are less common in 
centers using ultrasound-guided access insertion. 
Longer-term complications include vessel throm-
bosis or stenosis.

 CRRT Machine and Modality (Fig. 43.3)
The first children treated with CRRT used con-
tinuous arteriovenous hemofiltration (CAVH) in 

C V V H

CVVHDF

Hemofilter

Return to the patient

Return to the patient

DialysateEffluent

Pre-filter
replacement

Return to the patient
From the patient

From the patient

From the patient

C V V H D

Post-filter
replacement

Fig. 43.3 Continuous renal replacement therapy extra-
corporeal circuit. Blood is pumped from the patient into 
the hemofilter and is returned to the patient via a central 
access, dual lumen dialysis line. With continuous venove-
nous hemofiltration (CVVH) (top left), blood flows 
through the hemofilter; solutes and water are forced across 
the semipermeable membrane by convection along a high- 
pressure hydrostatic gradient. Replacement fluid replen-
ishes volume and electrolytes either pre-filter or post-filter. 
With continuous venovenous hemodialysis (CVVHD) 
(top right), blood flows through the hemofilter and dialy-
sate fluid flows in the countercurrent direction. Solutes 

from the blood compartment move across the semiperme-
able membrane into the dialysate fluid compartment and 
are removed by diffusion. Water moves via ultrafiltration 
in the same direction. Cleared solutes and ultrafiltrate are 
drained into the effluent bag. With continuous venovenous 
hemodiafiltration (CVVHDF) (bottom), replacement and 
dialysate fluids are both used to remove solutes and water 
by a combination of diffusion, ultrafiltration, and convec-
tion. During citrate anticoagulation, citrate is infused 
using the pre-filter replacement circuit or via a separate 
intravenous pump to the pre-filter access port; calcium is 
infused to the patient via a separate access line
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the 1980s; this system relied on the arteriovenous 
pressure gradient to drive circuit flow. The advent 
of continuous venovenous hemofiltration adapted 
for children in the 1990s, as well as improve-
ments to filter and circuit design, allowed longer 
circuit survival and precise ultrafiltration. These 
advancements effectively replaced historical 
CAVH systems and ushered the way forward for 
the safe use of CRRT in children [85]. Several 
different commercially available machines may 
be used to deliver CRRT (not covered here).

Ultrafiltration (removal of fluid from the 
patient) is driven by hydrostatic pressure gen-
erated across the semipermeable membrane 
of the hemofilter. Clearance of solutes may be 
accomplished by convection (continuous veno-
venous hemofiltration, CVVH), diffusion (con-
tinuous venovenous hemodialysis, CVVHD), or 
both (continuous venovenous hemodiafiltration, 
CVVHDF) (Fig. 43.3) [72]. In CVVHD, as with 
IHD, solute clearance is achieved by diffusion, 
with dialysis fluid being run countercurrent to 
blood flow across the semipermeable membrane 
of the hemofilter. In CVVH, convective solute 
clearance is achieved by infusing high volumes 
of sterile replacement fluid solution into the cir-
cuit, in order to allow for simultaneous removal 
of large amounts of fluid across the hemofilter to 
drive convective clearance. With CVVHDF, both 
dialysis fluid and replacement fluid are used. It is 
theorized that CVVH or CVVHDF, which pro-
vides convective (middle molecule) clearance, 
may provide additional benefit over CVVHD 
due to clearance of inflammatory molecules 
(e.g., with sepsis). To date, there is little strong 
evidence to support this [86], and center practice 
variation dictates decisions on use of convective 
clearance in patients with severe inflammatory or 
infectious conditions.

Small solute clearance is achievable using 
either CVVHD or CVVH (or CVVHDF). CVVH 
and CVVHDF additionally provide middle mol-
ecule clearance (via convection). Replacement 
fluid in CVVH and CVVHDF can be delivered 
pre-filter (via a port located within the circuit, 
before the hemofilter) or post-filter. The advan-
tage of pre-filter delivery of replacement fluid is a 
reduced risk of filter clotting (as the replacement 

fluid “dilutes” the blood entering the hemofilter) 
compared to post-filter replacement where the 
blood delivered to the filter is more viscous. The 
risk of circuit clotting with post-filter replace-
ment in CVVH (as well as with CVVHD, where 
no replacement fluid is used) is increased when 
the filtration fraction rises above 25%. Filtration 
fraction is the ratio of ultrafiltration rate to 
plasma flow rate: filtration fraction  =  QUF/[Qb  
(1 − Hct) + Qr], where QUF represents ultrafiltrate 
flow rate, Qb represents blood flow rate, Hct rep-
resents hematocrit, and Qr represents pre- dilution 
replacement flow rate (include where applicable). 
However, post-filter replacement provides higher 
solute clearance, as solute concentration in the 
blood pre-hemofilter is not affected by infused 
replacement fluid.

 Hemofilter and Blood Prime
CRRT hemofilters contain hollow fibers that 
are permeable to non-protein-bound solutes 
with a molecular weight below approximately 
40,000 Daltons. Filters are selected according 
to patient weight. Biocompatible filters are the 
standard for CRRT and include acrylonitrile 
(AN69)-based and polysulfone-based filters. 
AN69 membranes come with a risk of bradyki-
nin release syndrome, which is worsened by the 
use of angiotensin- converting enzyme inhibi-
tors and blood prime. The risk of this reaction 
is also pH dependent. In order to prevent this 
complication, the blood prime can be adminis-
tered post-filter, and bicarbonate (infusion with 
bolus) is administered to maintain a neutral pH 
[87]. Another method utilized to minimize the 
bradykinin release syndrome with AN69 mem-
branes and metabolic complications of perform-
ing blood prime is to perform a “pre-dialysis” 
procedure on the blood prime solution, whereby 
the blood is circulated through the CRRT 
machine against dialysis solution for 5–10 min 
(before connecting the patient to the circuit) to 
normalize pH, calcium, and potassium content 
of the blood prime solution [88]. Bradykinin 
release syndrome is not a complication of non-
AN69 polysulfone membranes and is much less 
common and severe with newer protein-coated 
AN69 membranes. The size of the hemofilter 
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should be selected based on patient size, when 
possible, to avoid the need for a blood prime.

Children for whom the extracorporeal cir-
cuit volume exceeds ~10% of estimated blood 
volume will generally require a blood prime; 
most children <10–11 kg need a blood prime for 
CRRT initiation. Packed red blood cells (recon-
stituted to hematocrit ~30% to prevent circuit 
clotting and avoid excessive unwanted rise in 
patient hemoglobin) may be used to prime the 
CRRT circuit. In patients with borderline circuit 
extracorporeal volume and who are hemodynam-
ically stable, 5% albumin solutions may be used 
for circuit priming.

 Solutions (Table 43.9)
Typically, the same solution is used for dialy-
sis fluid of CVVHD and replacement fluid of 
CVVH. Most centers use commercially prepared 
solutions with a bicarbonate buffer (and low con-
centrations of lactate) and a variable amount of 
sodium, potassium, calcium, phosphorus, mag-
nesium, and glucose. Solutions bags are hung 
onto the CRRT machine for use (Fig.  43.3). 
Solutions used when performing citrate anti-
coagulation should be calcium-free. Table  43.9 
outlines CRRT solutions commonly used at our 
centers. Sodium concentration of solutions may 
be modified (by adding water to reduce sodium 
concentration or adding sodium to increase 

sodium concentration) in patients with severe 
hyponatremia or hypernatremia to avoid rapid 
sodium shifts [89]. Potassium and phosphate 
concentrations of solutions are also commonly 
modified by addition of potassium chloride or 
sodium phosphate, due to the very common prob-
lem of severe hypokalemia and hypophosphate-
mia development during CRRT therapy. At some 
centers, modification of electrolyte concentra-
tions of solutions is performed by pharmacy and 
in others, by the bedside CRRT nurses. Great care 
must be taken to attempt to remove any sources 
of errors when modifying CRRT solutions. In 
rare cases of specific conditions (e.g., Wilson’s 
disease, to remove copper; certain protein-bound 
drug intoxications), 25% albumin may be added 
to the dialysis solution (to achieve ~5% albumin 
dialysis solution) to perform what is referred to 
as “single- pass albumin dialysis” and promote 
removal of protein-bound substances [90, 91].

 CRRT Prescription: Blood Flow 
(Table 43.10)
Unlike IHD, the blood flow rate does not sig-
nificantly impact solute clearance in CRRT but 
greatly impacts circuit survival. Blood flow rate 
is determined by patient size, hemofilter, and 
vascular access. Blood flow rates range from 2 
to 10 mL/kg/min. At our centers, the minimum 
suggested blood flow rates are 50  mL/min for 

Table 43.9 Commercially prepared CRRT solutions and citrate solutions (for anticoagulation)

Dialysis/replacement solutions Citrate solutions
Analyte 
(mmol/L)

Prism0Cal® Prism0Cal® 
B22

Prismasol® 
0

Prismasol® 
4

Phoxilium®a ACD-A 
solution

Sodium citrate 
4%

Sodium 140 140 140 140 140 224 408
Potassium – 4 – 4 4 – –
Chloride 106 120.5 109.5 113.5 116 – –
Bicarbonate 32 22 32 32 30 – –
Lactate 3 3 3 3 – – –
Calcium – – 1.75 1.75 1.25 – –
Phosphate – – – – 1.2 – –
Magnesium 0.5 0.75 0.5 0.5 0.6 – –
Glucose – 6.1 6.1 6.1 – 139 –
Trisodium 
citrate

– – – – – 74.8 136

Citric acid – – – – – 38.1 Not 
specified
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patients <11  kg (though blood flows as low as 
30 mL/min have been used) and range from 50 to 
150 mL/min (>11 kg) (Table 43.10). At our cen-
ters, we use the hemofilter (which is affected by 
patient size) to guide blood flow; at other centers, 
blood flow may be based specifically on patient 
size. Because of the need for minimum blood 
flows of 30–50 mL/min, neonates are subjected 
to high relative blood flow rates (per unit weight); 
this is especially relevant when using citrate anti-
coagulation because as described below, citrate 
prescription rate is based on blood flow. Reasons 
to change blood flow during CRRT may include 
access problems (e.g., blood flow reduced to 
address rising access pressures), rising hemo-
filter transmembrane pressures or clot forma-
tions (increasing blood flow may help reduce 
clot formation), or need to reduce citrate deliv-
ery (decreasing blood flow leads to lower citrate 
infusion requirements).

 CRRT Prescription: Solute Clearance 
(Table 43.10)
With CRRT, solute clearance or “dialysis dose” 
is determined by the dialysis and/or replacement 
fluid flow rates, which affect the degree of diffu-
sive and/or convective clearance of small solutes 
(i.e., urea). In adult studies and clinical practice, 
solute clearance rate (or delivered dialysis dose) 
is expressed in terms of dialysis and/or replace-

ment fluid rate in mL/kg/h. A minimum dose of 
20–25 mL/kg/h is generally recommended, and 
flow rates higher than this have not shown sig-
nificant impacts on patient outcome [72, 92, 93].

In children, solute clearance dose is pre-
scribed based on body surface area; a standard 
dose is 2–2.5 L/h/1.73 m2. So if CVVHD is being 
performed in a patient with body surface area of 
0.7  m2, then the dialysis solution rate is run at 
~2 L/1.73 m2/h or ~800 mL/h. If CVVH is used 
for this patient, the replacement solution is run at 
~800 mL/h. If CVVHDF is used, the combined 
rate of dialysis fluid and replacement fluid should 
total ~800 mL/h (e.g., 400 mL/h of dialysis fluid 
+ 400 mL/h of replacement fluid). Some CRRT 
machines require a minimum post-filter replace-
ment fluid rate to prevent clotting in the circuit; 
this replacement fluid should be included in the 
total solute clearance dose.

This level of solute clearance will be adequate 
for most patients treated with CRRT.  However 
in some AKI patients, higher clearance may be 
desired. For example, in patients with hyperam-
monemia with AKI, much higher clearance rate 
(e.g., 4–8 L/1.73 m2/h) may be desired to rapidly 
reduce ammonia levels; or patients with life- 
threatening serum potassium level may require 
higher than standard solute clearance to prevent 
arrhythmia and death. When prescribing high 
clearance rates, it is crucial to be mindful of 

Table 43.10 Sample of some aspects of CRRT prescription

Vascular access Table 43.7
Hemofilter Weight <10 kg HF20 (polysulfone filter)

10–30 kg ST60 (AN69 filter)
>30 kg HF1000 (polysulfone filter)

Blood prime <10 kg Use blood prime; otherwise 0.9% NaCl solution
Modality CVVH

CVVHD
CVVHDF

Blood flow rate HF20 50 mL/min (minimum 40 mL/min)
ST60 ~50–100 mL/min
HF1000 100 mL/min (minimum 80 mL/min)

Dialysis flow rate 2 L/1.73 m2/h Consider higher rate for neonates admitted with hyperammonemia
Solution Table 43.9
Anticoagulation Citrate Use citrate if heparin-induced thrombocytopenia

Heparin
aCRRT prescription items taken from Hospital for Sick Children, Toronto, Canada
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the effects. For example, if there is concern for 
dialysis disequilibrium syndrome and rapid urea 
reduction, administering intravenous mannitol 
may be helpful. Other solutes (e.g., potassium, 
phosphate), antibiotics, nutrition (especially 
amino acids), and citrate (for citrate anticoagula-
tion) will also be cleared quickly, and infusion/
medication adjustments should be made accord-
ingly, ideally in conjunction with a pharmacist. 
Regarding high clearance CRRT during citrate 
anticoagulation, very close monitoring of cir-
cuit and patient ionized calcium levels is crucial 
(citrate will be cleared at a higher rate) as adjust-
ments to citrate and calcium infusion rates will 
definitely be required to prevent low patient ion-
ized calcium concentrations (citrate anticoagula-
tion discussed below).

 CRRT Prescription: Ultrafiltration 
(Table 43.10)
Fluid removal is often a primary goal for initi-
ating CRRT.  In critically ill patients, a careful 
balance between achieving fluid removal goals 
and patient safety/tolerance may be challenging 
to achieve and must be reassessed frequently. 
Ultrafiltration rate (and desired daily and hourly 
negative patient balance) should be determined 
collaboratively between ICU and nephrology 
teams to meet safe targets for the patient. The 
prescribed ultrafiltration rate does not need to 
consider any fluids which are being administered 
by the machine (e.g., replacement fluid). In order 
to keep the patient in neutral hourly balance, the 
prescribed ultrafiltration rate (mL/h) should equal 
to the hourly rate of all fluids administered to the 
patient (e.g., medications, nutrition). Because 
ultrafiltration rate can be continuously increased 
to account for fluid intake, there is little reason 
to delay initiation of appropriate nutrition (par-
enteral or enteral) for patients receiving CRRT. If 
there is significant urine output or other outputs 
(e.g., high-output chest tube), these hourly vol-
umes should be subtracted from the prescribed 
ultrafiltration rate. In order to achieve a negative 
hourly balance, the prescribed ultrafiltration rate 
is increased to achieve this negative balance.

Decisions on rate of negative balance (mL/h) 
in critically ill patients should consider hemo-

dynamic stability (and likelihood of tolerating a 
negative balance) and urgency of need for fluid 
removal (e.g., severe pulmonary edema with 
reduced oxygenation). Overly aggressive nega-
tive fluid balance attainment can cause severe 
hemodynamic instability and be detrimental, 
especially in small patients, and potentially cause 
further kidney injury. Two rules of thumb on 
maximal negative balance in unstable patients 
receiving CRRT include avoiding daily nega-
tive balance >3–5% of body weight (e.g., 10 kg 
child, not exceeding >300–500 mL/day negative 
balance) and to aim for ≤1–2 mL/kg/h negative 
balance (e.g., 10  kg child, ≤20  mL/h negative 
balance). When achieving negative balance is 
urgent (e.g., need to stop ECMO as soon as possi-
ble), temporary slightly more aggressive negative 
balance goals may be carefully used. Increasing 
vasopressor support may be required for patients 
to tolerate fluid removal. It is not recommended 
to keep unstable patients in positive fluid balance 
by reducing the ultrafiltration; rather, additional 
fluid or inotropic support should be used to main-
tain blood pressure.

 Anticoagulation
Although there are several options for antico-
agulation, CRRT is generally performed using 
either regional citrate anticoagulation or systemic 
unfractionated heparin anticoagulation. CRRT 
may be successfully performed with no antico-
agulation (with or without flushing of the circuit 
pre-filter with normal saline); however, circuit 
life will likely be much lower (high incidence of 
clotting).

As in IHD, systemic heparin anticoagulation is 
performed by infusing heparin pre-filter and mon-
itoring partial thromboplastin time (PTT) and/or 
activated clotting time (ACT) for target PTT 1.5 
times normal and/or ACT 180–220 s (with higher 
blood flows or bleeding risk concerns, target ACT 
may be lower). Patients with severe bleeding risk, 
active bleeding, or heparin-induced thrombocy-
topenia should not receive heparin. Increasingly, 
pediatric centers are using regional citrate antico-
agulation for CRRT. Studies in adults and chil-
dren support that though there is no difference in 
mortality, circuit life is likely to be longer when 
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using citrate anticoagulation, and bleeding events 
tend to be higher when using heparin anticoagu-
lation [94, 95].

Regional citrate anticoagulation is achieved 
by infusing a commercially prepared citrate solu-
tion pre-filter (Table 43.9). Citrate chelates free 
ionized calcium, which is required for clotting. 
Citrate may be infused at the access port of the 
catheter (using an intravenous pump separate 
from the CRRT machine) or, for some machines, 
may be administered as a pre-filter replacement 
solution, incorporated within the machine. The 
goal is to target an ionized calcium concentra-
tion of ~0.3–0.4 mmol/L in the blood within the 
extracorporeal circuit (“circuit ionized calcium”) 
to prevent clotting. Although calcium citrate 
complexes are cleared at the hemofilter, a sub-
stantial amount of citrate in the circuit blood will 
be returned to the patient, placing them at risk 
for hypocalcemia. Thus, patients must receive a 
continuous intravenous calcium infusion to pre-
vent systemic hypocalcemia. Calcium is ideally 
infused through a separate central line; however, 
it may be infused at the end of the circuit, at the 
return port of the vascular access, or near to the 
patient’s skin (acknowledging that there is a theo-
retical risk of access clotting; single-center data 
has not shown this to be the case) [96]. Systemic 
citrate is metabolized predominantly by the liver 
(and to a lesser extent by the skeletal muscle and 
kidney) with one molecule of citrate yielding 
three molecules of bicarbonate; calcium which 
is complexed to citrate is released when citrate 
is metabolized. Patient ionized calcium levels 
must be closely monitored and kept within nor-
mal range. Several delivery and monitoring pro-
tocols for regional citrate anticoagulation exist. 
Table  43.11 shows a sample citrate protocol. 
Typically, citrate is administered at a rate pro-
portional to the blood flow (to ensure adequate 
anticoagulation). Circuit and serum ionized cal-
cium levels are monitored serially (an hour after 
any citrate or calcium infusion change and every 
4–6 h when stable) with citrate and calcium infu-
sion adjustments accordingly. As mentioned, 
closer circuit and patient calcium monitoring is 
needed when using high clearance rates (e.g., 
when treating hyperammonemia, current citrate 

and calcium administration protocols were based 
on targeting a clearance rate of ~2 L/1.73 m/h or 
in patients with severe liver disease since sys-
temic citrate may accumulate due to decreased 
liver metabolism). Some citrate protocols incor-
porate a priori modified (lower) citrate rates in 
patients with severe liver disease.

Common complications of citrate antico-
agulation include hypocalcemia and meta-
bolic alkalosis. Hypocalcemia occurs due to 
inadequate patient calcium delivery or excess 
systemic citrate binding free ionized calcium. 
Hypercalcemia may occur if the circuit clots and 
CRRT is stopped suddenly. In the setting of ele-
vated systemic citrate, as citrate is metabolized 
to bicarbonate, previously complexed calcium is 
released into the bloodstream with limited means 
of excretion in a patient with severe renal dys-
function. Metabolic alkalosis is due to excess 
bicarbonate generation by citrate metabolism; 
metabolic alkalosis may also be contributed to by 
the high bicarbonate load in most commercially 
prepared solutions. Citrate use also contributes 
to hypomagnesemia, commonly seen in patients 
receiving CRRT, due to magnesium binding. Less 
commonly, hypernatremia (more commonly with 
sodium citrate solutions, Table  43.9), hypergly-
cemia, and metabolic acidosis can occur.

The occurrence of excess systemic citrate 
accumulation must be monitored, to avoid the 
situation commonly referred to in the literature 
as “citrate lock” or evidence of complications of 
citrate accumulation described above (i.e., hypo-
calcemia/increasing calcium infusion needs). To 
monitor for citrate accumulation, total patient 
calcium is measured at least every 12–24 h; with 
significant systemic citrate accumulation, total 
calcium rises (includes citrate complex and free 
calcium), and systemic ionized calcium will tend 
to be low. A ratio of total to ionized calcium 
>2.5–2.8 is a surrogate marker of significant sys-
temic citrate accumulation (or a surrogate marker 
of high citrate concentration). Risk factors for 
significant citrate accumulation (or total/ionized 
calcium >2.5–2.8) include young age (due to the 
relatively high blood flows required and subse-
quently high citrate delivery), severe liver fail-
ure, and lactic acidosis. Citrate accumulation is 
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treated by increasing citrate removal or reducing 
delivery. To increase removal, CRRT clearance 
may be increased (i.e., increasing dialysis fluid 
rate to increase removal of calcium citrate com-
plexes; being mindful to adjust medication doses 
and monitor for effects of higher clearance), or 
blood flow decreased (to reduce citrate needs to 

maintain anticoagulation). To decrease citrate 
delivery, the citrate infusion may be decreased or 
temporarily stopped (e.g., 3–6  h). If the citrate 
infusion is held, it may be restarted at a lower rate 
(e.g., ~70%). When there is no evidence of citrate 
accumulation but there is clinically significant 
metabolic alkalosis, reducing citrate delivery 

Table 43.11 Sample CRRT citrate anticoagulation protocol: key items

Vascular access Hemodialysis central line, ideally second central line for calcium infusion
Dialysis solution Prism0Cal® Table 43.9
Citrate flow rate 1.5× blood flow rate 

(mL/h)
For example, if blood flow 50 mL/min, citrate flow 
rate = 75 mL/h
At Hospital for Sick Children, blood flow rate maximum of 
100 mL/min to avoid excessive citrate delivery

Calcium flow rate 0.4× citrate flow rate 
(mL/h)

For example, if citrate flow rate is 75 mL/h, calcium flow 
rate = 30 mL/h

Serum investigations Initial iCab, total calcium
Electrolytes (sodium, potassium, chloride, bicarbonate, 
glucose, magnesium, phosphate)
Lactate
Creatinine, urea, albumin, ALT (assess for liver disease)
Complete blood count, PTT, INR

Every 2 h iCa
Every 4 h Total calcium

Electrolytes (sodium, potassium, chloride, bicarbonate, 
glucose, magnesium, phosphate)

Every 12 h Lactate
PTT, INR

Every 24 h Creatinine, urea, albumin, ALT
Complete blood count

Target calcium 
concentration

Circuit iCa 0.25–0.4 mmol/L
Call MD if <0.2 or >0.4 mmol/L

Patient iCa 1.1–1.3 mmol/L
Call MD if <1 or >1.5 mmol/L

Citrate anticoagulation 
management

Circuit iCa 
<0.25 mmol/L

<20 kg Decrease citrate by 
5 mL/h

>20 kg Decrease citrate by 
10 mL/h

Circuit iCa 
>0.4 mmol/L

<20 kg Increase citrate by 
5 mL/h

>20 kg Increase citrate by 
10 mL/h

Patient iCa 
<1 mmol/L

<20 kg Increase calcium 
by 5 mL/h

>20 kg Increase calcium 
by 10 mL/h

Patient iCa >1.3 
mmo/L

<20 kg Decrease calcium 
by 5 mL/h

>20 kg Decrease calcium 
by 10 mL/h

Circuit change Every 72 h
aSome items taken from CRRT citrate anticoagulation protocol used at the Hospital for Sick Children, Toronto, Canada
bIonized calcium
ALT alanine aminotransferase, INR international normalized ratio, PTT partial thromboplastin time
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may help; another measure used by many centers 
is to run normal saline (which has an acidic pH) 
as a post-filter replacement solution (being care-
ful to monitor electrolytes).

 CRRT Complications
Being aware of potential CRRT complications is 
crucial to being able to avoid and prevent them 
and to act quickly when they occur. Catheter- 
related complications are highest in neonates and 
are often related to insertion (hemorrhage, infec-
tion). Pneumothorax and hemothorax after neck 
line insertions are rare but potential risks [97]. 
Vascular access risk is reduced using ultrasound- 
guided insertion. Hypothermia is very important 
to prevent and can occur very quickly in patients 
on CRRT.  Measures to warm the blood in the 
extracorporeal circuit should be routinely used 
especially in the smallest patients. Hypotension is 
a major risk with CRRT, occurring in up to 30% 
of patients shortly after initiation [97]. Appropriate 
use of blood priming and avoiding excessive ultra-
filtration are vital. Avoiding the use of AN69 mem-
branes is the best way to avoid bradykinin release 
syndrome-associated hypotension. However, 
in centers using these membranes, measures 
described above (see Hemofilters), being wary 
of the risks and being ready to administer and/or 
adjust inotropic medications when initiating CRRT 
are important. A preventable but important com-
plication of CRRT is electrolyte imbalance, which 
can be severe if not treated. During CRRT, patient 
serum electrolytes will ultimately equilibrate with 
the dialysis/replacement solution selected. If not 
monitored and addressed quickly, profound hypo-
kalemia, hypophosphatemia, and hypomagnese-
mia can occur. Circuit clotting risk is higher in 
children, likely related to lower access size, blood 
flow, and hemofilter size used. Several measures/
aspects of CRRT described above are aimed at 
reducing risk of circuit clotting. Incorrect or inad-
equate dosing of drugs and nutrition due to lack of 
accounting for clearance is another complication 
to be keenly aware of. In children receiving pro-
longed CRRT with immobilization, reduced bone 
mass and fractures may occur. This complication 
may be masked by the use of citrate (which may 
bind calcium released from bone resorption) [98].

 Nutritional Management for AKI 
and RST-AKI

Critically ill children with AKI are at high risk 
for malnutrition due to many factors: increased 
energy requirements due to hypercatabolism, 
increased protein-energy wasting due to AKI, 
and inadequate nutrition supplementation due to 
severe fluid restriction. Malnourished children 
with AKI are also known to have worse out-
comes. As a result, delivery of adequate nutri-
tion is often an indication for starting RST [1]. 
Nutrition guidelines for critically ill children are 
summarized in Table 43.12. A goal for children 
with AKI should include adequate nutrition, 
rather than restriction. Choice of nutrition is sim-
ilar to other patients in the ICU and children with 
CKD. Generally, children with oligoanuric AKI 
require low salt, low potassium, and low phos-
phate formulas. Children with tubular dysfunc-
tion (particularly in the recovery phase of AKI) 
or children receiving CRRT may have increased 
electrolyte losses, requiring supplementation.

In patients with AKI receiving RST, indirect 
calorimetry remains the gold standard and rec-
ommended measurement tool for caloric require-
ments, but it is not used routinely in the ICU. The 
Caldwell-Kennedy equation is recommended by 
KDIGO to approximate resting energy expen-
diture (bottom of Table  43.12). Some experts 
suggest 20–30% increased requirements as a 
ballpark measure. It is important to provide calo-
ries in the form of carbohydrates, proteins, and 
lipids. Consider including glucose and citrate 
in carbohydrate intake for patients on PD and 
CRRT, respectively.

Adequate protein intake is essential for hyper-
catabolic critically ill children. Protein intake 
>1.5  g/kg/day was associated with the greatest 
reduction in mortality for critically ill children in 
one large systematic review [99]. More studies are 
needed to identify the optimal intake for patients 
with AKI. For children receiving PD or CRRT, 
there is increased need for supplemental protein 
intake due to increased protein losses across the 
peritoneal membrane or through the hemofilter, 
respectively. For patients receiving CRRT, pro-
tein losses may be even greater with convective 

43 Diagnosis and Treatment of Acute Kidney Injury in Children and Adolescents



854

clearance. Therefore, for children with AKI, it is 
recommended to provide protein intake of 2 g/kg/
day; for children with AKI receiving peritoneal 
dialysis or CRRT, it is recommended to increase 
protein intake by at least 30% increase or to 
3–4 g/kg/day, especially in infants.

Improving our evaluation and management of 
nutrition will be essential to advancing our treat-
ment of AKI. Furthermore, as we advance our 
modalities for RST, similarly must we advance 
our understanding of their impact on nutritional 
balance.

Table 43.12 Nutritional guidelinesa for critically ill childrenb

Evidencec

1A Malnutrition, including obesity, is associated with adverse clinical outcomes. Nutritional 
assessment should be performed weekly (at a minimum)

Strong

1B On admission, weight, height/length, and (for patients <36 months) HC should be measured. 
BMI-for-age (weight- for- length <2 years) or weight- for- age (if height not available) z-scores 
should be plotted on WHO growth curvesd

Strong

2A Energy expenditure should be measured using IC Weak
2B If IC is not available, then energy expenditure should be measured using the Schofield 

equatione

Weak

2C Target energy intake is two-thirds of the prescribed daily energy requirement 1 week after 
admission

Weak

3A The minimum recommended protein intake is 1.5 g/kg/day. The optimal intake is that needed 
to attain a positive protein balance. Higher protein intake may be associated with lower 
60-day mortality

Strong

3B Protein should be administered early in the course of admission Weak
3C The optimal protein dose for improved clinical outcomes is not known. The RDA values 

should not be used
Strong

4A EN is the preferred source of nutrition Strong
4B The optimal dose of EN is not known. Early initiation (within 24–48 h of admission) and 

administration of two-thirds of the prescribed daily energy requirement is associated with 
improved outcomes

Weak

5A EN should be administered and advanced using a stepwise algorithm Weak
5B A nutrition support team, including a dietician, should be part of the ICU team Weak
6A The gastric route is preferred over the small bowel. The postpyloric or small bowel may be 

used in patients unable to tolerate gastric feeds or at high risk for aspiration
Weak

6B Early EN (within 24–48 h of admission) should be delivered to all patients, unless 
contraindicated

Weak

7A Early PN (with 24 h of admission) is not recommendedd Strong
7B PN is not necessary to supplement EN for all patients tolerating EN and for whom nutritional 

delivery is being advanced as part of a stepwise algorithm. The timing of supplemental PN is 
not known
PN should be delayed until 1 week after admission for patients with normal baseline 
nutritional status and low risk of deteriorationd

Weak

8 The use of immunonutrition is not recommended Strong
Caldwell-Kennedy equationf (resting energy expenditure): 22 + 31.05 × weight (kg) + 1.16 × age (years)

BMI body mass index, EN enteral nutrition, IC indirect calorimetry, ICU intensive care unit, HC head circumference, 
PN parenteral nutrition, RDA recommended dietary allowance, UN United Nations, WHO World Health Organization
aPresented by the American Society of Parenteral and Enteral Nutrition and Society of Critical Care Medicine
bChildren >1 month and <18 years admitted to the pediatric intensive care unit for >2–3 days
cGRADE recommendation
dBased on a single-center RCT [106]
eJoint report: World Health Organization; Food and Agriculture Organization of United Nations
fEnergy expenditure is measured in kcal/kg/day
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 Drugs in AKI

Drug dosing with RST for AKI will not be 
covered in any detail in this chapter. However, 
awareness of this issue is important. An essen-
tial function of the kidney is the excretion of 
drugs and their metabolites. When glomerular 
filtration rate falls below 50%, dosing of many 
drugs must be adjusted to avoid toxic accumu-
lation and complications. On the other hand, 
for patients on CRRT, drug dosing may need 
to be increased to account for losses. Dosing 
adjustment is vital for life-sustaining medica-
tions, such as antimicrobials. When deciding 
whether or not a drug is cleared by RST, it is 
important to consider drug pharmacokinetics 
(Table 43.13) [100, 101]. If drug dosing is not 
available in references, then drug characteristics 
can be searched to make reasonable inferences 
about clearance on dialysis. Institutional phar-

macists are thus invaluable team members of the 
AKI care team.

 Conclusion

Development of a standardized, graded defini-
tion of AKI reflects a deeper understanding of the 
pathophysiology and reduced health outcomes for 
children with AKI. Medical and surgical advance-
ments allow neonates and children to survive pre-
viously fatal illnesses. As a result, the incidence of 
AKI in critically ill children is very high. However, 
significant technological innovations have allowed 
us to perform RST in children with AKI safely and 
effectively. This progress in critical care reflects 
the growing importance of understanding AKI as 
it relates to short-term and long-term health out-
comes, as well as the need for further advancement 
in the prediction, prevention, and treatment of AKI.

Table 43.13 Factors affecting drug clearance by continuous renal replacement therapy

Drug 
characteristics

Renal clearance Drugs with primary renal clearance are most affected by renal 
failure and CRRT

Molecular size High-flux membranes clear non-protein-bound molecules easily, 
up to 30,000D

Volume of distribution, 
Vd

Increased lipid solubility reflects higher Vd; vice versa for water 
solubility
Drugs with Vd > 0.7 L/kg are less likely to be cleared by CRRT

Protein binding Higher protein binding reflects higher Vd
Drugs with protein binding >80% are less likely to be cleared 
during CRRT

Drug charge Anionic proteins retained on the blood side of the filter reduce 
clearance of cationic molecules, called the Gibbs-Donnan effect

Dialysis filter 
characteristics

Filter composition Polysulfone dialyzers are apolar and adsorb proteins
Pore size High-flux hemofilter allows free passage of non-protein-bound 

molecules
Surface area Increased surface area for body weight will increase clearance; 

particularly important in neonatal CRRT
Circuit life Clearance will gradually decrease with older filter (increased 

clotting, protein adsorption)
Other 
characteristics

Blood flow rate Higher blood flow rate for weight will increase clearance, 
although to a lesser extent than with IHD

Dialysis dose Increased dialysate and replacement fluid flow rate will increase 
diffusive and convective clearance, respectively, by CRRT

Ultrafiltration flow rate Increased ultrafiltration will increase convective clearance (“solute 
drag”)

CRRT continuous renal replacement therapy, D Daltons, IHD intermittent hemodialysis
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Neonatal Acute Kidney Injury

Cherry Mammen and David Askenazi

 Introduction

Critically ill neonates admitted to neonatal and 
cardiac intensive care units are at high risk for 
acute kidney injury (AKI). In theory, the poten-
tial benefits to providing renal replacement ther-
apy (RRT) for neonates with severe AKI are 
similar to larger pediatric and adult populations. 
Performing peritoneal dialysis is possible even in 
the smallest of infants. The use of extracorporeal 
therapies to provide RRT has been limited as the 
devices that are commonly used are not designed 
for small infants and carry added risks to the 
patient. Fortunately, several novel machines with 
smaller extracorporeal volumes have been intro-
duced into clinical practice in select centers 
around the world. In this chapter, we will describe 
a case of a critically ill neonate admitted to the 
neonatal intensive care unit to illustrate the diag-
nosis of neonatal AKI, delineate consequences 
and medical management of AKI, discuss indica-
tions for RRT, compare and contrast options for 
care, and provide specifics of RRT in neonates. 
Chapter contents directly relevant to the case are 

provided in italics. We conclude by reporting on 
the novel devices which promise to change the 
approach to the care of neonates who can benefit 
from RRT.

 Case Presentation

A term male infant is born via spontaneous vagi-
nal delivery at 37  weeks gestational age to a 
31-year-old G1P0 mother with history of mater-
nal fever and prolonged rupture of membranes. 
The infant is assessed in the nursery on the first 
day of life (DOL) with poor latching, shallow res-
pirations, and lethargy. With concerns of sepsis, 
he is transferred to the Neonatal Intensive Care 
Unit (NICU). Vital signs reveal elevated heart 
rate of 180 beats/minute, increased respiratory 
rate of 64 breaths/minute, increased temperature 
of 38.5 degrees Celsius, and low blood pressure 
(BP) of 42/20 mmHg (mean arterial pressure 30). 
Physical exam reveals poor peripheral pulses 
and prolonged capillary refill. Initial labs include 
neutropenia (1.0 × 109/L) and lactic acidosis 
(HCO3 17  mmol/L, lactate 5.0  mmol/L). Chest 
X-ray shows normal heart size and lung fields. 
Umbilical venous and arterial catheters are 
placed. Boluses of 20 cc/kg of normal saline (NS) 
are administered with no improvement in blood 
pressure and no documented urine output. Broad- 
spectrum intravenous antibiotics are started 
(ampicillin 50  mg/kg/dose q8h and gentamycin 
2.5 mg/kg/dose q12h). With ongoing hypotension, 
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dopamine is started at 5 mcg/kg/min, and 20 cc/
kg of NS was administered again to optimize 
 perfusion. Blood pressure stabilized at this point 
with a mean arterial pressure maintained above 
40 mmHg. Over the next 12 hours, dopamine is 
stopped due to stable BP. Blood cultures are posi-
tive for Group B Streptococcus (GBS) at 36 hours. 
Infant is kept NPO, and standard total parenteral 
nutrition was commenced with an ongoing total 
fluid intake of 80 cc/kg/day and protein intake of 
2.5 g/kg/day. Gentamycin trough level before the 
third dose is elevated at 5.0 mg/L, and antibiotics 
are switched to IV penicillin (sensitive to GBS). A 
Foley catheter is inserted due to ongoing oligu-
ria. Renal ultrasound showed two normal-sized 
echogenic kidneys.

On the third DOL, severe body wall edema 
and ascites are noted, and the infant develops 
worsening respiratory distress requiring intu-
bation and ventilation. Chest X-ray is consis-
tent with pulmonary edema and a slightly large 
cardiac silhouette. Intravenous furosemide 
(1 mg/kg dose) is attempted with no increase in 
urine output. Chemistry on DOL #3 reveals 
sodium (Na+) 127  mmol/L, potassium (K+) 
6.4  mmol/L, bicarbonate (HCO3) 15  mmol/L 
(lactate normal), phosphate (PO4) 9.1  mg/dL 
(2.94  mmol/L), ionized calcium (Ca++) 
1.0 mmol/L, uric acid 12 mg/dL (713 umol/L), 
and serum albumin of 1.8  g/dL.  Pediatric 
nephrology is consulted for further manage-
ment of acute kidney injury. Table 44.1 provides 
trends of renal function (blood urea nitrogen, 
and serum creatinine), weight, and urine output 
from birth till DOL 3.

 Defining Neonatal AKI

Acute kidney injury (AKI) has replaced the pre-
vious term “acute renal failure” in order to repre-
sent the entire spectrum of injury severity ranging 
from mild increases in serum creatinine (SCr) to 
severe oligoanuria requiring renal replacement 
therapy (RRT). Consequently, there has been a 
steady evolution of severity graded AKI defini-
tions based on changes in serum creatinine (SCr) 
and/or urine output including RIFLE (Risk, 
Injury, Failure, Loss, and End Stage Renal 
Disease), AKIN (Acute Kidney Injury Network), 
and most recently the KDIGO (Kidney Disease: 
Improving Global Outcomes) definition in 2013 
[1–3]. These staged definitions were first vali-
dated for older pediatric and adult cohorts and 
more recently have been applied empirically to 
single- and multi-center neonatal studies.

Beyond the traditional challenges to using SCr 
to define AKI, there is added complexity in the 
first perinatal weeks due to the complex physiol-
ogy surrounding adaptation and transition into 
the extrauterine environment. Neonatal SCr 
around birth represents maternal creatinine and 
achieves a steady-state value over several days as 
the innate renal function equilibrates. Preterm 
infants of approximately 30 weeks gestational 
age (GA) have a GFR <10 ml/min/1.73m2 within 
the first 24–40 hours of birth, while glomerular 
filtration rate (GFR) in term infants is slightly 
higher, ranging from 10 to 40 ml/min/1.73m2 [4, 
5]. Consequently, a few days after birth once 
steady state is achieved, the SCr of premature 
infants is often higher compared to term infants. 
Then over the coming weeks, the trajectory of 
declining SCr is highly dependent on GA with a 
slower decline seen in lower GA patients [6, 7].

The neonatal modified KDIGO definition uses 
a SCr rise of ≥0.3 mg/dL (26 umol/L) or a ≥50% 
rise in SCr from baseline to define AKI 
(Table  44.2). Necessary modifications from the 
original KDIGO definition include (1) a refer-
ence SCr being defined as the lowest previous 
SCr value due to the ongoing decline of SCr in 
the first few weeks of life and (2) an absolute SCr 
cutoff of ≥2.5 mg/dL (221 umol/L) to define AKI 
stage 3 as this represents a GFR of <10   ml/

Table 44.1 Renal function, weight, and urine output 
trends from case example

Day of life 0 1 2 3
BUN in mg/dL 
(urea in mmol/L)

N/A 22
(7.9)

42
(15)

70
(25)

SCr in mg/dL
(umol/L)

N/A 0.7
(62)

1.1
(97)

2.1
(186)

Weight (kg) 3.4 3.7 4.0 4.3
Urine output
(ml/kg/hour)

0 0.2 0.3 0.3

BUN blood urea nitrogen, SCr serum creatinine, N/A not 
available
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min/1.73m2 in a neonate (compared to ≥4 mg/dL 
or 354 umol/L in the original KDIGO definition). 
In 2013, an expert working group consisting of 
neonatologists and nephrologists at a National 
Institutes of Health (NIH)-sponsored neonatal 
AKI workshop agreed this empiric definition 
should be used across neonatal studies, high-
lighted the need to validate this definition using 
meaningful outcomes in larger multi-center 
cohorts, and urged adjustments to this definition 
based on sound evidence [8]. The suggested urine 
output (UOP) thresholds to define oliguria 
(<0.5  cc/kg/hour) for the modified neonatal 
KDIGO criteria (Table 44.2) are similar to prior 
definitions (RIFLE, AKIN, KDIGO), but have 
not been well studied in neonatal populations.

A multi-center study called AWAKEN 
(Assessment of Worldwide Acute Kidney Injury 
Epidemiology in Neonates) involving 24 par-
ticipating neonatal intensive care unit (NICU) 
sites recently reported the incidence of AKI and 
validated that indeed, AKI using modified 
KDIGO definition is independently associated 
with mortality [9]. The AWAKEN study evalu-
ated 2022 infants who were admitted in the 
NICU, did not need cardiac surgery in the first 
week of life, and were on intravenous fluids for 
at least 2 days. The incidence of AKI was simi-
lar to prior single- center studies using the modi-
fied KDIGO classification at 29.9%. The UOP 
criteria used in the AWAKEN study was slightly 
modified from the originally proposed criteria 

(Table 44.2) to include a average 24 hour urine 
output cutoffs for different stages of AKI for 
feasibility of the study, with a stage 1 threshold 
set at <1  ml/kg/hour averaged over 24  hours, 
excluding the first day of life. AKI incidence 
varied by gestational age groups (22–
29  weeks  =  49.7%, 29–36  weeks  =  18.3%, 
>36 weeks = 36.7%). When classified according 
to highest AKI stage, 46.4%, 23.6%, and 29.9% 
of patients with AKI achieved stages 1, 2, and 3, 
respectively. Even after adjusting for multiple 
potential confounders, infants with AKI had a 
4.6 higher odds of mortality (95% CI OR 6.1–
11.5) and stayed in hospital 8.8  days longer 
(95% CI 6.1–11.5 days) compared to neonates 
without AKI.  Data from this landmark study 
confirms the strong association of the neonatal 
KDIGO definition with poor outcomes observed 
in single-center studies and supports the notion 
that critically ill neonates die “from” AKI and 
not simply “with” AKI.

Using the SCr-based neonatal modified KDIGO 
criteria and trends from Table 44.1, the patient in 
our case has achieved stage 3 AKI as the SCr rose 
to 2.1 mg/dL (185 umol/L) from the lowest previ-
ous value of 0.7 mg/dL (62 umol/L) representing a 
threefold rise in SCr. Using the UOP-based crite-
ria, our case achieved stage 3 AKI based on a sus-
tained urine output of 0.2–0.3 cc/kg/hour.

 Consequences and Medical 
Management of AKI

The first pivotal step in neonatal AKI management 
is to recognize AKI early using standardized and 
staged definitions such as the modified KDIGO 
classification with the importance of identifying 
renal “injury” at an early stage well before “fail-
ure” ensues. Next, a thorough evaluation of the 
underlying etiology and reversal of that process (if 
possible) is needed. Clues to the underlying etiol-
ogy can be gained from the maternal, perinatal, 
and postnatal course, laboratory analysis, evalua-
tion of serial weights, intake and output, and radio-
graphic information. The clinician should look for 
signs of fluid excess or deficit and determine if 
there is a functional component of AKI that is 

Table 44.2 Neonatal acute kidney injury modified 
KDIGO classification

Stage SCr criteria Urine output criteria
0 No change in SCr or 

rise <0.3 mg/dL
≥0.5 ml/kg/hour

1 SCr rise ≥0.3 mg/dl 
within 48 hours or
SCr rise ≥1.5–1.9 × 
reference SCra within 
7 days

<0.5 ml/kg/hour for 6 
to 12 hours

2 SCr rise ≥2 to 2.9 × 
reference SCra

<0.5 ml/kg/hour for 
≥12 hours

3 SCr rise ≥3 × 
reference SCra or
SCr ≥2.5 mg/dl or
Receipt of dialysis

<0.3 ml/kg/hour for 
≥24 hours or anuria 
for ≥12 hours

aReference SCr defined as the lowest previous SCr value
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responsive to intravenous fluids (pre-renal AKI). 
This is important as what was previously labelled 
as “vasomotor nephropathy” is common and 
potentially reversible with easily disturbed renal 
hemodynamics in neonates favoring renal vaso-
constriction from several triggers including hypo-
volemia, hypotension, and hypoxemia [10].

The evaluation and management of the conse-
quences of AKI drive most of the interventions. 
AKI is characterized by an abrupt impairment in 
kidney function that can lead to significant reten-
tion of nitrogenous waste products and dysregu-
lation of extracellular fluid volume, electrolytes, 
and acid-base homeostasis. Our case of septic 
AKI highlights several common consequences of 
a severe AKI episode including fluid overload 
and electrolyte disturbances (hyponatremia, 

hyperkalemia, hyperphosphatemia, hypocalce-
mia, hyperuricemia, and metabolic acidosis).

 Fluid Overload

The development of fluid overload in critically ill 
AKI patients is often multifactorial in nature with 
contributions from oliguria, generous fluid 
administration, systemic inflammation, capillary 
leak, and hypoalbuminemia. Initially introduced 
by Goldstein and colleagues from an analysis of 
children requiring continuous renal replacement 
therapy (CRRT) in 2001, the percent fluid over-
load (% FO) of a patient was defined by measur-
ing the cumulative fluid balance from ICU 
admission as follows [11]:

A weight-based method has also been 
described to define %FO based on change in 

weight from a baseline weight, often at ICU 
admission, as follows [12]:

% FO
Sum of Daily Fluid In litres Sum of Daily Fluid Out litr

=
( ) – ees

Admission Weight kg

( )
( )

´100

% FO
Daily weight kg Admission Weight kg

Admission Weight k
=

( ) ( )–

gg( )
´100

This weight-based determination of %FO may 
be more useful in neonatal populations where 
insensible losses may have more of an effect of 
fluid balance [13]. In addition, neonates often get 
daily weights measured during hospitalization, 
while urine output is difficult to accurately 
measure.

Even though there has been a growing body of 
neonatal AKI literature in the setting over the last 
decade, fluid overload in critically ill neonates 
has not been well studied. Fluid balance thresh-
olds to predict poor outcomes in neonates may be 
different compared to older children, especially 

as neonates are expected to lose a relatively large 
percentage of their birth weight in the first week 
of life, up to 16% and 10% in premature and term 
infants, respectively. Furthermore, during a pro-
longed NICU stay, neonates increase their weight 
progressively for growth. Askenazi et  al. found 
that in 58 term/near-term infants, %FO at day 3 
of life was significantly higher in patients with 
AKI compared to patients without AKI (median 
FO% +8.2% vs. −4%) [14]. Even though mortal-
ity was significantly higher in AKI patients, the 
role of fluid overload in this mortality risk is 
unclear. In 34 unstable neonates who underwent 

C. Mammen and D. Askenazi



865

continuous renal replacement therapy (CRRT) 
including 15 premature infants, survival out-
comes were worse in those with a FO ≥30% [15]. 
Fluid overload has also been found to impact on 
mortality in neonates with congenital heart dis-
ease undergoing cardiopulmonary bypass proce-
dures and those on ECMO [16–18]. The impact 
of fluid overload on pulmonary outcomes was 
also recently studied in 645 term/near-term 
infants from the AWAKEN cohort [19]. 
Multivariable models showed that peak fluid bal-
ance (adjusted odds ratio (aOR) 1.12, 95% CI 
1.08–1.17), lowest fluid balance in first postnatal 
week (aOR 1.14, 95%CI 1.07–1.22), fluid bal-
ance on postnatal day 7 (aOR 1.12, 95%CI 1.07–
1.17), and negative fluid balance on postnatal day 
7 (aOR 0.3, 95%CI 0.16–0.67) were indepen-
dently associated with mechanical ventilation 
needs on postnatal day 7. Those with AKI had a 
higher peak fluid balance in the first week of life 
compared to those without AKI (+2.7% vs. 
+0.5%, p < 0.0001).

 Fluid Management

In order to maximize renal perfusion, the clini-
cian needs to assure that cardiac output is maxi-
mized. Maintenance of adequate stroke volume is 
imperative. Fluid-overloaded patients often have 
“third-space” losses due to capillary leak and/or 
hypoalbuminemia, which can result in a low 
effective circulating volume. In cases of hypoal-
buminemia, critically ill patients can receive con-
centrated albumin infusions to ensure adequate 
albumin stores (>2.5 mg/dl) for adequate oncotic 
pressure. Often, “normal” blood pressure is not 
adequate enough to perfuse the kidneys. If there 
is evidence of low renal perfusion in a pre-renal 
state (e.g., (1) high BUN/Cr ratio, (2) low frac-
tional excretion of sodium and/or urea), an 
attempt to keep blood pressure on the higher end 
of normal, or slightly above the 95th percentile 
for age, can be empirically attempted to see if 
maximizing perfusion can improve kidney func-
tion. Finally, the intra-abdominal pressure may 
need to be assessed. If the infant has intra- 
abdominal pathology (i.e., severe ascites or nec-

rotizing enterocolitis) which causes a high 
intra-abdominal pressure and prevents adequate 
renal blood flow, placement of a drain to relieve 
abdominal pressure can sometimes improve renal 
perfusion.

There are several tools that the clinician can 
use to determine appropriate hemodynamics/
pressures. The physical exam should confirm 
adequate tissue perfusion. An ultrasound can be 
performed to assess inferior vena cava volume as 
an estimate of stroke volume. An echocardio-
gram can evaluate cardiac output, with a normal 
reported neonatal ejection fraction of 52–75% 
[20]. A beta-natriuretic peptide can also be mea-
sured to estimate right atrial pressure. A bladder 
pressure measurement can be used to assess 
intra-abdominal compartment syndrome with 
values of >12  mmHg defining intra-abdominal 
hypertension and ≥20  mmHg suggestive of 
abdominal compartment syndrome [21]. Also, a 
fractional excretion of sodium (FENa) or frac-
tional excretion of urea if a patient is on diuretics 
can be used to determine if the patient’s rising 
creatinine and relative oliguria are due to poor 
renal perfusion in context of intact tubular func-
tion. In term infants, FENa <2% is indicative of 
functional or pre-renal AKI and usually >2.5% 
with tubular injury [22]. The FENa cutoff values 
in premature infants are higher compared to older 
children and adults due to tubular immaturity. 
Limited data suggests the following to differenti-
ate intrinsic tubular injury from pre-renal AKI 
(FENa <2%): FENa >3% for >31 weeks gesta-
tional age (GA) and FENa >6% for 29–30 weeks 
GA [23, 24].

Even though diuretics remain a mainstay of 
fluid overload management, it is important to note 
that diuretics have never been proven to prevent 
AKI or improve outcomes in those with AKI [25–
28]. However, a trial of intravenous diuretics 
would still be highly recommended in an attempt 
to increase urine output once volume depletion is 
ruled out. The most commonly used diuretic in 
neonates is furosemide, a highly protein-bound 
loop diuretic [29]. Traditionally, a bolus dose of 
1 mg/kg is recommended in most drug formular-
ies, but in neonates with AKI, the retained organic 
acids compete with furosemide for proximal tubu-
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lar secretion, ultimately resulting in only 10–20% 
of the drug being secreted into the tubular lumen 
[30]. Therefore, higher doses (2–5  mg/kg/dose) 
should be considered in AKI [31]. However, the 
risk of ototoxicity increases with higher doses due 
to decreased clearance of the drug. If there is a 
positive response to furosemide, the drug can be 
continued either as repeat bolus dosing or contin-
uous infusion. Even though a term infant can get 
be dosed every 6 hours, the half-life is prolonged 
in premature infants. Therefore, furosemide 
should only be administered every 12  hours in 
those ≥32 weeks gestational age (GA) and every 
24 hours in those <32 weeks GA to avoid accu-
mulation and ototoxicity [32]. Even though there 
have been no controlled studies showing superior-
ity of bolus vs. continuous dosing, studies in neo-
natal cardiac surgery have shown that compared 
with bolus dosing of 1  mg/kg every 4  hours, a 
continuous infusion of 0.1 mg/kg/hour was asso-
ciated with comparable urine output, lower cumu-
lative doses of furosemide, and less fluctuation in 
urine output [33, 34]. Maximum furosemide infu-
sion rate utilized in these neonatal studies was 
0.4  mg/kg/hour, but doses up to 1  mg/kg/hour 
have been reported in infants. However, potential 
risks of toxicity and fluid/electrolyte imbalances 
exist with such high doses [35]. One of the other 
concerns for the use of furosemide is that it may 
delay the initiation of renal support therapy. If a 
large dose of diuretic does not allow for the fluid 
goals to be met, serious consideration should be 
placed on initiation of renal support therapy 
before fluid overload progresses even further [36].

Since hypoalbuminemia can limit diuretic 
effectiveness further, clinicians sometimes 
attempt to administer furosemide with or follow-
ing a concentrated albumin infusion (e.g., 20% or 
25%) in those with a significantly low serum 
albumin (<2.5  g/dL), which is common in sick 
neonates. However, this practice must be per-
formed with caution given the risks of significant 
volume expansion and pulmonary edema in the 
face of oliguric AKI.

In our case of suspected early-onset neonatal 
sepsis, early and aggressive resuscitation with 
normal saline boluses and inotropes was appro-
priate to improve blood pressure and systemic 

perfusion in the face of evolving distributive 
shock. However, after the resuscitation stage, the 
total fluid intake was kept at 80 cc/kg/day, which 
exceeded the losses from the patient and contrib-
uted to progressive fluid overload requiring intu-
bation and ventilation. Due to the significant 
cumulative weight-based fluid overload of 26% 
(birth weight 3.4  kg, max weight 4.3  kg) along 
with pulmonary edema in our case with ongoing 
oligoanuria, the pediatric nephrology team 
advised the neonatology team to decrease the 
total fluid intake (TFI) to 25  ml/kg/day, which 
represents insensible losses in a term infant. 
Since the 1  mg/kg/dose of furosemide adminis-
tered to our patient may have been inadequate in 
the face of severe AKI, a higher intravenous dose 
of 2 mg/kg was trialed. Given the lack of response 
in urine output, the decision was made not to 
repeat any more doses of diuretics, recognizing 
that other measures would be needed to achieve a 
negative fluid balance.

 Dysnatremias

Neonates with AKI may manifest either hypona-
tremia or hypernatremia depending on the under-
lying cause of AKI, their fluid balance status, 
sodium (Na+) intake, and the ability of their kid-
neys to retain sodium appropriately. The sodium 
content of all intravenous (IV) and oral fluids 
including parenteral nutrition must be reviewed. In 
the face of hyponatremia where a net sodium loss 
is suspected, replacement of hypotonic IV fluids 
with isotonic fluids (0.9% NaCl) is recommended. 
If the problem is excess water accumulation, inter-
ventions are necessary to achieve a negative water 
balance including fluid restriction and/or diuretics. 
If the serum Na+ is <120 mmol/L or the patient is 
symptomatic (e.g., seizures), sodium can be cor-
rected to a safer level (e.g., 125  mmol/L). The 
amount of Na+ needed to correct hyponatremia can 
be estimated from the formula: # of mmol of Na+ 
=  [desired  Na+(mmol/L)  –  actual  Na+(mmol/L)] 
× 0.8 × body weight (kg). The etiology of hyperna-
tremia in the majority of patients is due to a free 
water deficit as opposed to Na+ excess. 
Interventions to make the patient net fluid positive 
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by increasing the desired total fluid intake using 
enteral feeds or more hypotonic intravenous fluids 
are appropriate.

As in our case example, the hyponatremia 
(Na+ 127 mmol/L) in the face of oliguric AKI is 
most likely related to hemodilution with no 
sodium deficit. Therefore, the management strat-
egy includes strict fluid restriction and limiting 
additional free water intake as opposed to the 
common practice of increasing sodium intake to 
correct the hyponatremia.

 Hyperkalemia

Hyperkalemia is one of the most dangerous com-
plications of AKI that can lead to cardiac arrhyth-
mias, cardiac arrest, and even death. Neonates, 
especially very low birth weight (VLBW) and 
extremely low birth weight (ELBW) infants, are 
more prone to hyperkalemia due to low GFR, 
concurrent acidosis, reduced Na+/potassium (K+) 
pump activity, and reduced tubular K+ secretion 
from aldosterone insensitivity [37–40]. If signifi-
cant hyperkalemia (>6.0 mmol/L) is confirmed, 
the first step is to discontinue any exogenous K+ 
administration from IV fluids or parenteral nutri-
tion. If any electrographic changes are observed, 
cardiac stabilization should begin with intrave-
nous calcium gluconate (50–100  mg/kg/dose 
over 5–10 minutes) under electrocardiogram sur-
veillance. IV dextrose and insulin (0.5 gram/kg 
glucose with 0.2 units of regular insulin per gram 
of glucose over 2 hours) can be used for moderate- 
severe hyperkalemia (6.5–7.5 mmol/L), but fluc-
tuation in blood glucose is often problematic 
[41]. IV salbutamol is also an alternative in neo-
nates. At 1 hour after salbutamol infusion (4 mcg/
kg over 20 min), serum K+ fell by 1.1 mmol/L 
(range 0.7–1.8  mmol/L) in seven hyperkalemic 
infants with AKI [42]. If concurrent metabolic 
acidosis is present, correction of acidosis using 
IV 4.2% sodium bicarbonate may also improve 
hyperkalemia via intracellular shifting.

Outside of promoting intracellular K+ shifting, 
medical treatments including diuretics (e.g., furo-
semide) and cation exchange resins (e.g., sodium 
polystyrene sulfonate or SPS) can be used to pro-

mote K+ removal via the urine and gut, respec-
tively. SPS is a cation exchange resin that remains 
in the lumen of the gastrointestinal tract where it 
exchanges sodium for potassium and each gram 
of resin can potentially bind up to 0.5–1 mmol of 
K+. SPS can be given by oral or rectal routes at a 
dose of 1 gram/kg/dose up to every 6  hours as 
needed. Potential SPS complications include 
hypernatremia and fluid retention from the high 
Na+ content, constipation, bowel opacification, 
and irritation of the rectal mucosa. A calcium-
based resin, calcium polystyrene sulfonate (CPS), 
is also available. The use of CPS and SPS in low 
birth weight infants has been questioned with 
reports of gastric bezoars after oral administra-
tion, intestinal perforation after SPS enemas, and 
necrotizing enterocolitis [43–46].

The K+ content of all available nutritional 
options should be reviewed, and those with the 
lowest K+ should be offered. Nutritional supple-
ments such as human milk fortifier may increase 
K+ content considerably. Breast milk is usually 
the best option with K+ content of only 1.3–
1.5 meq/100 mL. Other low K+ neonatal formula 
options include Similac PM 60/40 
(1.5  meq/100  mL), Gerber Good Start Gentle 
(1.9  meq/100  mL), and nephea Infant 
(1.5 meq/100 grams of powder). Due to the con-
cerns of SPS side effects in young infants, several 
authors have described pre-treating formula or 
breast milk with SPS to decrease K+ content fur-
ther [47–49]. However, pre-treating formula with 
SPS may also increase sodium content and 
decrease calcium and magnesium content of the 
formula significantly [49].

 Metabolic Acidosis

As the result of impairments in excretion of acid 
and regeneration of bicarbonate (HCO3), AKI is 
commonly associated with metabolic acidosis. 
Acidosis can sometimes be worsened by the 
underlying AKI etiology (e.g., poor perfusion 
from sepsis, diarrhea, heart failure). Outside of 
AKI, both term and preterm infants normally 
have a lower serum bicarbonate (HCO3) concen-
tration compared to older populations, which can 
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be as low as 15 mmol/L in low birth weight new-
borns during the early postnatal period [50]. If 
the patient has significant metabolic acidosis, 
therapy with intravenous or oral Na+HCO3 is rec-
ommended. The amount of HCO3 required for 
correction can be estimated by the following for-
mula: mmol of Na+HCO3  =  base deficit 
(mmol/L) × weight (kg) × 0.3. Cautious correc-
tion of acidosis during AKI is recommended as 
aggressive treatment with HCO3 may result in 
Na+ excess, worsening fluid overload, and signifi-
cant hypocalcemia. If parenteral nutrition is 
being utilized, one can also consider substituting 
acetate for chloride.

 Hyperphosphatemia 
and Hypocalcemia

Infants with AKI may develop hyperphosphate-
mia due to impaired phosphorus excretion and 
secondary hypocalcemia from increased binding 
of free calcium (Ca++), putting the patient at a 
higher risk of seizures and tetany. Hypocalcemia 
can also exacerbate the adverse effects of hyper-
kalemia on cardiac conduction pathways. 
Compared to older children, neonates have 
 significantly higher serum phosphate levels [51]. 
The management of AKI-associated hyperphos-
phatemia is particularly challenging in neonates. 
With parenteral nutrition, it is important to dis-
continue all phosphate (PO4) supplementation 
immediately. If enterally fed, all nutritional 
options must be reviewed to minimize PO4 con-
tent until AKI resolves. Concentrated preterm 
formulas and human milk fortifier are designed 
to contain high amounts of PO4 and Ca++ content 
to assist in heightened bone development. Breast 
milk has the lowest PO4 content of all nutritional 
options (13–14 mg/100 mL). Other low PO4 for-
mula options for young infants include Similac 
PM 60/40 (19 mg/100 mL), Gerber Good Start 
Gentle (26 mg/100 mL), and Similac Advance 20 
(28 mg/100 mL). If the PO4 content of a formula 
is too high, one option is to pre-treat the formula 
with calcium carbonate (PO4 binder) or a non- 
calcium- based binder such as sevelamer [49, 52, 
53]. Due to risks of an elevated PO4/Ca++ product 

and extra-skeletal calcification, secondary hypo-
calcemia should not be treated unless severe and/
or symptomatic.

 Nutrition and Other Metabolic 
Alterations

Even though not well studied in neonates, impor-
tant metabolic abnormalities are induced by AKI 
including activation of protein catabolism with 
excessive release of amino acids and sustained 
negative nitrogen balance, peripheral glucose 
intolerance/increased gluconeogenesis, and inhi-
bition of lipolysis with altered fat clearance. 
These metabolic changes are determined not only 
by AKI, but also by the underlying process itself 
including sepsis and subsequent organ dysfunc-
tion. Caloric and protein needs of neonates tend 
to be quite high to support growth and develop-
ment and should be maintained in catabolic states 
including AKI [54, 55]. In term infants, recom-
mended caloric and protein intake is 108 kcal/kg/
day and 2.2 grams/kg/day, respectively. The 
needs of premature infants are often higher at 
110–150  kcal/kg/day and 3.4–4.4 grams/kg/day 
of protein.

Meeting nutritional goals can be a serious 
challenge in the face of neonatal AKI. When oli-
guria accompanies AKI, it can be difficult to pro-
vide enough nutrition without progression of 
fluid overload. Inability to remove waste prod-
ucts will lead to increases in blood urea nitrogen 
(BUN) and other uremic toxins. With the assis-
tance of a dietician, the nutritional needs (pro-
vided parenteral or enteral) have to be balanced 
with the risk of further fluid and metabolic abnor-
malities. Concentrating the volume of parenteral 
nutrition is an option, but has osmolarity limits, 
and depends on the type of venous access (central 
vs. peripheral). In terms of enteral feeds, neo-
nates may not tolerate highly concentrated for-
mula feeds. Close surveillance of glucose and 
lipids needs to occur with the risk of developing 
hyperlipidemia and glucose intolerance during 
AKI. The inability to provide nutrition safely is 
one of the indications for renal replacement ther-
apy (RRT).
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In context of fluid overload and rising BUN 
levels, the medical team maximized the TPN con-
centration and decreased total protein intake to 
1.5 g/kg/day from 2.5 g/kg/day temporarily. Even 
though this topic has not been studied in neonates 
and is controversial, the effects of inadequate 
early nutrition in critically ill children may not be 
as harmful as one might expect. In a recent multi- 
center randomized trial of 1440 children admit-
ted to the pediatric intensive care unit (PICU), 
those who had parenteral nutrition held for the 
first week actually had improved outcomes in 
terms of infection risks, shorter ventilation, and 
earlier discharge, compared to those that had 
early initiation of parenteral nutrition during 
admission [56].

 Limiting Nephrotoxin Exposure

In our case of suspected early-onset sepsis, the 
patient was placed on an aminoglycoside (genta-
mycin) as part of empiric coverage. Two US 
studies found that 57.5% of all neonates dis-
charged from NICU and 86% of very low birth 
weight infants were exposed to gentamycin dur-
ing their stay [57, 58]. With evolving AKI and the 
nephrotoxic potential of aminoglycosides, the 
treating team should discuss potential alternative 
antibiotic choices. If the aminoglycoside must 
continue, the appropriate dosage and interval 
must be discussed with the local pharmacist 
along with close surveillance on serum levels. 
Trough levels of gentamycin should be main-
tained between 0.5 and 2  mg/L, and elevated 
trough levels suggest reduced renal clearance of 
gentamycin, as was seen in our example 
(5.0  mg/L). A recent Cochrane review did not 
find any clinical difference between once daily 
and multiple daily doses of gentamycin in neo-
nates, but recommends once daily frequency due 
to the improved pharmacokinetic profile achieved 
using this regimen. In theory, extended interval 
dosing of aminoglycosides may be safer for the 
kidney, but this has not been supported by any 
solid data in neonates [59]. While on gentamycin, 
exposure to any additional nephrotoxic agents 
including non-steroidal anti-inflammatory drugs 

(NSAIDs) should be avoided. In our case, the 
gentamycin was appropriately switched to a less 
nephrotoxic choice (penicillin) as soon as blood 
culture results and antibiotic sensitivities were 
available and no further nephrotoxin agents were 
given.

 Other Medical Treatments 
of Neonatal AKI

Although there are currently no drugs approved 
for the treatment of AKI, some medications have 
been reported to ameliorate the effects of neona-
tal AKI.  Four randomized clinical trials in 
asphyxiated infants found that a single prophy-
lactic dose of intravenous theophylline, a methyl-
xanthine with adenosine receptor antagonism 
properties, administered within 1  hour of birth, 
had a renoprotective effect [60–63]. Consequently, 
the KDIGO AKI guidelines for the management 
of AKI suggest that a single dose of theophylline 
should be considered in severely asphyxiated 
infants at high risk for AKI [48]. In an additional 
2016 study published after the KDIGO recom-
mendations, Raina et  al. randomized 159 term 
infants to a single IV dose of 5 mg/kg theophyl-
line vs. placebo [64]. Those randomized to the-
ophylline had lower rates of AKI by KDIGO 
(15% vs. 49%), had lower mean SCr values on 
day 3 of life (0.83  ±  0.35  mg/dL vs. 
1.47 ± 0.61 mg/dL), and displayed a lower inci-
dence of oliguria (27% vs. 59%). No complica-
tions from theophylline were reported.

The effect of a more commonly used methylx-
anthine, caffeine, on AKI has been explored in 
several studies in premature infants [65–67]. 
Harer et  al. explored 675 premature infants 
enrolled in the AWAKEN multi-center retrospec-
tive study [67]. Infants that received caffeine in 
the first 7 days after birth developed AKI less fre-
quently than neonates who did not (11.2% vs. 
31.6%). After multivariable adjustment, receipt 
of caffeine remained associated with a reduced 
odds for developing AKI (adjusted OR 0.20 (95% 
CI 0.11–0.34)), indicating that for every 4.3 neo-
nates exposed to caffeine, 1 case of AKI was 
prevented.

44 Neonatal Acute Kidney Injury



870

Several case series have shown that rasburi-
case, a recombinant urate oxidase, may help 
infants with hyperuricemia and AKI [68–70]. In 
the largest series, Hobbs et al. reported on seven 
neonates who received a single IV dose of rasbu-
ricase (mean dose of 0.17  mg/kg) [70]. Within 
24 hours, serum uric acid decreased from a mean 
of 13.6 to 0.9 mg/dl, SCr decreased from a mean 
of 3.2 to 2.0  mg/dl, and urine output increased 
from a mean of 2.4 to 5.9  ml/kg per hour (all 
p < 0.05). Prior to the use of rasburicase, glucose- 
6- phosphate dehydrogenase (G6PD) deficiency 
should be ruled out. Hemolytic anemia is likely 
to occur in G6PD-deficient patients due to their 
inability to break down hydrogen peroxide dur-
ing the oxidation of uric acid to allantoin [71].

 Indications for Renal Replacement 
Therapy (RRT)

The timing of renal replacement therapy (RRT) is 
one of the most controversial topics in acute care 
nephrology. Like any other intervention, the right 
time to start is when the potential benefits out-
weigh the potential risks. RRT should be consid-
ered when there is impending harm to the patient 
if the physiologic needs of the patient are not 
being met under maximal medical management. 
RRT should be considered if the patient is likely 
to be harmed from the impending consequences 
that occur when the kidney is not able to maintain 
one or more of its vital functions, namely, 
removal of waste products and/or maintenance of 
electrolyte/fluid/acid-base homeostasis. The 
potential benefits need to be weighed in context 
of the potential risks to the patient. There are no 
specific SCr or BUN cutpoints that signal the 
need to initiate RRT. Rather, an evaluation of the 
trajectory of consequences resulting from the 
inability of the kidneys to perform their physio-
logic functions drives the decision to initiate 
RRT.

In addition to the classic indications for RRT, 
neonates with hyperammonemia associated with 
inborn errors of metabolism often require RRT to 
reduce the risk of neurological sequelae of hyper-
ammonemia [72, 73].

RRT is indicated when conservative manage-
ment has failed to adequately control any of the 
following conditions [74, 75]:

 1. Progressive hypervolemia affecting organ 
function

 2. Hyperkalemia
 3. Hyponatremia
 4. Metabolic acidosis
 5. Hyperphosphatemia
 6. Inability to provide necessary blood products, 

drugs, and/or nutrition without progressive 
fluid overload

 7. Toxicity of certain medication(s)
 8. Hyperammonemia related to inborn errors of 

metabolism

Careful evaluation of the potential benefits 
and risk of initiation of RRT needs to be consid-
ered as part of the decision-making process to 
initiate RRT. The potential risks of neonatal RRT 
can be higher than the pediatric and adult popula-
tions. For all RRT across all ages, the risks can be 
mitigated on a programmatic level by developing 
a standardized approach to practice. Fortunately, 
more programs are developing expertise in neo-
natal RRT, and newer technologies are becoming 
more available, which will decrease the potential 
risk of RRT for neonates.

With persistence of oliguric AKI, significant 
fluid overload (26%) with negative respiratory 
effects, and the inability to maintain adequate 
nutrition in our case, the pediatric nephrology 
team discussed the risks and benefits of the avail-
able types of RRT including peritoneal dialysis 
(PD), intermittent hemodialysis (HD), and CRRT 
(continuous renal replacement therapy) with the 
neonatology team and the parents.

 Renal Replacement Therapy 
Modalities

Renal replacement therapy is a broad term to 
describe the use of either the peritoneum or an 
extracorporeal circuit to provide renal support in 
patients whose kidneys are unable to maintain 
appropriate balance of fluids/electrolytes and/or 
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remove metabolic waste products. Once the deci-
sion to initiate RRT has been made, the type of 
therapy used will be driven by modality availabil-
ity, patient condition, and clinician expertise. The 
use of RRT in the NICU is much lower than in 
other critical care units for multiple reasons. In 
the recent multi-center AWAKEN study [76], 
only 25/4273 (0.6%) of patients admitted during 
the 3-month study period (January–March 2014) 
received RRT.  The types of therapy used were 
primarily peritoneal dialysis (n = 9) and CRRT in 
combination with extracorporeal membrane oxy-
genation (ECMO) (n  =  11). In comparison, a 
similar multi-center study in pediatric ICU 
patients [77] found that 1.5% of children with 
AKI received RRT.

A recent survey of pediatric nephrologists 
from developed and developing nations showed 
that all centers who responded had access to PD, 
85.1% had access to HD, and 54.1% had access 
to CRRT [78]. Centers in developed countries 
had twice the likelihood to have access to CRRT 
than those in developing countries (60% vs. 
33.2% p < 0.01). The preferred modality for RRT 
in developed countries was HD or CRRT, while 
those in developed countries preferred PD.

Like all invasive procedures, RRT has poten-
tial risks. The risks of RRT are engrained in the 
vascular access (damage to vessel, clot, bleeding, 
infection), drop or rise in blood pressure in con-
text of fluid removal, electrolyte abnormalities 
(although electrolytes will in general be much 
better balanced while on RRT), and infection. 
When using heparin for anticoagulation, there is 
risk for systemic bleeding. When using regional 
citrate anticoagulation, there is risk of metabolic 
alkalosis and citrate accumulation. Another 
important risk is that RRT can remove amino 
acids, minerals, and medications including 
antibiotics.

 Peritoneal Dialysis

Overall, PD is easier to perform, requires less 
training, and is less expensive than HD or 
CRRT. In addition, PD can be utilized even in the 
smallest of infants. PD usually allows adequate 

clearance and removal of excess fluid. In addi-
tion, PD avoids the need for anticoagulation and 
maintenance of adequate vascular access, which 
are required for the other methods [79]. In neo-
nates after cardiac bypass surgery, initiation of 
PD improves outcomes compared to passive fluid 
drainage and diuretics [80, 81].

PD has been successfully performed in very 
low birth weight (VLBW) infants. Yu et  al. 
reported on the use of a 14 French arrow double- 
lumen vascular catheter to perform PD in 16 
VLBW infants (smallest was 630 grams) [82]. 
Harshman et al. reported the use of a standard PD 
coiled catheter in an 830 gram VLBW infant with 
success [83]. Several important challenges were 
addressed by the authors including the need to 
tailor the access to the patient. For example, the 
surgeons placed a 8.5 French, 8 cm commercial 
temporary PD catheter (Pediatric Peritoneal 
Dialysis Set  – Cook Medical) in the left upper 
abdominal quadrant, which allowed the distal 
coiled end to properly rest in the pelvis.

PD is contraindicated for any abdominal wall 
defects (omphalocele, gastroschisis), diaphrag-
matic or abdominal wall disruptions, perforated 
bowel due to necrotizing enterocolitis, or other 
reasons where the integrity of the peritoneum is 
disrupted (e.g., acute abdomen, recent surgery) 
[84]. In infants with imminent or current intracra-
nial hemorrhage, PD may be preferred as this 
procedure does not require anticoagulation [85].

Although not a true contraindication, com-
pared to HD or CRRT, PD does not provide ade-
quate ammonia clearance for severe 
hyperammonemia. In the event that no HD or 
CRRT is available, starting PD while arranging 
transport to a medical center with HD and/or 
CRRT capabilities can be life-saving [85–87].

Depending on the expected duration and the 
acuity of the problem, neonates can get a surgi-
cally placed tunneled permanent catheter. If this 
is not available, PD can be performed with an 
angiocatheter, multipurpose drainage catheter 
(e.g., Cook Mac-Loc Multipurpose Drainage 
Catheter), or a temporary PD catheter that can be 
placed bedside with Seldinger technique [82, 84, 
88]. Ideally, these temporary approaches should 
not be used for more than a few days. Surgically 
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inserted permanent catheters are associated with 
fewer acute complications [89]. Ideally, a surgi-
cal permanent catheter should have a few days 
(or preferably weeks) to heal before use, but 
immediate use is often necessary in patients with 
AKI. If one cannot wait, using small fill volumes 
should be used to reduce the risk of catheter leak 
and infection.

Since the use of automated peritoneal dialysis 
devices (cyclers) requires a significant amount of 
dead space for tubing and minimal fill volume for 
accurate functioning, their use in neonates is lim-
ited. Instead, manual continuous low-volume 
cycles at the bedside are usually employed. The 
manual PD setup involves a Buretrol device to 
measure volumes, to which the dialysate bag is 
attached to one end through spikes or a Luer lock, 
while the other end is connected to the PD cath-
eter via a Y-set. The other limb of the Y-set is con-
nected to the drainage line. An example of a 
commercially available neonatal/infant manual 
PD set is shown in Fig. 44.1 (Dialy-Nate system, 
Utah Medical Products, Midvale, Utah). This 
pre-assembled closed system with a total priming 
volume of 63 mL includes a 150 mL burette, a 
graduated dialysate meter for measuring outflow, 
and an inline helical infusate warmer. Warming 
the dialysate is extremely important for the neo-
nate with their higher risk of temperature insta-
bility and hypothermia.

In the acute setting, the default PD cycle dura-
tion is 60 minutes. Approximately 10 ml/kg (or 
200 ml/m2) of dextrose-based dialysis fluid fills 
the abdomen, dwells, and then drains. The fill, 
dwell, and draining phases should be 5–10, 
40–50, and 5–10 minutes in length, respectively. 
If more clearance of fluid or waste products is 
needed, then 32 cycles lasting 45 minutes can be 
performed in 24  hours. Another method to 
increase clearance is by increasing the dwell vol-
ume, but needs to be mitigated with higher 
chances of leaking from the catheter exit site. 
Increasing the dextrose concentration can 
increase ultrafiltration and may be necessary with 
low fill volumes. If commercially manufactured 
fluids are not available, they can be locally pre-
pared [90]. Some programs add 500  units of 
heparin/L to prevent catheter obstruction from 

blood or fibrin. Potassium and phosphorous can 
also be added to the dialysate to prevent hypoka-
lemia and hypophosphatemia, respectively, both 
of which can occur with prolonged frequent 
exchanges.

In discussions with the treating team, our 
patient was placed on PD, and the local surgeon 
placed a tunneled PD catheter in the OR with no 
complications. Manual PD was started using 
30 ml fill volumes (10 ml/kg with 1.5% dextrose) 
with hourly cycles. The cycles consisted of 
10-minute fill times, 40-minute dwell times, and 
10-minute drain times. In the first 12 hours, total 
ultrafiltration was 100  mL, and hyperkalemia, 
acidosis, and hyperphosphatemia improved. 
Total protein intake was increased back to 2.5 g/
kg/day to account for ongoing losses inherent to 
PD. At 24 hours after starting PD, a large leak 
developed around the catheter exit site, and PD 
could no longer be utilized effectively. Due to 
ongoing oliguric AKI, a decision was made to 
start extracorporeal therapy in the form of CRRT 
(continuous renal replacement therapy).

 Extracorporeal Therapies

RRT using extracorporeal therapies has several 
advantages over PD. The first is that once vascu-
lar catheter access is established, the therapy can 
be started immediately. Second, higher clear-
ances can be achieved, which can be critical in 
neonates, especially in those with severe hyper-
ammonemia from inborn errors of metabolism 
[87, 91]. Third, the net ultrafiltration rate can be 
precisely titrated for the desired effect, and 
changes can be made in real time as necessary. 
This differs from fluid removal approaches in PD 
where the clinician prescribes a specific dextrose 
concentration, fill volume, and dwell time and 
then explores empirically what rates of fluid 
removal are achieved for several hours before the 
PD prescription is changed.

There are also several disadvantages to extra-
corporeal therapies. First, the cost of specialized 
equipment is higher. Second, the nursing exper-
tise is significantly higher. Third, there are risks 
to anticoagulation. Fourth, there is risk for hemo-
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Fig. 44.1 Neonatal/
infant manual peritoneal 
dialysis set. (Dialy-Nate 
system from Utah 
Medical Products, 
MidVale, UT)
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dynamic instability during initiation. This risk 
can be mitigated to some degree by priming the 
circuit with blood in conjunction with steps to 
make the blood more physiologic before initia-
tion. Finally, compared to older children, place-
ment of a catheter is more challenging and has 
potentially more complications, especially in sit-
uations with significant fluid overload and high 
ventilation support.

 Vascular Access

The ideal location for catheter placement depends 
on multiple factors including the size of the 
patient, estimated duration of therapy (cuffed 
catheters are preferred if the estimated duration 
of the CRRT will be for at least 2 weeks), urgency 
of the therapy, and local expertise. Access is 
achieved with either a double-lumen catheter or 
two single-lumen catheters (see Table  44.3 for 
sizes for neonates/infants). For those who will 

need renal support for more than a few weeks, the 
preferred location is a right internal jugular cath-
eter (ideally tunneled with a cuff). Femoral and 
umbilical veins are usually smaller diameter than 
internal jugular veins, but can be used. With 
smaller circuits, smaller vascular access (5 or 6 
French) can be used to provide adequate flows for 
these machines.

 Fluid to Prime Machine

Whether one is using hemodialysis (HD) or con-
tinuous renal replacement therapy (CRRT), the 
clinician must determine which type of fluid is 
required to prime the machine as the relatively 
large extracorporeal volume places a young 
infant at a higher risk of cardiovascular instabil-
ity upon initiation of RRT.  The extracorporeal 
volume (ECV)/total blood volume (TBV) has 
been used as a gauge to determine the type of 
prime to use. The TBV of a neonate can be esti-

Table 44.3 Central venous catheter types and sizes for neonatal/infant extracorporeal therapies

Weight Cuffed (tunneled) Un-cuffed (un-tunneled)
<2.5 kg aBard 6Fr × 50 cm (Powerline) 

DLC
  Right IJ

2 × Single-lumen Cook 3 F or higher single-lumen catheter
Cook 4Fr × 5 cm DL
  Right IJ
bCook 5Fr × 5 cm DLC
  Right IJ
bCook 6.5Fr × 12 cm DLC
  Femoral
a,bBard 6Fr × 50 cm (POWERHOHN) DLC
  Right IJ
  Femoral
  Umbilical
bGambro 6Fr × 15 cm DLC
  Femoral
  Umbilical
Medcomp 7Fr × 7 cm DLC
  Right IJ

>2.5 kg As Above
Medcomp 8Fr × 18 cm DLC with 
cuff

As Above
2 × Single-lumen 4Fr or higher catheter
Medcomp 7Fr × 10 cm DLC
  Femoral

Fr French, DLC double-lumen catheter
Note: The diameter of the catheter needs to be tailored to the size of the vessel by ultrasound. Above are catheters that 
have been suggested/reported for small infants
aPowerHohn and Powerline catheters are designed to cut the desired length
bThese catheters have been reported in use with circuits with smaller extracorporeal volume (Aquadex, Carpediem, and 
Nidus)
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mated as 80 ml/kg. In general, if the ECV/TBV is 
<10%, patients can generally tolerate initiation 
using a saline prime. Currently, for infants, most 
circuits available will be >10% of the ECV/
TBV.  An albumin prime can be used when the 
ECV is 10–15% of the TBV. A blood prime may 
be preferable when the ECV is >15% of the TBV 
or for any patients not stable enough for a saline 
or albumin prime.

Priming the circuit with packed red blood 
cells (pRBC) can reduce morbidity; however, it is 
important to recognize that compared to physio-
logic blood, pRBC are cold, very concentrated, 
acidic, hyperkalemic, and hypocalcemic. Most 
centers that perform neonatal CRRT have proto-
cols in place to buffer the acidic environment, 
reverse hypocalcemia, and dilute the higher 
hematocrit of pRBCs. Even with these measures, 
blood primes are not without risk, as blood 
primes can cause hypothermia, acidosis, hypo-
calcemia, hyperkalemia, thrombocytopenia, 
hypotension, and coagulopathy. These risks 
increase exponentially with smaller-sized infants, 
those who are often hemodynamically unstable, 
along with the frequent need of repeated RRT ini-
tiation [92].

 Continuous Versus Intermittent 
Duration

 Hemodialysis
Intermittent hemodialysis (HD) using standard 
dialysis machines is the most efficient form of 
renal support clearance and is usually provided 
over a 3–4-hour period. However, the main chal-
lenge of HD is related to the machines requiring 
expert nursing care from dialysis-trained person-
nel. Intermittent hemodialysis can be used if the 
goals of the therapy can be achieved in a short 
amount of time. However, if the patient is hemo-
dynamically unstable, it may be very difficult to 
accomplish the fluid removal goals during a short 
intermittent therapy.

The dialyzer size should be between 75% and 
100% of the infant’s total body surface area to 
minimize the ECV while maintaining effective 
solute removal. Dialyzers with smaller surface 

areas of 0.2m2 (e.g., Gambro Polyflux 2H, 
Fresenius FX Paed) and 0.4m2 (e.g., Fresenius 
F3) are available along with low priming vol-
umes (17  mL and 28  mL, respectively). Blood 
lines designed for neonates with low volumes are 
also available (e.g., Gambro Phoenix BTS neona-
tal lines with 40 ml volume and Fresenius 2008K 
neonatal line options with 29ml and 52 ml). 
There are no published recommendations for 
blood flow rates in neonates. Initial blood flows 
should be prescribed to provide adequate clear-
ance and flow to prevent clotting. Not more than 
5% of the body weight should be removed per 
session with ultrafiltration to maintain hemody-
namic stability. Most centers use systemic hepa-
rin for anticoagulation during HD.  A report of 
HD in 33 infants <5 kg at a median of 10 days of 
age revealed that HD can be done safely and 
effectively in this age group [93]. Only 9/216 
(4.2%) of HD treatments had to be stopped pre-
maturely (3 from technical issues and 6 from 
intractable hypotension). During intermittent 
HD, the amount of dialysis is very high compared 
to when it is performed using CRRT; thus the 
limiting factors that drive clearance are the blood 
flow, dialyzer, and time.

 CRRT
Continuous renal replacement therapy (CRRT) 
has become a popular modality for renal support 
in pediatric and adult cohorts. Use of CRRT 
should be limited to regional centers with the 
expertise to perform the therapy in neonates.

CRRT poses additional challenges and risks in 
neonates, even at experienced tertiary children’s 
hospitals. When used, these larger machines 
necessitate that small children receive CRRT 
with proportionally larger filters, higher blood 
flows, massive clearance rates, and proportion-
ally larger vascular catheters for their size, when 
compared to bigger children [94]. One of the 
main reasons for the difficulty comes from using 
CRRT filter sets that result in a very large ECV/
TBV ratio. For example, the most commonly 
used CRRT machine in the United States has an 
ECV of about 93  ml (Prismaflex with M60 
Filter). For this reason (and others), initiation of 
neonatal CRRT therapy has historically been 
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fraught with anxiety and hemodynamic compro-
mise when initiating the therapy in small infants. 
The more critically ill the patient is, and the 
higher the ECV/TBV ratio, the more challenging 
the initiation of CRRT will be. For these reasons, 
many centers do not offer CRRT to any infant, 
especially very small infants and those who are 
considered too critically ill to tolerate CRRT 
initiation.

We chose to start CRRT using the smallest cir-
cuit available (Prismaflex M60: ECV = 93 ml). 
Our surgeons placed a 7 French, 7 cm catheter in 
the right internal jugular vein. Our infant has a 
weight of 3.4 kg, with a blood volume of 80 ml/
kg  =  272  ml. The ECV/TBV of the patient is 
93/272 (34%), and a blood prime was indicated 
for circuit initiation. Blood flow was set at 40 ml/
min. A clearance of 25 ml/kg/ hr = 90 ml/hr was 
prescribed. Because he had no specific risks for 
bleeding, we performed CRRT using heparin 
(20  units/kg/hr of heparin bolus followed by 
20  units/kg/hr continuous infusion). Infusion 
rates were adjusted for a goal PTT of 50–70 sec-
onds. Net ultrafiltration rate was prescribed to 
remove 10  ml/hr after accounting total intake 
and output.

 Newer RRT Machines for Young 
Infants

In the United States, the most commonly used 
machine is Prismaflex. The smallest CRRT cir-
cuit volume has been 93 ml (Prismaflex M60) 
until the fall of 2020, when the US FDA issued an 
emergent use authorization for the use of 60 ml 
circuit (the HF20 circuit) in children > 8 kg. This 
filter has been available in Canada, Europe and 
other countries for several years with good expe-
rience. CRRT machines with even smaller ECV 
should reduce the risks associated with the ther-
apy and improve outcomes. For these reasons, 
several groups have developed or adapted dialy-
sis and convective clearance devices which use a 
smaller size circuit. The miniaturization of CRRT 
devices allows for adequate flows with much 
smaller diameter catheters. In addition, initiation 
of CRRT circuit with much lower ECV is for the 

most part uneventful, even in very small and very 
critically ill infants [95].

The Newcastle infant dialysis ultrafiltration 
system (Nidus) [96] has an ECV of around 10 ml 
and can provide continuous or intermittent dialy-
sis with the use of a 4 French single-lumen cath-
eter (Fig.  44.2a). The circuit uses automated 
syringe pumps to accomplish four separate steps: 
(a) remove a volume of blood from the patient, 
(b) send blood through a dialysis filter that has 
counter-current dialysis running, (c) return the 
blood back to the initial syringe pump, and (d) 
return that volume of blood (now cleaned) back 
to the patient.

The cardio-renal pediatric dialysis emergency 
machine (Carpediem™) has available circuits of 
27, 34, and 45 ml [96, 97] for filters of 0.075m2, 
0.15m2, and 0.25m2, respectively (Fig. 44.2b). By 
using a smaller blood pump with a unique design, 
it reduces the peak pressure for a given blood vol-
ume, reducing the need for a very wide catheter. A 
4.5 French double-lumen catheter can be used to 
accomplish the flow rates required for this machine. 
The circuit has to be exchanged daily. The blood 
flow rate can be titrated from 2 to 40 ml/minute, 
and it has very precise fluid scales available, mini-
mizing any potential errors of ultrafiltration.

To mitigate concerns posed by CRRT 
machines with large ECV in relation to blood 
volume size, Askenazi et  al. adapted the 
Aquadex™ machine (a machine initially 
designed for ultrafiltration in adults with heart 
failure) to provide convective clearance by using 
an independent IV pump to deliver the replace-
ment fluid (Fig. 44.2c). The machine can ultrafil-
ter up to 500  ml/hour. It has an integrated 
hematocrit detector that can help mitigate any 
abrupt changes in hematocrit. This system can 
provide clearance, electrolyte balance, and fluid 
ultrafiltration with minimal need for interven-
tions during circuit initiation [95]. The biggest 
drawback to this system is that the replacement 
pump is not directly in communication with the 
blood flow pump. Several catheters have been 
used in the right internal jugular, femoral, and 
umbilical veins. More recently, use of a 6 French 
double-lumen catheter (Bard Powerline 6Fr x 
50 cm tunneled, Tempe AZ, USA) that is cut to 
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Fig. 44.2 Newer renal replacement therapy devices 
designed for neonates and young infants. (a) The 
Newcastle infant dialysis ultrafiltration system (Nidus). 
The circuit has two operating syringes (1), a high-flux 
polysulfone 0.045  m2 filter (2), a heparin syringe (3), 
pumped dialysate (4), a pressure transducer (5) and an 
air- detector (6), and self-primes with 4.3 ml of heparin-
ized saline, giving a minimum operating volume of 
9.3 ml. (b) The cardio-renal pediatric dialysis emergency 
machine (Carpediem™). (c) Continuous venovenous 
hemofiltration (CVVH) using the Aquadex™ machine. 
Heparin is infused through a y-connector attached to the 
withdraw (access) line of the patient’s catheter. Using an 
in-line medication infusion machine, prereplacement 

fluid is infused via the proximal pigtail of the circuit. 
There are two pumps on the machine: the blood pump 
(which can pump blood to a maximum of 40 ml/min) and 
the ultrafiltration (UF) pump (which can perform UF to a 
maximum of 500  ml/h when the blood flow is 40  ml/
min). Blood for anticoagulation monitoring is obtained 
through the distal pigtail of the circuit. A blood warmer is 
attached to the tubing on the infusion (return) line before 
the blood is returned to the patient. (Reprinted with per-
mission from Coulthard et al. [56]. Reprinted with per-
mission from Ronco C and Ricci Z.  Evolution of the 
Management of AKI in Neonates. ASN Kidney News 
Volume. 2015. Reprinted with permission from Askenazi 
et al. [95])

44 Neonatal Acute Kidney Injury



878

43 cm

23 cm
44 cm

Filter holder

Ultrafiltration scale

Heparin pump

Ultrafiltrate pump

Arterial pressure connector

Blood pump

Prefilter pressure connector

Venous electroclamp

Infusion pump

Bubble detector

Drip chamber holder

Venous pressure connector

Infusion scale

Blood leakage detector (BLD)

Control panel

13

12

2

3

9

8

7

6

5

14

15

11

b

c

Fig. 44.2 (continued)

C. Mammen and D. Askenazi



879

the desired length prior has led to fewer compli-
cations and longer duration of use compared to 
other hemodialysis catheters (author personal 
communication).

Clearly, as these devices become mainstream, 
there will be lower risks associated with perform-
ing extracorporeal forms of RRT in neonates. The 
risk/benefit ratio will allow for more judicious use 
and earlier intervention and will likely serve as a 
profound improvement in the care of critically ill 
neonates. With the development of smaller filters, 
it has already become possible to use CRRT in 
neonates when they require it. This area of inves-
tigation and clinical use is exciting, and we antici-
pate that CRRT for infants will be greatly 
enhanced with the use of these safer devices.
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Acute Kidney Injury in Less  
Well- Resourced Countries

Mignon I. McCulloch and Arvind Bagga

 Introduction

Acute kidney injury (AKI) is a clinical syndrome 
characterized by rapid decline in renal function 
resulting in accumulation of nitrogenous waste 
and disturbed fluid and electrolyte homeostasis. 
A uniformly accepted definition of AKI based on 
blood level of creatinine and urine output has 
helped understand the burden of illness and its 
impact on outcome. The management of AKI 
requires knowledge of fluid-electrolyte homeo-
stasis and understanding regarding renal replace-
ment therapy. AKI is associated with short- and 
long-term complications, and an increased risk of 
mortality. The clinical syndrome of AKI is the 
same in less well-resourced countries as in high- 
income countries (HIC), but AKI etiology and 
presentation are often different, and management 
is made more challenging in many settings by the 
limited available resources. In this chapter, we 
review the current understanding of the syndrome 
of AKI in children and focus on the management 
strategies currently available in less well- 
resourced countries.

 Epidemiology and Etiology

The incidence of AKI in children is not precisely 
known. A systematic review involving primarily 
children cared for in high-income countries 
(HIC) that used a KDIGO-equivalent definition 
of AKI showed a pooled prevalence of 33.7% in 
hospitalized children and AKI-associated mortal-
ity of ~14% [1]. In a large multicenter epidemio-
logic study with a similar patient cohort 
(AWARE), 26% of critically ill children devel-
oped AKI, including 11.6% with severe AKI [2]. 
In another multicenter study in neonates 
(AWAKEN), the incidence of AKI was almost 
30% [3]. Patients undergoing surgery for repair 
of congenital heart disease are at high risk of 
AKI, with an estimated incidence of 30–65% [4]. 
AKI is common in non-critically ill hospitalized 
patients with a reported incidence of 4–6%. 
Exposure to nephrotoxic drugs is another impor-
tant risk factor.

AKI in the well-resourced world predomi-
nately occurs in hospital settings and is associ-
ated with multiple risk factors (e.g., sepsis, 
hypotension, following surgery) and use of neph-
rotoxic agents or radiocontrast agents. In low and 
low-middle-income countries (LLMIC), AKI is 
chiefly community-acquired and secondary to a 
single illness, e.g., gastroenteritis, hemolytic ure-
mic syndrome (HUS), dengue, leptospirosis, or 
malaria. A recent global study confirmed that 
patients with community-acquired stage III AKI 
had high mortality in low-income countries, 
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compared to high-income countries (HIC) [5]. 
Preventive measures are thus likely to be rela-
tively more effective in low-income countries.

Since AKI is a heterogeneous syndrome, the 
primary mechanism resulting in renal injury is 
not the same for all causes. Prerenal causes 
include dehydration, wherein serum creatinine 
rises due to a functional adaptive drop in the glo-
merular filtration rate (GFR) and is fluid respon-
sive. Differentiation between fluid responsive 
prerenal causes and other prerenal causes of 
acute tubular necrosis is important, since timely 
and appropriate fluid administration can help in 
reducing further renal injury.

The causes and presentation of AKI in LLMIC 
differ from that seen in HIC. The epidemiology is 
not well understood due to late presentation to 
hospitals, under-reporting, and reduced capacity 
to provide intensive care to severely ill patients. 
AKI complicates 1–5% of patients with malaria, 
20–85% with leptospirosis, and ~2% of patients 
with dengue hemorrhagic fever and dengue shock 
syndrome. Hemorrhagic fever associated with 
hanta virus and AKI are common in parts of Asia 
and Latin America. Two reports from India sug-
gest that the incidence of AKI was 5–9% in inpa-
tient wards and 25–36% in intensive care units. 
The pattern of hospital-acquired AKI in tertiary 
hospitals in low-income countries is similar to 
that in high-income countries.

In rural or deprived areas with unsatisfactory 
health infrastructures, AKI is usually a 
community- acquired disease, affecting young 
and previously healthy individuals. The chief 
causes of AKI in the developing world are diar-
rhea, septicemia, and endemic infections such as 
malaria, leptospirosis, and rickettsial infections. 
HUS is an important cause of renal failure that 
often requires renal replacement therapy. 
Appropriate use of antibiotics for skin and throat 
infections has led to a decline in AKI due to post- 
infectious glomerulonephritis. Other causes 
include postsurgical complications, snake bites, 
and intake of traditional and nephrotoxic medi-
cines. Patients with HIV/AIDS may develop AKI 
in association with infections, hypovolemia, and 
use of nephrotoxic antiretroviral drugs. Drug- 
induced hemolysis can occur with deficiency of 

glucose-6-phosphate dehydrogenase, frequently 
seen (15–20%) in north-west India, eastern 
Africa, and Nigeria.

Epidemics of AKI can occur after disasters, 
e.g., earthquakes or hurricanes, and are largely 
attributed to rhabdomyolysis resulting in crush 
syndrome. Venomous snake bites account for a 
proportion of patients with AKI in India, Burma, 
and Thailand. Exposure to industrial chemicals, 
including copper sulfate, might cause AKI in the 
tropics. Traditional remedies from plant toxins 
and indigenous delicacies, e.g., djenkol beans 
and mushrooms, may lead to AKI in Africa and 
Southeast Asia. Renal stones are an important 
cause of obstructive uropathy in northeast Africa 
and western Asia.

Shiga toxin-associated HUS, due to gastroin-
testinal infection with enterohemorrhagic E. coli 
(EHEC) or Shigella dysenteriae, is the predomi-
nant cause of AKI in the developed world and in 
many developing countries. Improved hygiene 
and appropriate use of antibiotics has resulted in 
a declining, and almost absent transmission of S. 
dysenteriae in India. Tertiary care centers in India 
therefore encounter more patients with atypical 
HUS than Shiga toxin-associated disease. 
Infection was the most common cause of pediat-
ric AKI in a tertiary hospital in south India during 
2010–11; non-communicable diseases and drug 
use were also notable.

In Nigeria, primary kidney disease (39%; 
mostly acute glomerulonephritis and nephrotic 
syndrome), sepsis (26%), and malaria (11%) were 
chief causes of AKI. Accidental contamination of 
medications can lead to epidemics of pediatric 
deaths from AKI, such as occurred with diethylene 
glycol contamination of agents prescribed for 
cough and fever in Haiti, Bangladesh, and India.

 Diagnostic Evaluation (See Also 
Chaps. 43 and 44)

 Clinical Evaluation

In patients with oliguria, the history should 
include questions on prerenal causes: vomiting, 
diarrhea, blood and volume loss, and fluid intake 
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in the last 24-hours. Acute tubular necrosis is the 
chief cause of AKI in hospitalized children and 
occurs in multiple settings: sepsis with capillary 
leak, burns, cardiac dysfunction, and inadequate 
fluid replacement. Attention is given to fluid bal-
ance; negative balance suggests dehydration, and 
progressive increase in weight indicates fluid 
accumulation.

History is obtained for features of the underlying 
cause: edema, hematuria, hypertension (glomerulo-
nephritis); dysentery, pallor, thrombocytopenia 
(hemolytic uremic syndrome); sudden pallor, jaun-
dice, cola-colored urine (intravascular hemolysis); 
rash, arthritis (SLE, vasculitis); abdominal colic, 
hematuria, dysuria (nephrolithiasis); and inter-
rupted urinary stream, palpable urinary bladder 
(obstruction of lower urinary tract). Urine output is 
often preserved in patients with AKI secondary to 
nephrotoxic medications and radiocontrast agents. 
Anuria may be seen in patients with urinary tract 
obstruction, cortical necrosis, bilateral vascular 
occlusion, and severe glomerulonephritis. Polyuria 
is seen in patients with partial ureteral obstruction 
and AKI with pre-existing tubular disorders.

The diagnosis of AKI depends on serial mon-
itoring of serum creatinine. Although efforts 
have been made to identify biomarkers that 
detect injury of renal tissue, including neutro-
phil gelatinase- associated lipocalin (NGAL), 
kidney injury molecule-1 (KIM-1), and inter-
leukin-18, these so far have limited roles in the 
diagnosis of AKI.

 Laboratory Evaluation

Investigations to confirm the etiology of AKI, 
assess severity, and detect complications are rou-
tinely performed. Prerenal conditions should be 
distinguished from intrinsic causes. In estab-
lished acute tubular necrosis, diminished tubular 
function results in high urine sodium (>40 mEq/L) 
and dilute urine (<300 mOsm/kg). In the prerenal 
state, GFR is reduced but tubular reabsorption is 
normal; hence urine sodium is low (<20 mEq/L), 
fractional excretion of sodium is low (<1%), and 
there is an increased ratio of blood urea nitrogen 
to creatinine (>20). Peripheral smear is examined 

for features of hemolytic anemia and thrombocy-
topenia as typically seen in hemolytic uremic 
syndrome (HUS). Urinalysis helps in the evalua-
tion of acute glomerulonephritis, indicated by 
proteinuria, hematuria, and red cell casts. 
Epithelial cells and muddy brown tubular casts 
suggest the diagnosis of ATN.  Serum C3 and 
ASO/Anti-DNAse B titers are often helpful in the 
diagnosis of patients with post-infectious glo-
merulonephritis. An ultrasound kidney scan with 
Doppler is the most important radiological inves-
tigation for evaluating the etiology of 
AKI. Ultrasound scan allows delineation of kid-
ney anatomy and identification of congenital 
anomalies of the kidney and urinary tract. 
Doppler ultrasonography can identify reduced 
renal blood flow and ischemic causes of AKI.

Patients with AKI should be screened for 
associated complications, including fluid over-
load, as will be discussed later in this chapter [6] 
Clinical evaluation should focus on detection of 
hypertension, signs of fluid overload, acidosis, 
and anemia. Laboratory investigations include 
blood levels of electrolytes, urea, creatinine, 
bicarbonate, and hemoglobin. An electrocardio-
gram is done for features of potassium excess and 
a chest x-ray for fluid overload. Most patients 
with AKI do not require renal biopsy. A biopsy is 
considered in patients where the histology is 
likely to modify therapy and enable recovery of 
renal function, as in patients with rapidly pro-
gressive glomerulonephritis, acute interstitial 
nephritis, and vasculitis. Renal biopsy should be 
considered if the etiology of AKI is unclear and 
with a prolonged course of AKI lasting more than 
3–4 weeks.

 Management

In a patient with suspected prerenal AKI, espe-
cially in the setting of oligo-anuria, assessment of 
intravascular volume is necessary. Correction of 
intravascular volume with IV fluids leads to bet-
ter kidney perfusion and increased urine output. 
Suspected hypovolemia is initially corrected by 
administration of 20 ml/kg of an isotonic solution 
over 45–60 minutes. During fluid administration, 
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vital signs and central venous pressure should be 
monitored to determine adequacy of fluid replace-
ment and avoid overhydration. If hypovolemia 
does not improve despite two 20  ml/kg fluid 
boluses, therapy with vasopressors should be 
considered. If despite fluid volume loading urine 
output is less than 1 ml/kg/h after 2-h and there 
are no signs of intravascular volume deficit, furo-
semide can be administered IV at a dose of 
1–2  mg/kg. Failure of furosemide to increase 
urine output suggests an intrinsic cause of 
AKI.  As noted above, all patients with AKI 
should undergo kidney ultrasonography to evalu-
ate kidney size and exclude urinary tract 
obstruction.

Principles of management of established AKI 
include supportive care with attention to fluids 
and nutrition, treatment of complications, ther-
apy of the underlying disorder, and renal replace-
ment therapy if indicated.

 Therapy of Complications

Patients with AKI and oligo-anuria should be 
screened for life-threatening complications 
including hyperkalemia, hypertension, pulmo-
nary edema, and metabolic acidosis. Hyperkalemia 
is a serious complication that can result in arrhyth-
mias and sudden death. Urgent treatment is insti-
tuted depending on serum potassium levels and 
ECG changes. Hyponatremia is related to hypo-
tonic fluid administration and is managed by 
restricted fluid intake. Patients with sodium level 
>125  mEq/L are usually asymptomatic; those 
with symptomatic hyponatremia require therapy 
with 3% saline. Patients showing metabolic com-
plications should be considered for early renal 
replacement therapy.

Specific therapy is possible in a small pro-
portion of patients, including those with cres-
centic glomerulonephritis, lupus nephritis, 
interstitial nephritis, and atypical HUS. Patients 
with urinary tract obstruction often require 
bladder catheterization or urinary tract diver-
sion through interventional radiology or uro-
logic surgery.

 Management of Fluid 
and Electrolytes

Fluid overload >10–15% is shown to be associated 
with an increased risk of mortality. Fluid manage-
ment should be meticulous in order to mitigate this 
complication. Daily fluid intake should be 
restricted to insensible losses (400  ml/m2 body 
surface area) and ongoing renal and gastrointesti-
nal losses. Insensible losses are replaced intrave-
nously with 10% dextrose, while urine and 
extrarenal losses are replaced with 0.45% saline in 
5% dextrose. The oral route for fluid therapy is 
preferred, since it enables delivery of oral nutri-
tion. In fluid overloaded patients, less than the total 
urine output should be replaced to promote nega-
tive balance. The daily fluid prescription should be 
guided by strict input and output monitoring, daily 
weight, physical examination, and serum sodium. 
Judicious fluid administration with appropriate 
fluid composition should allow 0.5–1% weight 
loss per day in fluid overloaded patients. Low 
serum sodium, hypertension, and failure to lose 
weight suggest excessive fluid intake, while weight 
loss and increasing sodium concentration suggest 
inadequate free water replacement. Patients with 
oligo- anuria are at risk of hyperkalemia; potas-
sium-containing fluids should be avoided. Sodium 
intake should be restricted to 2–3 mEq/kg/day to 
avoid hypernatremia and fluid retention. In the set-
ting of non-oliguric AKI, patients may lose exces-
sive fluid and electrolytes and need potassium and 
sodium supplements. Patients with prolonged 
duration of AKI may develop hyperphosphatemia, 
which is managed with dietary phosphate restric-
tion and oral phosphate binders.

 Pharmacologic Therapy

There are limited data on the efficacy of pharma-
cologic agents for therapy of AKI. While dopa-
mine in low doses improves renal blood flow and 
sodium excretion, this effect is short lasting and 
quite variable. There is no evidence that use of 
low-dose dopamine or fenoldopam prevents or 
improves renal recovery in AKI.  Intravenous 
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furosemide may increase urine output in some 
patients, but there is no evidence that it improves 
renal recovery or long-term prognosis of patients 
with AKI. A single dose of theophylline (5–8 mg/
kg/day) has been shown to reduce the incidence 
of severe AKI in term neonates with severe birth 
asphyxia [7].

 Nutrition

Patients with AKI are critically ill, have increased 
metabolic requirements, and show protein catab-
olism. Adequate nutritional supplementation is a 
crucial component of AKI management. Protein 
intake should be 0.8–1.2 g/kg/day, which may be 
increased to 1.0–1.5 g/kg/day in patients on peri-
toneal or hemodialysis. Patients should receive 
60–70  Cal/kg/day, which is 20–30% above the 
basal needs. Enteral feeding is preferred for 
patients with AKI.  Patients on dialysis require 
supplementation of water-soluble vitamins and 
micronutrients [8, 9].

 Fluid Administration

In LLMIC, the majority of cases of AKI are due 
to malaria, diarrhea, snake bites, and sepsis. 
Treatment includes the administration of intrave-
nous fluids, which has become controversial. 
There is no clear consensus on the following 
questions:

• Which fluid?
• How much?
• Over what time period? 
• Intravenous or oral?
• What percentage fluid overload is accept-

able – 10% or 20%? [10]

 Fluid Boluses

The role of fluid boluses in the management of 
acute AKI is controversial. One study which 
sparked this discussion was the FEAST trial [11] 
which was conducted in East Africa looking at 

bolus fluids in septic children. Poorer outcomes 
were seen in those receiving boluses. Subsequent 
publications have sought to explain this observa-
tion without coming to a clear conclusion [12], 
but the FEAST trial has raised awareness that too 
much intravenous fluid given too rapidly in sick 
children can be deleterious. As a result, the World 
Health Organization (WHO) and numerous inter-
national pediatric bodies (e.g., American 
Academy of Pediatrics) have advised caution 
when administering intravenous fluid rapidly or 
in large volumes without intermittent clinical 
assessment.

Sepsis and septic shock are frequently associ-
ated with AKI.  Studies of early goal-directed 
therapies (EGDT) for septic shock in adults have 
not been as promising as originally thought; there 
have been no large trials of EGDT in pediatrics 
[13]. One meta-analysis confirmed that EGDT as 
a packaged protocol of care was not superior to 
usual care, with questions remaining regarding 
the most effective fluid and vasopressor regi-
mens, the role of hemodynamic monitoring 
including central venous pressure measurement 
and appropriate targets in the resuscitation of 
patients with sepsis and septic shock. The future 
of sepsis therapy may lie with a more individual-
ized approach with understanding of the complex 
interplay among host genetics, individual patho-
physiological features, and the infective agent. 
Another hypothesis that AKI is due to renal 
microcirculatory alterations is currently being 
studied using the sublingual microcirculation as a 
surrogate for the renal microcirculation [14].

In children in LLMIC, many intensive care 
therapies such as central lines and vasopressors 
may not be easily available or even affordable 
and thus the emphasis remains on fluid therapy. 
The predominant use of 0.9% saline in the man-
agement of AKI has been questioned. This is a 
challenge in LLMIC as 0.9% saline is inexpen-
sive and easily available. An alternative for intra-
venous fluid use, Ringer’s lactate, is now being 
used in many centers with the lactated base being 
helpful in treating acidosis. Individuals may be 
concerned about the potassium content of 
4 mmol/l in this fluid, but this does not usually 
result in adverse events.
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 Fluid Overload

Studies in well-resourced countries have shown 
that fluid overload in a pediatric intensive care 
setting has a higher incidence of renal replace-
ment therapy requirement (in the form of contin-
uous renal replacement therapy (CRRT)), as well 
as higher morbidity and mortality [10, 15].

The degree of fluid overload (%FO) at CRRT 
initiation can be calculated using the following 
formula [16]

%FO = (Fluid In ‐ Fluid Out)/(PICU admission 
weight)  ×  100% Stuart Goldstein and colleagues’ 
work with the Prospective Pediatric CRRT Registry 
[16] demonstrated that fluid overload of >20% over 
admission weight was associated with poorer out-
comes and the need for CRRT. This is very relevant 
in LLMIC as this is a relatively easy measurement. 
The above formula requires only admission weights 
and calculations of “fluid in and out” without any 
sophisticated technology. Establishing this admis-
sion weight baseline with regular fluid monitoring 
has become accepted practice even in resource-poor 
settings, and will reduce the risk of excessive fluid 
resuscitation progressing to fluid overload requiring 
removal by dialysis/hemofiltration which may not 
be available (Fig. 45.1) [6].

 Drugs to Remove Fluid

Managing a child who is passing at least some 
urine is easier than managing an anuric patient, 
especially in areas where dialysis is not available. 

Furosemide is a controversial drug for use in the 
oliguric or anuric AKI patient raising concerns 
for the increased work of the kidney as well as 
the potential of ototoxicity. Furosemide, how-
ever, is an inexpensive drug that is easily avail-
able in most LLMIC where it is used either as 
1 mg/kg/dose boluses 6–8-hourly or even as an 
infusion (0.1–1 mg/kg/h iv infusion).

Aminophylline has been used intermittently in 
the past, mainly in neonatology as a supplemen-
tary diuretic,[7], and there is some new work sug-
gesting that the use of a combination of 
furosemide and aminophylline (1 mg/kg/dose 6 
hourly iv infusion) works well to produce a diure-
sis. This could be trialed in a patient before 
switching to CRRT in resource-limited cases.

 Drug Administration

Many drugs, both conventional and alternative 
preparations, have the potential to cause or con-
tribute to AKI.  Common and easily available 
drugs which are implicated in AKI include non- 
steroidal anti-inflammatory drugs (NSAIDs) 
such as Ibuprofen for the treatment of fever or 
pain in children. This is often given in the face of 
poor feeding, malnutrition, and dehydration 
resulting in a second “hit” to kidneys which may 
already be vulnerable.

Aminoglycosides are also implicated in AKI 
and are both cheap and easily available, resulting 
in use as first-line therapy for sepsis. These drugs 
are often given without monitoring drug levels as 
drug levels may not be available on the whole or 
just too costly to do routinely.

Radiocontrast used in investigations such as 
CT scans or cardiac catheterization is also impli-
cated in drug-related AKI and may in some cases 
be prevented by pre-hydration, which is achiev-
able in less well-resourced areas.

In severely ill patients, inotropes may also be 
added. Recent studies have shown that the use of 
Dopamine in sepsis can be associated with an 
increase in mortality compared to Adrenaline 
(epinephrine) [17]. This is thought to be due to 
Dopamine impairment of the cellular immune 
function during sepsis. These drugs are often 

R
E
S
U
C
I
T
A
T
I
O
N

Maintenance/
Homeostasis

Removal/
Recovery

Fluid
Balance

Time

Fig. 45.1 The acute kidney injury fluid epidemiology 
paradigm and a proposed fluid accumulation 3-phase con-
ceptual model for the patient with acute kidney injury. 
(Reprinted with permission from Goldstein [6]. SAGE 
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used to support blood pressure in septic patients 
to improve renal perfusion which is decreased in 
AKI.

Adrenaline (epinephrine) is a cheap and easily 
available drug which can be used as a dilute 
peripheral infusion (in situations where ICU and 
central venous access are not available) and has 
value in sepsis where fluid boluses have failed to 
improve perfusion (starting Adrenaline infusion 
at 0.02 mcg/kg/min).

Traditional medications which come in many 
forms have also been responsible for AKI in 
many situations. These drugs are often produced 
with local substances, the identity of which may 
not be known, as well as the side effects thereof. 
Sclerosant agents can result in both poor feeding 
if given orally or severe diarrhea and bowel 
necrosis if given rectally. Family education 
should be given to prevent this and should be 
happening at the community level.

Clean water security is probably one of the 
most important ways of preventing AKI, and the 
use of chlorine tablets or boiling and filtering 
water is essential to teach even at school level.

New ideas such as the use of used dialyzers in 
a membrane filtration device have been imple-
mented in Ghana  – Easy Water for Everyone 
(https://www.easywaterforeveryone.org)

This simple strategy has the potential for pre-
venting AKI from diarrheal disease in less well- 
resourced communities.

Snake and insect bites are also responsible for 
AKI in many regions. In Africa, malaria is 
responsible for much AKI morbidity and is one 
of the most frequent causes of mortality. This 
can be prevented to some extent by insecticide 
spraying and mosquito nets. Work on a malaria 
vaccine is at a fairly advanced stage and is 
eagerly awaited.

 Renal Replacement Therapy (RRT): 
Table 45.1

In situations where conservative management of 
AKI has failed, early initiation of RRT may pre-
vent complications and reduce mortality [18]. 
Advances in the use of RRT in pediatrics have led 

to a higher standard of care for young and criti-
cally ill patients. The type of RRT chosen for 
treatment of both AKI as well as end-stage kid-
ney disease (ESKD) depends on the availability 
of RRT in that region. In HIC, decisions as to 
what kind of dialysis is used depend on patient 
size as well as clinicians’ and parental choice. In 
LLMIC, this decision is severely restricted by 
availability of forms of RRT. This can range from 
no access at all to any form of dialysis for chil-
dren; in some LLMIC settings. the only available 
option is chronic hemodialysis (HD) in an adult 
unit using adult-sized machines and consumables 
which is only possible for teenagers and larger 
children.

Peritoneal dialysis (PD), both acute and 
chronic, is accepted as most appropriate for most 
children and infants. An international dialysis 
survey showed PD to be available in almost all 
acute settings surveyed [19] (Table  45.2). 
Unfortunately, information from Africa, South 
America, and some parts of Asia was not avail-
able. Commercial PD fluid which is dextrose- 
based is available as a lactate-based buffer or a 
more biocompatible bicarbonate buffer which is 
more physiologic but comes at an increased cost. 
There is a growing trend of reduced use of PD in 
chronic dialysis with the increased growth of HD 
units across the world. International organiza-
tions such as the International Society of 
Nephrology (ISN) and International Society of 
Peritoneal Dialysis (ISPD) have tried to promote 
the concept of “PD First” to initiate chronic dial-
ysis, with HD as a second choice. This has been 
hampered by the lack of commercial PD fluids, 
availability of PD catheters, and surgeons com-
fortable with inserting PD catheters, especially in 
pediatric patients.

In the treatment of AKI, acute PD was avail-
able in 100% of pediatric intensive care units 
 surveyed [19]. The challenge in LLMIC is the 
availability of both fluids and catheters.

Saving Young Lives (SYL) is an organization 
which is a collaboration of the International 
Society of Nephrology (ISN), the International 
Pediatric Nephrology Association (IPNA), the 
International Society of Peritoneal Dialysis 
(ISPD), and EuroPD. This group has started as a 
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pilot in Africa teaching bed-side acute PD cathe-
ter insertion  – often with “improvised” cathe-
ters – as well as the use of locally made dialysis 
fluid solutions. PD catheters have ranged from 
any Seldinger device (Rigid stick catheters, “Peel 
away” Tenckhoff catheters, Cook® catheters, 
Chest drains, and nasogastric tubes) for short- 
term use in managing AKI [19]. Doctor and nurse 
teams are trained together in managing AKI.

Commercial PD fluid is surprisingly expen-
sive due to the fact that there are no local manu-
facturing companies in many countries; for 
example, in Africa importation of PD dialysate 
from Europe is required. This has resulted in 
improvisations at the local hospital level where 
commonly available IV fluids such as Ringer’s 
lactate with added dextrose are used to produce 
dialysis fluid for acute PD use. Studies from 
Cameroon have shown that there is no increased 
risk of peritonitis provided sterile technique is 
used in constituting the dialysis fluid [20]. To 
date 500 lives have been saved as a result of the 
SYL program, in addition to the improvement in 

the medical standard of care available to many 
other patients as a result of education about AKI 
(Brett Cullis – Chair of SYL Steering Committee, 
2020, “personal communication”).

Practical guidelines [21] for PD (Pediatric 
guidelines currently in revision) have provided a 
range of practical recommendations from referral 
to pediatric centers and surgical insertion of 
Tenckhoff catheters (the gold standard) to impro-
vised techniques in remote regions for both dialy-
sis catheters and dialysis fluids. In Table 45.1, a 
comparison is made between various forms of 
dialysis showing the advantages and disadvan-
tages of each modality when used in LLMIC. Lack 
of knowledge and experience with various tech-
niques and the  vascular or peritoneal access 
required is supported by on-line resources such 
as https://www.pcrrt.com/ProtocolsAccess.html.

Anticoagulation in most less well-resourced 
centers consists of heparin with laboratory 
assessment of partial thromboplastin time (PTT). 
In a few centers, bedside activated clotting times 
(ACT) may be available which allows for more 

Table 45.1 Comparing different modalities of dialysis

Modality Indications Advantages Disadvantages
Peritoneal dialysis 
(PD)

Most common form of 
dialysis in children

Can be used in LLMIC with 
limited equipment
Not size-specific; used even in 
infants
Staff does not need intensive 
training, specialized units

Abdominal sepsis or 
surgery relative 
contraindication

Manual PD Infants <5 kg (automated 
PD not suitable)

Not reliant on electricity supply; 
minimal staff training required; 
can be used by neonatal units

Dedicated staff required to 
perform exchanges

Automated PD Patients over 5 kg Automated exchanges; done at 
home overnight allowing 
freedom to play and attend 
school

Cost: consumables, 
commercial dialysate
Regular electricity supply
Need to manage machines 
at home

Extracorporeal forms Needs fluid priming in infants and small children with blood, 
plasma, or saline

Slow low-efficiency 
dialysis (SLED)

Older children
Blood flow rates 3–5 ml/
kg/min

Prolonged hemodialysis (HD) 
available in non-intensive care 
setting; use in less stable patients

Need to stop therapy after 
6–12 h

Continuous 
venovenous 
hemofiltration 
(CVVH)

Required for 
hemodynamically 
unstable patients

Slow sustained dialysis for 
unstable patients who would not 
tolerate HD

Requires trained staff; 
intensive care; venous 
access; expensive

Neonates AKI common in young 
infants

PD more available and practical 
than HD/CVVH

Staff often not trained
Venous access, dialysis 
equipment a challenge

M. I. McCulloch and A. Bagga
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Table 45.2 Summary of results for RRT in AKI

Developing countries Developed countries p
Availability of pediatric nephrologist 35.4% (17/48) 100% (175/175) 0.000
Availability of dedicated pediatric dialysis unit 33.3% (16/48) 91% (159/175) 0.000
Institute’s dialysis modality of choice in infants
PD 68.5% (33/48) 5.7% (10/175) 0.000
HD 12.5% (6/48) 72% (126/175) 0.000
CRRT 10.4% (5/48) 24% (42/175) 0.041
SLED 8.3% (4/48) 1.1% (2/175) 0.006
Institute’s dialysis modality of choice in older children (>12 years old)
PD 29.1% (14/48) 22.2% (39/175) 0.319
HD 64.5% (31/48) 61.1% (107/175) 0.668
CRRT 2% (1/48) 14.8% (26/175) 0.016
SLED 2% (1/48) 2.2% (4/175) 0.933
Availability of RRT’s
PD 100% (48/48) 100% (175/175) 1
HD 54.1% (26/48) 85.1% (149/175) 0.000
CRRT 33.3% (16/48) 60% (105/175) 0.001
SLED 25% (12/48) 20% (35/175) 0.452
Indication for CRRT
Fluid overload in critically ill child 12.5% (2/16) 40% (42/105) 0.033
Hyperkalemia 81.2% (13/16) 100% (105/105) 0.000
Persistent metabolic acidosis 31.2% (5/16) 61.9% (65/105) 0.021
Hyperammonemia secondary to inborn errors 
and liver failure

100% (16/16) 100% (105/105) 1

Preferred mode of CRRT
CVVH 12.5% (2/16) 17.1% (18/105) 0.637
CVVHD 43.7% (7/16) 14.2% (15/105) 0.004
CVVHDF 12.5% (2/16) 31.4% (33/105) 0.120
Depends on the clinical situation 25% (4/16) 35.2% (37/105) 0.422
Change in dialysis modality choice in the past 
10 years

41.6% (20/48) 70.2% (123/175) 0.000

Plans to add CRRT/HD services in the next 
10 years

10.4% (5/48) 0% (0/175) 0.000

Access to newer dialysis machines 
(CARPEDIEM, Aquadex, NIDUS)

0% (0/48) 2.28% (4/175) 0.291

Open Access: Raina et al. [18]

rapid assessment of coagulation. Citrate antico-
agulation is not widely available in less well- 
resourced countries due to its cost.

 Outcomes

AKI in LLMIC remains a common yet treatable 
condition if diagnosed and managed early and 
appropriately. However, many cases present late 
and are unrecognized, resulting in poor out-
comes. Epidemiological studies in pediatric AKI 
are needed at national levels in both in-patient 

and out-patient settings to determine the magni-
tude of the problem [22]. Electronic detection 
algorithms may be useful in the future [23].

Even basic forms of renal replacement ther-
apy such as manual peritoneal dialysis may not 
be available due to absence of dialysis fluid and 
peritoneal dialysis catheters. This is a particular 
problem in infants and small children where 
appropriately sized equipment may not be avail-
able at all centers; in addition, governments often 
do not fund acute dialysis in children [24].

In bigger children and adolescents, adult 
hemodialysis units may provide short-term 
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hemodialysis, but often families must pay for the 
dialysis, both the catheters as well as the dialysis 
sessions. This is only possible in hemodynami-
cally stable patients, as pediatric high care or 
intensive care facilities with cardiac monitors, 
inotropes, and continuous RRT are simply not 
available in many regions.

Ethical dilemmas are also related to the length 
of time for which children with AKI are dialyzed 
and what happens when this becomes chronic 
kidney failure with end-stage kidney disease 
(ESKD). Acute PD catheters inserted at the bed-
side would usually only be functional for 
7–10 days before infection sets in, these devices 
become obstructed, or they become dislodged. 
The difficult decision then remains as to whether 
to convert to chronic dialysis – if even possible 
and available  – usually in the form of chronic 
HD. This may not be possible for smaller chil-
dren and infants and in some cases may only be 
performed 1–2 times per week due to cost and 
availability of dialysis slots in many LLMIC.

An alternative is continuous ambulatory PD 
(CAPD) which does not require sophisticated 
equipment or infrastructure and should be an 
ideal form of RRT for those living in remote 
areas. However, CAPD even in adults is scarcely 
available in many LLMICs due to high costs and 
unavailability of fluids, lack of expertise in cath-
eter insertion, and management of complications 
combined with socio-economic complications 
[25].

A large review of adults and children with 
ESKD in Sub-Saharan Africa showed that the 
majority of children (95%) who could not access 
dialysis died (or were presumed to have died). 
Among those with ESKD for which children 
were dialyzed, 36% died and 28% were lost to 
follow-up. A large proportion (20%) of children 
left hospital against hospital advice [26]. When 
government funding is not available and families 
are required to cover the cost of dialysis, this can 
result in families selling their homes and compro-
mising the rest of the family for short-term dialy-
sis with no foreseeable outcome if adequate 
long-term dialysis and renal transplantation with 
availability of drugs and monitoring are not avail-
able [27].

Palliative or supportive care specifically in 
pediatric renal disease is an important component 
which has been unrecognized until recently both 
in well-resourced and possibly more importantly 
in LLMIC where failure of treatment or response 
to treatment of AKI frequently results in the 
demise of children and infants. This is particu-
larly relevant when the AKI becomes ESKD for 
which treatment is not available. The priority is 
then to emphasize a good quality death rather 
than a lingering poor-quality life which results in 
death inevitably.

Most important is the role of advocacy by 
nephrologists and particularly pediatric nephrol-
ogists to urge authorities and governments to 
address preventative factors related to AKI  – 
clean water, mosquito nets – as well as availabil-
ity of treatment for AKI in children, with good 
training of both doctors and nurses at the local 
level [28].
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Extracorporeal Liver Support 
Therapies for Children

Betti Schaefer, Claus Peter Schmitt, 
and Rajit K. Basu

 Introduction

Acute liver failure (ALF) and acute-on-chronic 
liver failure are rare but life-threatening disor-
ders in children. Disease pathophysiology often 
depends on patient age. Metabolic disorders and 
viral hepatitis are more frequent in infants with 
ALF, drug intoxication, and autoimmune dis-
ease in older children, while the etiology of ALF 
remains unexplained in 40–50% of cases [1]. 
Age-specific algorithms may reduce the rate of 
unexplained causes [1]. In developing countries, 
infectious etiologies predominate,while in adults 
drug toxicity is the most common cause [2, 3].

The estimated frequency of ALF is unknown 
in children. Many children in the developing 
world are unaccounted for. Across all age groups 
in the United States, the estimated frequency is 
17 per 100,000 population per year. While one- 
third of children recover with standard medical 
care [4], the other two-thirds require emergency 
liver transplantation. Common features of pre-
sentation for ALF include encephalopathy (pres-
ent in more than 50% of children), seizures, and 

ascites [5]. Likewise, the majority of children 
with acute-on-chronic liver failure and those 
with progressive chronic liver disease require 
liver transplantation. Pediatric ALF accounts 
for approximately 10% of liver transplants per-
formed in the United States annually. Since organ 
availability is limited and considerable bridging 
time may be required, extracorporeal liver sup-
port therapies (ELS) are increasingly applied.

Therapies for ALF are targeted to two para-
digms of outcome. The primary goal of therapy 
is for the liver to recover back to normal health. 
For the most part, supportive care of other vital 
organs is required while liver function is sup-
ported through supplemental restoration of syn-
thetic function products such as coagulation 
products (Factor VII) and albumin. Meanwhile, 
supportive care for the remainder of organs tar-
gets a return to primary health if the offending 
agent for the ALF abates. In contrast, for patients 
with acute-on-chronic liver failure, the primary 
goal is to return to the pre-ALF morbidity level.

The goal of ELS therapy is to bridge the 
patient until transplantation or recovery of liver 
function (Fig.  46.1). ELS options include both 
non-biological and biological systems. The ideal 
system would be able to remove water, lipid, and 
protein-bound metabolites, correct coagulopathy, 
and address ongoing immunologic deficits and 
perturbations. The primary goal of ELS therapy is 
to prevent or limit the severity of hepatic enceph-
alopathy – along with important clinical manage-
ment adjuncts to limit other preventable causes 

B. Schaefer (*) ∙ C. P. Schmitt
Center for Pediatric and Adolescent Medicine, 
University Hospital Heidelberg, Heidelberg, Germany
e-mail: Betti.schaefer@med.uni-heidelberg.de 

R. K. Basu 
Children’s Healthcare of Atlanta, Emory University, 
Department of Pediatrics, Critical Care Medicine, 
Atlanta, GA, USA

46

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-66861-7_46&domain=pdf
https://doi.org/10.1007/978-3-030-66861-7_46#DOI
mailto:Betti.schaefer@med.uni-heidelberg.de


896

of increased intracranial pressure (e.g., pain, agi-
tation, excessive cerebral blood flow), limitation 
of protein delivery, and elimination of ammonia-
based waste products. The non- biological systems 
include hemofiltration, hemoperfusion, plasma 
exchange, and albumin dialysis. To perform 
these actions, there are currently several options 
for mechanical, or extracorporeal liver support 
systems: the molecular adsorbent recirculating 
system (MARS), Prometheus dialysis, therapeu-
tic plasma exchange combined with hemodialy-
sis (TPE/HD), and single-pass albumin dialysis 
(SPAD). Smaller reports are published on ELS 
systems such as open albumin dialysis (OPAL) 
and ADVanced Organ Support (ADVOS). The 
biological systems include extracorporeal whole 
liver perfusion, cross-circulation, and hybrid 
bioartificial liver support systems. This chapter 
focuses on the non-biological systems, which are 
increasingly applied in children with liver failure.

The four main ELS modalities are based on 
different technical approaches to remove protein- 
bound toxins. These consist of hemodialysis 
against a closed albumin circuit with additional 
toxin adsorbers (MARS), plasma separation 
followed by plasma purification and reinfusion 
(Prometheus), plasma separation in combina-
tion with hemodialysis, and single-pass albumin 
dialysis (SPAD). Knowledge about the specific 
advantages and shortcomings of each technol-
ogy is vital in order to select the most appropriate 
liver support system available in a given critical 
care unit setting. Additionally, understanding 

the potential for using a multi-modal approach, 
incorporating standard continuous renal replace-
ment therapy (CRRT) with TPE concurrent with 
an ELS modality such as MARS  – so-called  – 
hybrid ELS – is possible and has demonstrated 
encouraging preliminary results [6].

 Indications for Extracorporeal Liver 
Support Therapy

 Acute and Acute-on-Chronic Liver 
Failure

The liver plays a key role in a variety of bodily 
functions: maintains metabolic balance, the endo-
crine milieu, and acid–base status; synthesizes 
binding proteins, complement, and coagulation 
factors; metabolizes water soluble and albumin-
bound endogenous and exogenous toxins; and 
neutralizes intestinal bacterial fragments. In 
patients with liver failure, all of these functions 
require careful consideration and appropriate 
therapeutic measures. Extracorporeal liver dial-
ysis should be started in patients with ALF and 
in those with acute-on-chronic liver failure if a 
curative therapy, i.e., usually liver transplanta-
tion, or significant recovery of liver function 
can be expected (Tables 46.1 and 46.2). Of note, 
one- third of children with acute liver failure may 
recover [4], possibly in cases of intoxications, 
metabolic diseases, and autoimmune hepatitis, 

Recovery/LTx
Normal

Bridging

Lethal

Time

Liver function

Fig. 46.1 Scheme illustrating the principle of extracorpo-
real liver support in the course of liver failure. Ltx liver 
transplantation. (Modified from Schaefer and Schmitt [56])

Table 46.1 Potential clinical setting for liver replace-
ment therapy

Acute liver failure
Bridging to LTX
Post LTX in case of primary organ dysfunction
Liver dysfunction after hepatobiliary surgery
Acute intoxication
Acute/chronic hepatitis (viral, autoimmune)
Secondary liver dysfunction (due to sepsis, systemic 
inflammatory response syndrome, multiorgan 
dysfunction syndrome)
Acute-on-chronic liver failure (biliary atresia, PFIC)
Cholestatic pruritus (biliary atresia, PFIC, ARPKD)

Legend: LTX liver transplantation, PFIC progressive 
familial intrahepatic cholestasis, ARPKD autosomal 
recessive polycystic kidney disease

B. Schaefer et al.
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and depending on the severity of liver damage, as 
assessed clinically (duration of encephalopathy) 
and by liver function tests.

The criteria to initiate ELS vary consider-
ably, and recommendations have been made 
almost exclusively based on observational data. 
However, the following criteria should be taken 
into account in the decision process to start ELS 
therapy (Table 46.2): presence of hepatic enceph-
alopathy stage 2 or higher, increased cerebral 
pressure, hepatic cardiomyopathy and cardio-
circulatory instability, coagulopathy (INR >1.5–
2.8), presence of hepatorenal failure, high plasma 
bilirubin concentrations, high plasma ammonium 
levels >200  μmol/l and high aspartate amino-
transferase (AST) and alanine aminotransferase 
(ALT) levels (>1500 U/l). All of these factors are 
dynamic and should be placed into the context of 
how liver function is changing over time (degree 
and rapidity of change).

The indication for ELS, procedure efficiency, 
and associated risks and complications should 
be evaluated prior to and after each treatment by 
thorough clinical examination, including assess-
ment of coma scale and hepatic encephalopathy 
score, and by regular measurement of liver and 
dialysis-related biochemical parameters. These 
include bilirubin, ammonium, complete blood 
count, international normalized ratio (INR), par-
tial thromboplastin time (PTT), fibrinogen, acti-
vated clotting time (ACT), bile acids, albumin, 
liver enzymes, C-reactive protein, creatinine, 
urea, electrolytes including phosphate, and acid–

base status. Factor VII, the coagulation factor 
with the shortest half-life time (∼4 h), is also a 
sensitive parameter to assess the capacity of liver 
synthesis.

Early ELS therapy initiation appears to be par-
ticularly justified in patients with rapid disease 
progression, although the scientific evidence 
for an improved outcome with this approach to 
ELS is still limited. The latter is primarily due to 
the relatively low incidence of ALF precluding 
large- scale clinical trials (even in adults), the het-
erogeneity of the underlying diseases and clini-
cal presentations and the still limited availability 
of advanced technologies. Several authors have 
reported on the removal of water soluble tox-
ins only [7–9] in children with liver failure and 
dialysis- dependent acute kidney injury. Kreuzer 
et al. reviewed data collected over 10 years which 
revealed better efficacy with continuous venove-
nous hemofiltration (CVVH) and lower mortality 
than with peritoneal dialysis (PD) [7]. In view of 
the severity of the often life-threatening condi-
tions associated with ALF, with many protein-
bound toxins accumulating and contributing to 
secondary kidney, lung and heart failure and a 
bleeding diathesis, selective removal of water 
soluble toxins should be limited to less severe 
cases, i.e., those with volume overload, less 
severe symptoms of intoxication, and sufficient 
coagulation. High sodium CVVH with regional 
citrate anticoagulation and online dialysate gen-
eration was used in 11 adult patients with ALF to 
precisely titrate serum sodium without undesir-
able fluctuations in extracellular fluid volume [8]. 
Whether such osmoregulatory effects are benefi-
cial is uncertain.

 Cholestatic Pruritus

Another indication of ELS is unbearable 
cholestatic pruritus that persists despite 
 pharmacological treatment. Severe cholestatic 
pruritus prevents sleep and may result in heavy 
physical and psychological stress  – ultimately 
resulting in depression and possible suicidal 
tendencies [10, 11]. In adults with intractable 
pruritus, intermittent MARS has provided good 

Table 46.2 Potential indications for extracorporeal liver 
support

Indications Relative indications

HE (≥3°) Hemodynamic instability

Unconjugated bilirubin 
>25 mg/dl

Hepatorenal  
and -pulmonary syndrome

Coagulation failure Plasma ammonia 
>200 μmol/l
Increased intracranial 
pressure, HE 2°

Legend: No pediatric RCT available. RCT in adults com-
paring ELS for various indications and disease settings 
suggest reduced encephalopathy and lower mortality with 
ELS. HE hepatic encephalopathy. Of note, cut off values 
for bilirubin and ammonia are based on observational data 
only
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results [12–14]. In children, MARS treatment 
every other week to twice weekly resulted in 
about a 60% reduction in serum bile acids per 
session and significant improvement of per-
ceived pruritus [10, 15].

It should be emphasized that ELS modalities 
may be modified or discontinued when patients 
experience severe allergic reactions to com-
ponents of the extracorporeal circuit, and they 
should be withheld in patients with circulatory 
failure and in cases where there is critical pro-
gression of the underlying disease or fatal com-
plications precluding a positive outcome. The 
ongoing use of ELS varies globally and is influ-
enced by the availability of resources, the expedi-
ency of transplantation, and local expertise. The 
collection of data pertaining to the use of ELS 
in children therefore becomes challenging – but 
especially important as best practice recommen-
dations would be beneficial. It is without ques-
tion that the decision to place children on ELS 
can affect the ability to list a patient for trans-
plantation, and thus knowledge of the available 
options for ELS remains vital to the pediatric 
nephrologist, hepatologist, and intensivist.

 Artificial Liver Support Devices

The MARS module (Gambro, Lund, Sweden) 
consists of a proprietary monitor system, which 
can be combined with conventional hemodialy-
sis machines. A high-flux polysulfone dialyzer 
with a molecular cutoff around 50  kDa allows 
passage of both protein-bound and water soluble 
substances into a dialysate circuit, which con-
tains 20% albumin. Hydrophilic substances are 
removed from the albumin circuit via a conven-
tional hemofilter, whereas the albumin-bound 
substances are adsorbed to a charcoal filter and 
an anion exchange resin filter placed in series 
into the albumin circuit (Fig. 46.2).

Two different types of MARS filters are avail-
able; the adult system filter with 2.1  m2 filter 
surface area and the MARSmini filter set with 
0.6 m2 filter surface area. The extracorporeal vol-
umes are 152 and 57 mL, respectively, plus blood 
lines; the MARSmini system is recommended for 
patients less than 25 kg body weight. The albu-
min circuits are primed with about 500 (450 mL 
for MARSmini) of 20% human albumin. Urea 
and vitamin B12 clearances are 195 (34) and 149 

2 3 4

1 6 5

Fig. 46.2 MARS is a combination of a blood circuit with 
a polysulfone filter (1, 2) which dialyses against a primary 
circuit containing 20% albumin (3) and a secondary con-
ventional hemodialysis circuit to remove water soluble 
toxins (4). While water soluble compounds are removed 

from the primary dialysate via the second dialysis circuit, 
the albumin-bound substances adhere to a charcoal filter 
(5) and an anion exchanger (6) placed in series into the 
albumin circuit
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(25) mL/min with MARS (MARSmini) at 200 
and 100  mL/min blood flow rates and 500 and 
30 mL/min dialysate flow rates, respectively. The 
molar ratio of bilirubin to albumin in serum is 
approximately 20-fold higher than the respective 
dialysate ratio throughout the MARS sessions, 
giving a rough estimate of the MARS filter clear-
ance capacity [16]. Due to its molecular cutoff of 
around 50 kD, proteins such as albumin, coag-
ulation factors, and immunoglobulins are not 
removed with MARS.

The regulation of blood flow depends on mul-
tiple factors. Included in the determination of tar-
geted blood flow are the metrics of weight, the 
stability of the patient, the speed and amount of 
detoxification deemed necessary by the clinical 
situation, and access. The albumin dialysate flow 
rate should equal the blood flow rate. The sum of 
the secondary dialysate turnover and ultrafiltra-
tion rate should not exceed 25% of the blood flow 
rate. The secondary dialysate flow rate should 
be at least two times the albumin flow rate. The 
efficacy of purification depends on the degree of 
intoxication and on the amount of toxins filtered 
and cleared via the albumin circuit.

MARS dialysis can be performed once daily 
for about 8 h until the adsorber systems are satu-
rated, or continuously with system exchanges 
every 8 h, if required [17]. The 8 h limit is based 
upon the treatment time possible prior to satu-
ration of the adsorbent filters; continuation of 
dialysis with the same system beyond 8  h for 
clearance of water soluble substances and ultra-
filtration is feasible but may be less efficient. In 
addition to the general recommendations given 
above, MARS may not be applied or should 
be discontinued in children with active bleed-
ing. The coagulation status often deteriorates 
during MARS therapy. The underlying mecha-
nisms for bleeding include progressive failure 
of hepatic protein synthesis, mechanical platelet 
sequestration during blood passage through the 
filter, and membrane-induced immune-mediated 
coagulation factor consumption [18–20]. Hence, 
it should be emphasized that MARS therapy 
does not preclude the need for plasma protein 
supplementation.

The available data for MARS efficacy in 
children depend on the endpoints measured. In 
terms of improvement in hepatic encephalopa-
thy (HE) and overall survival (transplant or no 
transplant), the range of improvement is any-
where from 17% to 100% in HE and 50–100% 
with respect to patient survival. The number of 
patients accounted for in these studies varies, but 
remains small compared to larger, adult studies 
[6, 21–24].

OPAL (Hepanet/Albutec GmbH – Hannover, 
Germany) was recently introduced to further 
improve ELS efficacy and patient outcome. 
This system incorporates an albumin circuit 
with a dialysis filter with a large surface area 
of contact with the charcoal adsorber, thereby 
potentially improving the regeneration rates 
and dialysis efficacy by allowing a higher 
concentration gradient between blood and the 
albumin dialysate. Priming of the circuit may 
be required in small children. To date, very 
few data are available based on the use of this 
modality. There are no published data on the 
effectiveness of the OPAL system as compared 
to the established MARS system, except for the 
case of a 15-year-old girl with liver transplanta-
tion and postoperative bile duct stenosis. OPAL 
was repeatedly compared to MARS and proved 
to be more effective in bile acid removal and 
relief of cholestatic pruritus [25].

ADVOS (ADVOS multi, Hepa Wash GmbH 
Munich, Germany) is another new type of albu-
min dialysis that provides rapid regeneration of 
toxin-binding albumin by two purification cir-
cuits altering the binding capacities of albumin 
by biochemical (changing of pH) and physical 
(changing of temperature) modulation of the 
dialysate. ADVOS efficiently eliminated water 
and protein-bound toxins in 14 patients with ALF 
[26], although pediatric data are scant.

The Prometheus device (Fresenius Medical 
Care, Bad Homburg, Germany) consists of two 
extracorporeal circuits. In the first, plasma is 
separated from blood via an albumin permeable 
polysulfone filter. The filtrate is purified via two 
adsorbers in series. The neutral resin exchanger 
retains albumin-bound substances such as bile 
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acids, hydrophobic amino acids, and phenolic 
substances. The anion exchanger retains nega-
tively charged toxins such as bilirubin. Albumin, 
hormones, and electrolytes are not bound. The 
purified plasma is reinfused into the blood, which 
subsequently passes a conventional high-flux 
polysulfone dialyzer to eliminate water soluble 
toxins. Extracorporeal filter and blood line vol-
umes amount to 340  mL.  The volume can be 
somewhat reduced by exchanging the hemodi-
alysis filter for an appropriate pediatric size high- 
flux filter. The extracorporeal plasma volume is 
440 mL. Prometheus is mainly suitable for ado-
lescents and adults. Its use in younger patients 
requires priming of the blood and plasma circuit 
with packed red blood cells, fresh frozen plasma, 
and albumin, respectively. Treatment time is typ-
ically 4–8  h, with a maximal time of 10  h per 
session.

Single-pass albumin dialysis (SPAD) is 
a continuous venovenous hemodialysis pro-
cedure against a standard dialysate solution 
enriched with 20% human albumin to a final 

concentration of 2–20%. The albumin dialysate 
is discarded after passage through the hemodi-
alysis filter. When considering cost–efficacy, a 
4–5% dialysate albumin concentration is usu-
ally considered adequate. The blood flow rate 
can be adjusted as recommended for standard 
CVVHD (3–5  mL/min/kg body weight). In 
adult patients, the albumin dialysate flow rate 
is often adjusted to 12–25 mL/min (10–20 ml/
kg/h in a 75 kg patient); pediatric centers have 
used a 20–60 mL/kg/h albumin dialysate flow, 
which is feasible in small children for whom the 
absolute amount of human albumin solution is 
not excessive. SPAD can be combined with con-
ventional hemodialysis at high dialysate flow 
rates (500–800  mL/min) [27] and with hemo-
diafiltration (Fig. 46.3). Solid efficacy data are 
lacking. Once daily sessions of 6–12 h duration 
have been reported to attenuate hepatic intoxi-
cation. Continuous SPAD may be performed to 
achieve higher clearance rates in children with 
severe hepatic failure, but at the expense of 
higher costs.

Bubble
catcher

Infusion pump 1

Infusion pump 2

Substitute pump

Filtrate pump

High flux Filter

Blood pump
Waste

Substitute

Substitute

Fig. 46.3 Scheme of a single-pass albumin hemodiafil-
tration. Albumin solution (usually 4–5%) passes through a 
high-flux filter, which allows for ultrafiltration replaced 

by substitution fluid and net ultrafiltration in volume over-
loaded children
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 Combined Plasma Exchange 
and Hemodialysis Therapies

A type of ELS is the use of a hybrid therapy, 
combining extracorporeal hemodialysis and 
therapeutic plasma exchange (TPE). As an alter-
native to MARS and Prometheus, this approach 
can be performed using conventional hemodialy-
sis machines and filters. The filter surface area 
should roughly equal the patient’s body surface 
area. The standard plasma exchange volume is 
150% per session, but can be adapted according 
to individual needs and should be replaced by 
fresh frozen plasma. Iso-oncotic albumin substi-
tution can be considered only in the rare scenario 
of ALF with a still intact plasma coagulation 
status.

In emergency ALF situations with a need 
for rapid clearance of both albumin-bound and 
water soluble toxins such as ammonium, com-
plicated by associated coagulation failure, it is 
possible to perform simultaneous plasmapher-
esis and hemodialysis by a single blood circuit 
passing serially through two dialysis machines 
encorporating a plasma and a high-flux hemodi-
alysis filter system. Toxin elimination and vol-
ume- and nitrogen- neutral substitution of plasma 
proteins can be achieved simultaneously with a 
reduced workload. Total anticoagulation doses 
are slightly reduced as compared to sequential 
therapy. While dialysis machines have not been 
approved for such combinations, clinical experi-
ence is good [28] (Fig. 46.4).

The plasma turnover rate should not exceed 
25% of the blood flow rate. If a relatively high 
blood flow rate is achieved, plasmapheresis can 
be accomplished within 2  h. While once daily 
plasmapheresis is sufficient in the majority of 
patients, the frequency can be adapted accord-
ing to clinical needs, especially in the presence 
of hepatic encephalopathy. Limited experi-
ence using combined hemodialysis and plasma 
exchange with fresh frozen plasma has been 
reported to substantially improve the symptoms 
of liver failure [6, 28].

 Bioartificial Liver Support Devices

As mentioned earlier, a biological approach can 
be used to treat ALF. The use of therapies such 
as MARS, TPE, CRRT, and Prometheus is tech-
nically nonbiological; however, the promising 
aim of bioartificial devices is to provide both 
liver detoxification and supplemental synthetic 
functions. HepatAssist (1) and the extracorpo-
real liver assist device (ELAD) (2) are the first 
bioartificial systems which have undergone 
testing in controlled trials in adult patients. 
HepatAssist contains porcine hepatocytes 
within the extracapillary compartment of a hol-
low fiber bioreactor, and ELAD uses human 
hepatoblastoma cells. Besides the safety of the 
systems [29, 30], one randomized controlled 
trial recently demonstrated an improvement in 
transplant-free survival with ELAD plus TPE 
and hemofiltration versus TPE and hemofitra-
tion [31]. Pediatric data are lacking. At present, 
bioartificial devices are not ready for routine 
clinical use in children.

2

1

FFP

Plasma

Fig. 46.4 Plasmapheresis and hemodialysis for liver sup-
port therapy can be performed simultaneously with a 
plasma separator and a conventional high-flux filter con-
figured serially. Pressure measurements are placed at indi-
cated positions (crossed circles). Variations may be 
required when other systems are combined
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 Implementation of ELS

In the absence of the ability to provide clear evi-
dence supporting a certain methodology, famil-
iarity of use (particularly by nursing staff) is vital 
when deciding on ELS for patients with ALF. To 
prevent foreign protein exposure, and in chil-
dren with cholestatic pruritus, albumin dialysis 
should be utilized. Albumin dialysis spans the 
range of single-pass albumin dialysis to MARS 
to Prometheus. There are no pediatric-specific 
recommendations on the adequate dose and dura-
tion of ELS.  At present, ELS is dosed accord-
ing to clinical and biochemical outcomes, i.e., 
improvement of hepatic encephalopathy, cardiac 
and kidney function, lowering of vasopressor 
requirements, and lowering of blood ammonia 
and serum bilirubin concentrations.

In patients treated with ELS for refractory 
cholestatic pruritus, monitoring of cholestasis 
markers such as serum bilirubin and bile acids 
should be performed to demonstrate the efficacy 
of the treatment. A visual analog scale may also 
be useful for monitoring the perceived improve-
ment and to allow for individual adaptation of 
the treatment. For treatment of hepatic encepha-
lopathy, a careful neurologic exam inclusive of 
the assessment for hyperreflexia and upper motor 
neuron function should ideally be performed at 
least every 2 h.

Anticoagulation therapy is required in the 
majority of ALF patients on ELS, even though 
coagulopathy is a cardinal feature of liver dys-
function, since pro- and anticoagulant factors 
are imbalanced and rapid clotting of the system 
may develop. Anticoagulation may be started if 
the endogenous activated clotting time (ACT) 
is below 160 s. In addition to the prevention of 
system clotting, anticoagulation reduces biofilm 
formation in the filter and thus preserves dialy-
sis efficacy. Regional citrate anticoagulation is 
feasible in the majority of patients and is indi-
cated when there is coagulation failure [9, 32, 
33]. A second central intravenous (i.v.) line is 
usually required for the calcium infusion; oth-
erwise, clotting of the venous dialysis catheter 
line is likely to occur. Hepatic citrate metabolism 
should be monitored as accumulation of citrate 

leads to metabolic acidosis and the “citrate lock” 
phenomenon (i.e., dissociation of ionized and 
total calcium levels). Whether citrate accumula-
tion contributes to a poor outcome or whether 
the outcome is instead a reflection of the severity 
of liver failure is unclear. Observational studies 
in children and adults do not suggest associated 
untoward effects of the therapy [32, 33], whereas 
other factors such as a high lactate and low par-
tial thromboplastin time (PTT) predict a poor 
outcome [34]. The high sodium load (3 sodium 
per citrate) also requires consideration and dia-
lytic removal of sodium should hypernatremia 
develop.

 Data for Extracorporeal Liver 
Support

Individual centers have developed their own 
policies and techniques for treating children 
with liver failure by ELS, often based on local 
availability of resources and appreciation of the 
limited scientific evidence. The available ELS 
systems have specific advantages and short-
comings (Table  46.3). The major advantage of 
MARS, Prometheus, and SPAD is the removal of 
protein- bound substances without administration 
of exogenous protein. Plasmapheresis replaces 
plasma with fresh frozen plasma or albumin and 
is thus associated with allergic and infectious 
risks. On the other hand, plasma exchange allows 
for removal of all plasma protein-bound toxins 
and for volume and nitrogen neutral correction 
of liver synthesis failure, in particular coagula-
tion failure. Plasma exchange in combination 
with hemodialysis is an intermittent detoxifi-
cation treatment, which can be repeated two 
to three times per day as required, or in severe 
cases may even be applied continuously. Even in 
infants below 1 year of age with ALF, continu-
ous venovenous hemodiafiltration and plasma 
exchange have been reported to be well toler-
ated and has resulted in favorable outcomes [35]. 
Both methods can even be combined in a tan-
dem setup to reduce treatment time and increase 
cost- effectiveness, which may be advantageous 
in critically ill patients who require rapid toxin 
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removal [28]. Depending on the availability of 
resources and personnel expertise, as discussed 
earlier, the use of ELS, CRRT, and TPE should 
be adjudicated. Regardless of the choice, con-
stant monitoring of coagulation and pressure 
in a multi-modal system is mandatory to avoid 
adverse events [28].

MARS and Prometheus therapies are usually 
performed for 6–8 h, but can be extended or may 
also be applied continuously in critical cases. 
System exchanges are required two to three times 
a day to maintain good purification efficacy. Of 
note, setup times are shorter and the material 
costs are usually lower (depending on patient 
size) with combined plasma exchange and hemo-
dialysis than with MARS or Prometheus. Of 
course, cost-efficacy considerations must also 
take center-specific reimbursement policies into 
account.

Several randomized prospective studies have 
compared MARS and Prometheus with stan-
dard medical therapy. There does not appear to 
be any major differences in purification capac-
ity with Prometheus and MARS, but one trial 
has suggested superior cardiovascular stability 
with MARS [36]. SPAD is a technically simple 

liver support system, which is feasible in small 
children. Several case reports including pediatric 
patients [37] suggest a dose- and time-dependent 
clearance efficacy of SPAD with respect to bili-
rubin, thyroxine, copper and, at least in vitro, of 
inflammatory cytokines such as tumor necrosis 
factor-alpha (TNF-α) and interleukin-6 (IL-6). 
However, SPAD is associated with uncertain 
survival benefits as compared to standard medi-
cal treatment [38–42]. Experimental and clinical 
comparisons of SPAD and MARS have yielded 
conflicting findings: both similar to slightly bet-
ter [43, 44] and inferior efficacy of SPAD [45, 
46], presumably mainly depending on the inten-
sity of the treatments in terms of duration, flow 
rates, and albumin concentrations.

Neither MARS nor Prometheus or SPAD 
have been compared in prospective trials with 
combined hemodialysis and plasma exchange, 
the most readily available and least expensive 
extracorporeal liver support therapy. Clinical 
observations in seven children, including an 
intraindividual comparison in five children, sug-
gest better bilirubin removal and, not surpris-
ingly, much better control of the coagulation 
status with combined TPE/HD as compared to 

Table 46.3 Advantages and disadvantages of extracorporeal liver support systems

MARS Prometheus SPAD TPE/HD
Advantages No exogenous protein 

delivery, no infectious 
and allergic risk
Continuous 
administration feasible
Good clinical 
tolerability

No exogenous protein 
delivery, no infectious 
and allergic risk
Continuous 
administration feasible
Good clinical 
tolerability

No exogenous 
protein delivery, no 
infectious and 
allergic risk
Good clinical 
tolerability
Relatively easy to 
perform

High detoxification 
capacity
Efficient 
compensation of liver 
synthesis failure, 
reduces bleeding risk
Volume and nitrogen 
neutral balance
Cheaper
Widely available

Drawbacks Bleeding risk, additional 
plasma substitution is 
associated with volume 
and nitrogen load
High costs and workload 
(system exchange q. 
8–12 h)

Bleeding risk, additional 
plasma substitution is 
associated with volume 
and nitrogen load
High costs and workload 
(system exchange q. 
8–12 h)
High extracorporeal 
volume

Bleeding risk, 
additional plasma 
substitution is 
associated with 
volume and nitrogen 
load
High amounts of 
albumin required for 
extended treatment 
and large children

Intermittent therapy 
(TPE)
Infectious and 
allergic risks related 
to exogenous protein 
load

MARS molecular adsorbent recirculating system, SPAD single-pass albumin dialysis, TPE/HD therapeutic plasma 
exchange combined with hemodialysis
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intermittent MARS therapy. The MARSmini 
system appeared particularly limited in this com-
parison [22].

Complications related to the constituents of 
ELS can add to the morbidity in these patients. 
Although very little data have been published 
in this regard, anecdotal and observational data 
highlight the importance of understanding the 
potential negative effects of albumin and use 
of multiple extracorporeal devices in tandem. 
Human serum albumin contains octanoate, a 
medium chain fatty acid, for stabilization during 
the manufacturing process. An involvement of 
this compound in the pathogenesis of hepatogenic 
encephalopathy, both by direct neurotoxicity and 
by competitive displacement of albumin-bound 
toxins, has been suggested. Markedly increased 
plasma octanoate levels have been described 
with MARS and even higher concentrations with 
SPAD [47]. No such accumulation should be 
observed with plasmapheresis. The relevance of 
octanoate accumulation on clinical outcomes is 
as yet unknown.

All extracorporeal devices cause mechani-
cal platelet sequestration during blood pas-
sage through the filter and membrane-induced 
immune-mediated coagulation factor consump-
tion, which has been associated with increased 
bleeding risk and major bleeding episodes [18, 
19, 48]. Consumptive coagulopathy induced 
by preexisting bleeding from predilection sites 
may further aggravate a coagulation deficiency. 
Fresh frozen plasma and blood transfusions may 
insufficiently correct any coagulation failure and 
result in volume and protein overload; plasma 
exchange should be initiated in these children.

 Outcome of ELS in Patients 
with Liver Failure

The removal of an array of toxins with albumin 
dialysis has repeatedly been demonstrated to be 
followed by pruritus relief [12, 13], improved 
mean arterial pressure, systemic vascular resis-
tance, cardiac output, cerebral flow [49], intracra-
nial pressure [50], kidney function, and hepatic 
encephalopathy [21, 49–54]. Several pediatric 

observational studies also suggest good clinical 
tolerability and efficacy of ELS in terms of bio-
chemical correction of liver failure and improve-
ment of hepatic encephalopathy [6, 22, 23, 33]. 
In addition to these early studies, seven RCTs in 
adults with different ELS modalities and differ-
ent indications have been performed with varying 
doses of ELS.  These were included in a recent 
meta-analysis together with 18 small-size pro-
spective trials in adults with liver failure, alto-
gether comprising a total of 1796 patients [55]. 
This analysis has suggested with moderate cer-
tainty an improved overall survival (RR 0.84; 95% 
CI 0.74, 0.96) and reduced hepatic encephalopa-
thy (RR 0.71; 95% CI 0.60, 0.84, low certainty) 
with ELS. The risk of bleeding, hypotension, and 
thrombocytopenia was increased with ELS, but 
the quality of the studies precludes firm conclu-
sions regarding these potential complications.

 Conclusion

Taken together, there is increasing evidence that 
ELS improves hepatic encephalopathy and sur-
vival in patients with liver failure waiting for 
liver transplantation or recovery of liver function, 
which may be expected in one-third of patients 
depending on the underlying disease. In terms 
of the various devices available for ELS, plasma 
exchange together with hemodialysis/hemodi-
afiltration is easy to perform, widely available 
in pediatric dialysis centers, and cost-effective. 
Limited observational comparisons suggest com-
parable efficiency to MARS, while comparisons 
with other albumin-based ELS systems have not 
yet been performed. Children with otherwise 
refractory, unbearable cholestatic pruritus, can 
efficiently be treated with albumin dialysis with-
out exposure to large amounts of foreign protein.
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Dialytic Therapy of Inborn Errors 
of Metabolism in Case of Acute 
Decompensation
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 Introduction

Some inborn errors of metabolism involve 
enzyme defects in the catabolic pathway of 
amino acids that induce a metabolic encepha-
lopathy by accumulation of neurotoxic metabo-
lites (endogenous intoxication). In these diseases, 
intermediate products of amino acid catabolism 
are not detoxified by the liver, accumulate, and 
contribute to neurologic symptoms (Fig.  47.1). 
Cerebral edema is frequently associated with 
these disorders and is mainly due to cytotoxic 
mechanisms [1, 2]. Since the encephalopathy 
is related to the accumulation of toxic metabo-
lites, specific therapeutic strategies are required 
to decrease this accumulation and restore brain 
function, including dialysis. Rapid elimination 
of these metabolites is crucial in order to pre-
vent irreversible neuronal damage since long-

term outcome is correlated with the duration of 
the metabolic crisis. Metabolic crises are chal-
lenging indications for dialysis in several ways: 
the initial treatment is the institution of protein 
anabolism to suppress further neurotoxic metab-
olite production. It is important not to miss the 
time point when dialysis becomes necessary to 
prevent irreversible brain damage. Small infants 
and neonates, who usually have the most rapid 
and severe course of disease and the greatest need 
for efficient detoxification, are particularly chal-
lenging with respect to vascular access and meth-
odological efficacy and accuracy. This chapter 
reviews the principles of anabolic treatment and 
management by dialysis of neonatal and pediatric 
metabolic emergencies.

 Clinical Manifestations 
and Laboratory Investigations

In some circumstances, the patient’s diagno-
sis is clear at the time of admission and clinical 
management can focus on specific treatment. 
This is the case in one-third of the neonates and 
two- thirds of the children with inborn errors 
of metabolism (IEM) who are admitted to the 
Pediatric Intensive Care Unit (PICU), in our 
experience [3]. Unfortunately, there is almost no 
exact report on the incidence of IEM in Neonatal 
Intensive Care Units [4]. Indeed, the first chal-
lenge is to quickly diagnose treatable disorders 
so as to ensure prompt treatment and recovery. 
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The initial clinical manifestations are character-
ized by nonspecific neurological abnormalities 
such as irritability, poor feeding, or somnolence, 
followed by rapid deterioration. The diagnosis is 
suspected based upon the combination of clinical 
course and laboratory investigations.

Metabolic crisis may occur at any age from 
the neonatal period to adulthood. A recent case 
report of a multifactorial non-cirrhotic hyperam-
monemic encephalopathy in adulthood recalls 
the importance of evaluating serum ammonia in 
front of any atypical clinical picture at any age 

of life [5]. Each attack can follow a rapid course 
that ends in either spontaneous improvement or 
unexplained death, despite supportive measures 
in the PICU.  The following events may trigger 
acute decompensation by increasing neurotoxic 
metabolite production: prolonged fasting, anes-
thesia and surgery, infections, prolonged exercise, 
drugs (valproic acid, steroids, and adrenocortico-
tropic hormone), and high protein intake. Despite 
multiple etiologies, intercurrent infection is rec-
ognized as the leading cause of metabolic decom-
pensation in patients with IEM.  Some authors 

Intoxication

Liver

Intestine

Detoxication

Muscle
Toxic

Fig. 47.1 Endogenous intoxication model: the toxic 
metabolite produced by the intestine and muscle amino 
acid catabolism (NH3, propionic acid, etc., depending on 
the inborn error of metabolism) is not metabolized by the 

liver, resulting in toxic accumulation and brain damage. 
(Courtesy of D. Rabier (Biochemical Laboratory, Necker 
Hospital, France))
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have recently revisited the mechanism of impact 
of infection in the IEM patient and the central 
role of the liver as a metabolic and immunologic 
organ [6].

An inborn error of metabolism should be sus-
pected when the following history is found (1): 
recurrent coma (2), unexplained death in the fam-
ily or any neonatal death, even if it was attributed 
to another cause (e.g., sepsis, anoxia, etc.), and 
(3) consanguinity. Although most genetic disor-
ders are hereditary and transmitted as recessive 
disorders, the majority of cases appear sporadi-
cally in developed countries because of small 
family sizes. Hepatomegaly, abnormal urine or 
body odor and myoglobinuria may help to refine 
the diagnosis [7].

General supportive measures and laboratory 
investigations should be undertaken as soon as 
metabolic encephalopathy is suspected. The 
initial approach for investigations is outlined in 
Table 47.1. It is important to perform these inves-
tigations as early as possible, and all laboratory 
tests should be obtained simultaneously, as most 
disorders may produce only intermittent abnor-
malities. The determination of plasma ammonia 
concentration is crucial when metabolic encepha-
lopathy is suspected.

 Etiologies

Inborn errors of metabolism with endogenous 
intoxication include urea cycle defects, maple 
syrup urine disease, and organic aciduria (propi-
onic or methylmalonic aciduria). They are diffi-
cult to diagnose, and the biologic signs described 
in Table 47.2 and Fig. 47.2 should prompt consid-
eration of such diseases. Metabolic acidosis with 
increased anion gap is observed in intermediate 
acid accumulation, such as organic acid disor-
ders (propionic and methylmalonic acid). Severe 
hyperammonemia (>300 μmol/L) is observed in 
primary urea cycle defects, organic acid disor-
ders, and fatty acid oxidation defects [8].

 Treatment

The principles of therapy include (1) suppression 
of the de novo synthesis of toxic metabolites by 
adapted nutritional support including high caloric 
intake and no protein initially (2), pharmacologi-
cal scavenging of ammonia by supplementation 
of substrates lacking physiological or alternative 
pathways, and (3) rapid removal of the small, 
water-soluble neurotoxic metabolites by dialysis.

Table 47.1 Laboratory investigations in inborn errors of metabolism

Routine tests Storage of samples and metabolic testsa

Urine Smell (special odor)
Look (special color)
Ketones (Acetest)
Ketoacids (DNPH)b

pH

Fresh sample in the refrigerator, frozen sample at −20 °C, for 
metabolic testing (AAC, OAC, orotic acid)

Blood Glucose
Osmolality
Blood gases
Transaminases, 
bilirubin, γGT
Ammonia
Lactic acid
Creatine kinase

Plasma heparinized at −20 °C (5 mL) for AAC, etc.
Whole blood (10 mL) collected on EDTA at −20 °C (for molecular 
biology studies)
Plasma or blood on filter paper for acylcarnitine dosage
Redox status if lactate >10 mmol/L

Miscellaneous Skin biopsy for fibroblast culture
If death: liver and muscle biopsy

DNPH dinitrophenylhydrazine test, AAC amino acid chromatography, OAC organic acid chromatography
aTests should be discussed with specialists in metabolic diseases
bThis test screens for the presence of alpha-keto acids, as occur in maple syrup urine disease. It can be replaced by an 
amino acid chromatography, if available, in an emergency situation
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Table 47.2 Etiologies of inborn errors of metabolism with neurotoxic accumulation, presenting with encephalopathy 
and which may be treated by dialysis

Clinical presentation
Predominant metabolic 
disturbances

Associated metabolic 
disturbances

Most frequent 
diagnoses

Metabolic coma without focal 
neurologic signs

Metabolic acidosis
Hyperammonemia
Hypoglycemia
Hyperlactatemia

With ketosis
Without ketosis
Normal glucose
Hypoglycemia
With acidosis
Without acidosis
Normal glucose
Hypoglycemia

Organic aciduria 
(MMA, PA), 
MSUD
FAOa

Urea cycle 
defects
FAOa

MSUD
FAOa

FAOa

MCD
FAOa

Neurologic coma with focal signs, 
seizures, severe intracranial 
hypertension, strokes, or stroke-like 
episodes

Biologic signs are variable, can 
be absent or moderate

Cerebral edema
Hemiplegia or 
hemianopsia
Extrapyramidal 
signs
Stroke-like

MSUD
OTC
MSUD
OTC
MMA
PA
MMA
Urea cycle 
defect
MMA
PA

MMA methylmalonic academia, PA propionic academia, MSUD maple syrup urine disease, OTC ornithine transcarba-
mylase, FAO fatty acid oxidation, MCD multiple carboxylase deficiency
aUsually not an indication for dialysis

Inborn errors of the metabolism
encephalopthy/vomiting/failure to
thrive/myopathy/cardiomyopathy/

shock

Defects in metabolism
of energy sources

Dysfunction in pathways
within cellular organelles

Mitochondries Peroxysomes LysosomesProteins

Amino
acidopathies

MSUD

Hypo
glycémia

Metabolic
acidosis

Hyperammonemia
Ketones

Respiratory
alkalosis

Hyperammonemia

Lactic acidosis
Hypoglycemia

+/-
hyperamonemia

Lactic acidosis
Lactic

acidosis

MMA
PA

Hyperammonemia
OTC

Citrullinemia
Argininosuccinic

aciduria
MCD

Organic
Acidemia

Urea cycle
disorders FAO

Blood gas, lactate, ammonium, glucose
Urine metabolic screen (urine organic acid, urine amino acid), plasma amino acid, acyl carnitine profile, carnitine analysis

Carnitine
shuttle

Lipids Carbohydrate

Glycogen
storage

disorders

Galactosemia

Dialysis for endogenous intoxication (NH
3
 or endogenous acids) No dialysis for endogenous intoxication

Fig. 47.2 Etiologies of inborn errors of metabolism with 
neurotoxic accumulation, presenting with encephalopa-
thy, and which may or may not be treated by dialysis. 
MSUD, maple syrup urine disease; MMA, methylmalonic 

acidemia; PA, propionic acidemia; OTC, ornithine trans-
carbamylase; FAO, fatty acid oxidation; MCD, multiple 
carboxylase deficiency
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 Nutritional and Pharmacological 
Management

As soon as an endogenous intoxication is diag-
nosed, nutritional support should be discussed 
with the specialist, and it can include the 
following:

• Rehydration first: Many patients with meta-
bolic defects are dehydrated at presentation as 
a result of poor oral fluid intake. Restoration 
of normal hydration to protect normal renal 
function and promote protein anabolism is 
crucial for effective treatment.

• High caloric intake to promote protein anabo-
lism. Glucose is the only nutrient infused ini-
tially. The rate of glucose infusion should be 
high, so that enough energy is generated via 
glycolysis. Intravenous administration of 10% 
glucose with semi-normal saline solution is 
preferable to physiological saline solution in 
patients with hyperammonemia, since ammo-
nia scavenging drugs contain large amounts of 
sodium [9]. When a central line is inserted, 
concentrated solutions of glucose are infused 
(>1000  kcal/m2/day) which may require the 
addition of insulin infusion so as to avoid 
hyperglycemia. When the diagnosis is con-
firmed, nutritional support should be started, 
consisting of glucose and lipids (in the absence 
of a fatty acid oxidation defect) without pro-
tein, preferably by continuous enteral feeding 
with a caloric intake of at least 1500 kcal/m2/
day. Special amino acid mixtures are used to 
supply nontoxic amino acids. For example, in 
MSUD, the enzyme defect involves the 
branched chain amino acids (leucine, valine, 
and isoleucine). The mixtures used are initially 
free of these three branched chain amino acids 
but include the other essential amino acids.

• Avoidance of any factor that promotes protein 
catabolism, including steroid therapy (see 
above).

• Specific medications in some inborn errors 
of metabolism, such as ammonia removal 
drugs (see Table  47.3). Ammonia scaven-
gers (sodium phenylacetate and sodium ben-
zoate) with an initial loading dose are key 

treatments in case of hyperammonemia [10]. 
Carbamylglutamate has been used success-
fully in methylmalonic and propionic acidurias 
as an allosteric activator. Carbamylglutamate 
resulted in a dramatic decrease in ammonia 
blood levels with a similar effect to dialysis in 
some cases [11].

 Metabolite Removal by Dialysis

Since the brain damage induced by neurotoxic 
metabolites is correlated with the duration of expo-
sure to high levels of these metabolites, metabolic 
crises are considered emergency indications for 
dialysis requiring use of the most readily available 
and effective dialysis modality [7]. After 3–4  h 
of the nutritional and pharmacological treatment 
described above, medical management is evalu-
ated with respect to neurological recovery, evo-
lution of biochemical markers (serum ammonia, 
pH, etc.), and nutritional tolerance. However, this 
4-h window should be used to prepare for having 
dialysis ready for nonresponders. The criteria for 
dialysis and the optimal modality to use are not 
yet well established for each disease and are cur-
rently based on individual institutional experience. 
The decision is made with a multidisciplinary 
approach that involves intensivists, specialists in 
metabolic diseases, and nephrologists. For tech-
nical aspects of each dialysis methods see corre-
sponding chapters.

 Hyperammonemic Disorders

In hyperammonemic disorders, increasing serum 
ammonia level or values persistently above 300–
500  μmol/L are usual indications for dialysis 
[10, 12]. Since rapid toxic removal is crucial for 
limiting damage to susceptible tissues, particu-
larly in hyperammonemic crises, the selection 
of dialysis modality must focus upon its efficacy 
of metabolite clearance. Other factors to con-
sider in critically ill children are hemodynamic 
stability and intracranial hypertension. Dialysis 
is ended when ammonia blood levels are below 
100 μmol/L [13–15].
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In hyperammonemic metabolic crises, experi-
mental evidence suggests that ammonium is more 
efficiently removed by extracorporeal techniques 
than by peritoneal dialysis (PD) [16, 17]. PD is 
of limited efficacy in hyperammonemic patients, 
because normalization of blood ammonia levels 
occurs in no less than 24 h, continued dialysis is 
required over 1–5 days on average, and a failure 

to decrease ammonia levels is seen in individual 
cases [17–25]. Better results are obtained using 
continuous venovenous extrarenal therapies 
(CERT) including continuous hemofiltration [9] 
and continuous hemodialysis; blood ammonia 
is typically reduced 50% within 4–8  h and by 
>90% within 10  h, and therapy usually can be 
discontinued within 24 h [22, 26–29]. The most 

Table 47.3 Specific treatments of inborn errors of metabolism

Drug Effect Indication (s) Dose (s) Administration
Sodium benzoate Ammonia removal NH3 >200 μmol/L

Urea cycle disease
Ketotic 
hyperglycinemia

Loading dose: 500 mg/
kg
Maintenance: 500 mg/
kg/24 h

IV 90 min
IV 24 h

Sodium phenylacetate Ammonia removal NH3 >200 μmol/L
Urea cycle disease

Loading dose: 500 mg/
kg
Maintenance: 500 mg/
kg/24 h

IV 90 min
IV 24 h

Sodium 
phenylbutyrate

Ammonia removal NH3 >200 μmol/L
Urea cycle disease

450–600 mg/kg/days 
3–6 times a day max 
20 g/day

PO

Arginine Ammonia removal NH3 >200 μmol/L
Urea cycle disease

Loading dose: 600 mg/
kg
Maintenance: 600 mg/
kg/day then 200 mg/kg/
day

IV
IV 24 h

Carglumic acid Ammonia removal NH3 >200 μmol/L
N acetylglutamate 
deficiency
MMA PA FAO

100–250 mg/kg/day 2–4 
doses

PO

Carnitine Primary or secondary 
deficiency

Organic aciduria
FAO
Mitochondrial 
disorders

50–100 mg/kg/day in 
divided doses every 
3–4 h

IVC or PO

Vitamin B12: 
hydroxycobalamin

Enzyme cofactor
Methionine synthase 
deficiency

MMA 1–5 mg/kg/day IM or IV

Metronidazole Decreased toxin 
production by intestine 
bacteria

MMA
PA

15–20 mg/kg/day 
divided in 2–3 doses

PO

Biotin PC cofactor PA
Biotinidase 
deficiency
Carboxylase 
deficiencies

5–20 mg once /day PO

Riboflavin Cofactor of acyl 
dehydrogenase

FAO 20–40 mg/day IV or PO

Thiamine Enzymatic cofactor MSUD 50–200 mg/day IV or IM

In suspected cases of IEM, the above specific treatments may be indicated in metabolic encephalopathy, after specialist 
consultation. Some therapies are specific for toxic accumulation (i.e., hyperammonemia) and some are specific a 
disease
MSUD maple syrup urine disease, MMA methylmalonic acidemia, PA propionic acidemia, OTC ornithine transcarba-
mylase, FAO fatty acid oxidation, MCD multiple carboxylase deficiency, NH3 ammoniac, PC pyruvate carboxylase, IV 
intravenous, IVC continuous intravenous infusion, IM intramuscular, PO per os
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efficient toxic removal is achieved by the use of 
intermittent hemodialysis (iHD), which reliably 
decreases blood ammonia concentrations by 
75% within 3–4 h [17, 20, 21, 30–32]. However, 
repeated hemodialysis sessions or a switch to 
CERT are usually required due to rebound hyper-
ammonemia [17, 20]. Hence, continuous veno-
venous hemodialysis (CVVHD) until attainment 
of complete normalization of blood ammonium 

levels is considered the treatment of choice in 
most centers. The routine use of this technique 
has become feasible with the advent of dialysis 
machines specifically adjusted for use in small 
children.

Whatever the method used (iHD or CERT), 
the expected clearance should be greater than 
40 mL/min/1.73 m2. Metabolite clearance is mea-
sured by the formula:

 Clearance mL blood flow mL pre post pre/ min / min / ,� � � � �� �� �C C C  

where Cpre and Cpost are the pre- and post-dialyzer 
metabolite blood concentrations.

 Maple Syrup Urine Disease (MSUD)

The incidence rates of inborn metabolic diseases 
vary by country. MSUD is an autosomal reces-
sive disease with an incidence ranging from 
1/120,000 to 1/290,000 in the United States [33]. 
For some authors, dialysis is indicated if two of 
the three following criteria persist 3–4 h after ini-
tial treatment: coma, gastrointestinal intolerance, 
and plasma leucine levels ≥1700  μmol/L [34]. 
Dialysis is concluded when plasma leucine levels 
are below 1000 μmol/L.

In patients with MSUD, the low endogenous 
clearance of leucine and other branched chain- 
keto and amino acids is insufficient to reverse 
the accumulation of branched-chain amino acid 
(BCAA) that occurs during catabolic states. Since 
several fold higher BCAA clearance rates are 
achieved by PD, this technique has been regarded 
as the method of choice since its introduction in 
the 1980s [19, 23, 35]. More recently, 100–150% 
higher BCAA removal rates have been demon-
strated experimentally with continuous extracor-
poreal blood purification techniques compared 
to PD (Fig.  47.3) [17, 36]. In clinical practice, 
CERT resulted in better leucine clearance than 
PD [27, 28, 37]. In children, iHD provided higher 
leucine clearance and required shorter sessions 
than CERT (5.4 ± 0.6 h vs. 17.1 ± 6.0 h). A leu-
cine clearance ≥50 mL min−1.1.73 m−2 resulted 

in a similar kinetic profile both with CERT and 
iHD [34, 38]. Currently, a major technical limit 
in monitoring the acute treatment of MSUD is 
the difficulty in obtaining rapidly serial plasma 
leucine levels during treatment. With CERT, 
leucine plasma levels decreased according to a 
bicompartmental model similar to that of non-
protein-bound small- molecular- weight solutes 
such as urea or creatinine. This suggests that 
leucine clearance can be estimated from the cre-
atinine clearance [38]. However, when extracor-
poreal technics are not available, there is one case 
report of successful treatment of acute MSUD 
with sodium phenylacetate/sodium benzoate and 
sodium phenylbutyrate [39].

 Other Organic Aciduria

The incidence of these rare diseases is also vari-
able. While individually rare, the cumulative inci-
dence of inborn errors of metabolism has been 
shown to be upward of 1/800. To date, more than 
1000 different IEM have been identified [40]. In 
methylmalonic or propionic aciduria, dialysis 
is indicated if two of the four following criteria 
persist 3–4 h after initial treatment: coma, gas-
trointestinal intolerance, and pH <7 or persistent 
high blood ammonia levels after carbamylgluta-
mate treatment [41]. CERT or iHD are preferred 
(in these authors’ experience). The other inher-
ited metabolic diseases are not usual indications 
for dialysis. Extracorporeal removal therapy is 
sometimes initially instituted because an endoge-
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nous intoxication is thought to be the most likely 
diagnosis at the time of ICU admission.

 Dialysis Equipment

 Catheter

The choice of catheter has to balance between 
the aim of achieving an adequate blood flow 
and the risks of catheter insertion in a newborn. 
Ideally, a blood flow of 150 mL/min/m2 should 
be attained, that is, 30–35 mL/min in an average 
neonate. This goal can be reached by inserting a 
6.5-French double-lumen catheter (e.g., Gambro 
6.5 Fr, 3.5 in.) into a femoral vein. This catheter 
provides excellent blood flow rates, but insertion 
may be difficult in small neonates. Alternatively, 
two 5-French single-lumen catheters (e.g., 
Medcomp 5 Fr, 3.0  in.) can be inserted [39]. 
Umbilical catheters are less suitable for dialysis 
because of high flow resistance determined by 
their length, but special extracorporeal setups 

involving two shortened umbilical catheters have 
been used anecdotally in small neonates.

 Dialyzer

Polysulfone dialyzers should be preferred 
because of their superior biocompatibility and 
lower anticoagulation requirements. The surface 
of the dialyzer membrane should approximately 
match the body surface area of the patient. We 
have had excellent experience with the Fresenius 
FX paed (FMC, Bad Homburg, Germany) and the 
Spiraflo HFT02 (Bellco, Mirandola, Italy), which 
have fill volumes of 18 and 25 mL respectively.

 Dialysis Machines and Tubing

In principle, emergency dialysis in neonates with 
inborn errors of metabolism can be performed 
using adjusted tubing systems on standard hemo-
dialysis machines, such as the neonatal tubing 
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Fig. 47.3 Effect of blood and dialysate flow rate on 
ammonium and leucine removal by hemodialysis in a neo-
natal setting (simulation study using Baxter BM25 device 

and Bellco Spiraflo HFT02 dialyzer). (Modified from 
Schaefer et al. [17])
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for the Fresenius 2008 or 4008 devices. These 
tubing sets have a fill volume of 47  mL.  Even 
when used with the smallest neonatal dialyzers 
available, the total volume of the extracorporeal 
system exceeds 10% of the estimated blood vol-
ume of an average neonate. In that case, the cir-
cuit can be primed with blood or albumin to have 
a better hemodynamic tolerance at dialysis start. 
Another disadvantage is that an incorrect blood 
flow rate is displayed when small-volume neona-
tal tubes are used. Moreover, due to the fixed high 
dialysate flow rate of at least 500 mL/min with 
the 2008 device (300  mL/min with the 4008), 
critical depletions of phosphate and other solutes 
not present in the dialysis fluid may occur with 
prolonged use of this technique. Machines spe-
cifically designed for continuous renal replace-
ment treatment in children are available, such as 
the BM25 (Baxter) or the PRISMAFLEX device 
(Gambro). The main advantages of these systems 
are the small volume of the extracorporeal sys-
tem, accurate and fine-scaled setting of blood 
flow even in the low range typical for neonatal 
dialysis, precise control and variable choice of 
dialysate flow, and the mobile, reverse osmosis- 
independent device setup.

 Dialysis Management

In order to achieve maximal treatment efficacy, 
blood flow should be set to the maximal value 
provided by the machine without alarms, which 
should be set as wide as possible. The dialysate 
flow rate required to achieve maximal clearance 
is determined by the blood flow achieved. In a 
neonatal dialysis simulation study, we found 
a linear relationship between blood flow and 
ammonium and leucine clearance up to the maxi-
mal blood flow rate usually achievable in neo-
nates (i.e., 30 mL/min) with a dialysate flow rate 
of 5 L/h (Fig. 47.2). As a rule of thumb, extrac-
tion of these metabolites is maximal when dial-
ysate flow exceeds blood flow by at least three 
times. This target can easily be achieved by pass-
ing bag dialysis fluid along the filter utilizing the 

filtration/substitution pump system of a pediatric 
continuous renal replacement machine such as 
the Prismaflex. Beginning by intermittent hemo-
dialysis, to have a high removal of metabolite 
first, then continued by continuous hemodialysis 
to avoid rebound. Clearance is at least 35-50 mL/
min/1.73 m2.

The major complications to consider when 
dialyzing neonates or small infants with meta-
bolic crises are clotting of the extracorporeal 
system, hemodynamic instability, and risk of 
cerebral edema increase, each of which can 
cause treatment interruptions and hence hazard-
ous delays in the removal of toxic metabolites.

In order to prevent clotting, heparin should 
be administered at a dose sufficient to increase 
the activated clotting time (ACT) to 120–150 s. 
We use an initial bolus of 1500  IU/m2 fol-
lowed by continuous infusion of 300–600 IU/
m2/h. Anticoagulation should be monitored 
by hourly ACT measurements. Coagulation 
requirements are inversely related to the blood 
flow rate. However, with the goal to avoid 
adverse effects due to heparine, a prospective, 
non-randomized descriptive study on 18 pedi-
atric patients and 119 treatments was published 
using citrasate (a citrate-based dialysate) with 
promising results [42].

Hemodynamic instability, leading to reduced 
cerebral perfusion pressure, is common in 
patients with a prolonged duration of hyperam-
monemia due to urea cycle disorders.

Another risk is a quick decrease in osmolarity 
during dialysis which may lead to intracellular 
water shift.

The challenge with both intermittent and 
continuous techniques is to accomplish rapid 
removal of ammonia without worsening cerebral 
edema by inducing hypotension and/or creating 
osmotic shifts. This is achieved by the following 
measures (1): NaCl 0.9% or albumin 5% infusion 
before the start of extracorporeal therapy (2), 
priming the circuit with blood when extracorpo-
real circuit volume exceeds 10% of the child’s 
blood volume (80 mL/kg) (3), use of a dialysate 
fluid of osmolarity equal or greater than patient 
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osmolarity (4), no ultrafiltration, and (5) if neu-
rologic deterioration is observed during therapy, 
the toxic clearance should be reduced and man-
nitol infused.

CERT seemed to significantly decrease 
inflammation when compared to intermittent 
hemodialysis in 22 children [43]. This supports 
the use of CERT in endogenous intoxications, as 
protein anabolism is one of the main goals of the 
treatment [43].

In 2001, it was suggested in a case report that 
moderate hypothermia (34  °C) could be con-
sidered in order to decrease metabolic activity 
in severe hyperammonemia [44]. This was con-
firmed later in a short series of seven cases [45]. 
This effect was attributed to a slowing of meta-
bolic ammonia generation.

 Clinical Outcomes

Metabolic encephalopathy due to inborn errors 
of metabolism represented 2% of admissions to a 
PICU serving a national reference center for meta-
bolic diseases. The mortality rate of these patients 
was 28.6% [6], stable across the years despite 
an increased use of aggressive treatment [4]. In 
MSUD patients with neonatal onset who were 
dialyzed, good neurologic development is usu-
ally achieved. Neonatal onset of urea cycle defects 
(UCD) and propionic or methylmalonic aciduria 
(PA/MMA) is characterized by a less favorable 
outcome than MSUD and late-onset UCD and PA/
MMA. F. Deodato et al. observed a mortality rate 
of 27.5% at 2 years and 48% at long-term follow-
up, whereas late-onset patients showed only a 10% 
mortality rate [46]. Similarly, long-term cognitive 
development worsened in neonatal onset patients 
but did not deteriorate in late-onset ones.

Novel therapies are in development for 
inherited metabolic diseases including enzyme 
replacement therapy, hepatocyte transplantation 
followed by liver transplantation, and gene ther-
apy [47–49]. For gene therapy the main obstacle 
to transfer in clinical practice remains the innate 
inflammatory acute response against the vec-
tor capsid protein, a complex and multifactorial 

phenomenon. If such therapies are successful, the 
main challenge that will remain is to make a rapid 
diagnosis and initiate efficient treatment at the 
first onset. However, a recent paper highlighted 
the difficulties of research in that field [50].

All these observations emphasize the impor-
tance of expeditious diagnosis and prompt refer-
ral of infants with suspected inborn errors of 
metabolism to hospitals with a multidisciplinary 
team that includes metabolic experts, a skilled 
pediatric dialysis team, intensivists, laboratory 
staff, and dieticians [51].
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Therapeutic Apheresis in Children

Christina Taylan and Scott M. Sutherland

 Introduction

The term “apheresis” is derived from the Greek 
word “Αφαίρεσης,” which means removal. In the 
most traditional sense, it refers to the large-scale 
separation or elimination of a blood component. 
For example, plasmapheresis is the removal of 
plasma and leukapheresis is the removal of white 
blood cells (WBCs). The technique, in various 
forms, has been utilized for over a century [1]. 
However, the first use of the technique as we 
know it today occurred during World War II [2]. 
At that time, Dr. Edwin Cohn developed both a 
technique and a device for isolating the serum 
albumin fraction of blood plasma. Indeed, trans-
fusions of this purified albumin component were 
responsible for rescuing thousands of soldiers 
from hypovolemic shock. After the war, Cohn 
worked to develop systems by which every com-
ponent of donated blood could be used, ensuring 
that nothing would be wasted. The final result 
was a device with reusable parts capable of sepa-

rating donor plasma “online” during whole blood 
donation [3].

True therapeutic apheresis procedures became 
feasible after notable trends in the design of 
instruments improved safety, hygiene, and effi-
ciency. For example, lower extracorporeal vol-
umes reduced the risk of hypovolemia and red 
blood cell (RBC) depletion; monitors and alarms 
were developed to detect clotting, air accumula-
tion, and dangerous device and access pressures; 
anticoagulation began to be individualized for 
patient requirements; the size and weight of the 
devices decreased, allowing greater portabil-
ity. Therapeutic plasma exchange was first used 
manually in 1952 to treat a patient with multiple 
myeloma and hyperviscosity; whole blood was 
removed from the patient, RBCs were separated 
gravitationally and returned to the patient, and 
the plasma component was discarded [4]. Several 
years later, in 1965, the engineer Jodson in col-
laboration with the physician Freireich created a 
centrifugal machine capable of removing WBCs 
from a patient with acute leukemic disease [5]. 
This automated process was initially used to col-
lect white blood cells and platelets; however, it 
was ultimately modified to be used for plasma 
exchange in 1970 [6]. Today a number of thera-
peutic apheresis devices are available and the 
procedure is safe and easy to perform; technical 
improvements have made procedures quicker, 
safer, more convenient for instrument operators, 
and more comfortable for patients [7].
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In children, therapeutic apheresis requires 
selected modifications given a child’s smaller 
size, blood volume, and developmental stage. 
Often, RBC priming is used to prevent hemo-
dilution and hypovolemia. Although peripheral 
access may be used in older patients, the majority 
of pediatric patients require double lumen cen-
tral venous catheters if the therapy will be needed 
for an extended period of time. Often diversional 
activities appropriate for the child’s develop-
mental age are provided to allay anxiety, divert 
attention, and elicit cooperation. That said, if the 
infrastructure of an apheresis center is appropri-
ately designed, a child’s size and clinical condi-
tion are not exclusionary criteria for apheresis. 
This chapter will give an overview of therapeutic 
apheresis techniques in general and will describe 
some of the issues that are unique to the applica-
tion of apheresis techniques in pediatrics.

 Principles of Separation

Apheresis involves the removal of whole blood 
from an individual and the subsequent separa-
tion of that blood into cellular elements and 
plasma; it is generally performed for the purpose 
of removing or exchanging one of these blood 
components. There are two techniques which can 
be used to achieve this separation: mechanical 
centrifugation and membrane filtration. During 
mechanical centrifugation, blood cells and com-
ponents are separated based upon their density. 
Centrifugal apheresis can target blood cells or 
plasma and is very efficient, achieving nearly 
80% plasma extraction efficiency. Notably, it 
requires relatively low blood flow rates and there-
fore can be performed using either peripheral or 
central venous access. Additionally, centrifuga-
tion can utilize intermittent or continuous flow. 
Intermittent flow centrifugation processes small 
volumes of blood in cycles (a cycle consists of 
blood being drawn, processed, and re-infused); 
continuous flow centrifugation simultane-
ously removes, processes, and re-infuses blood. 
Intermittent flow techniques can be performed 
using a single venous access site; however, the 
procedure time is longer and larger extracor-

poreal blood volumes are required; it is rarely 
used for therapeutic apheresis. Continuous flow 
centrifugation is faster but requires two vascu-
lar access sites (or a dual lumen central cathe-
ter), one for withdrawal of blood and a second 
for its return. Membrane filtration devices, on 
the other hand, selectively remove plasma along 
with high- molecular- weight proteins based 
upon differing membrane pore sizes (pore range 
0.2–0.6 μm, Table 48.1). As a result, membrane 
filtration devices are capable of plasma removal 
and exchange but not cytapheresis. Notably, 
these devices are less efficient with lower plasma 
extraction efficiency (about 30%), require higher 
blood flow rates which tends to necessitate cen-
tral vascular access, and require continuous flow.

Regardless of the method of extraction, all 
apheresis systems have certain aspects in com-
mon. First, all devices employ single-use, dis-
posable, biocompatible plastic-ware to maintain 
sterility during the procedure. Second, these 
devices all incorporate safety features such as 
air traps to prevent air embolism, filters to pre-
vent reinfusion of aggregates, pressure monitors 
to ensure safe access and intra-device pressures, 
and appliances to infuse an anticoagulant to pre-
vent clot formation in the extracorporeal circu-
lation. Finally, all automated separators have an 
obligate extracorporeal volume (ECV) which 
must be in the instrument’s tubing during the 
apheresis procedure. The necessary ECV varies 
depending both on the type of device used and 
the type of procedure being performed. The tem-
porary loss of these volumes is usually well toler-
ated by adults, but volume and RBC balance must 
be taken into careful consideration when auto-
mated apheresis is performed in small  children, 

Table 48.1 Size of cellular blood components

Cell type Diameter
Plasma N/A
Platelets 1–4 μm
Erythrocytes 6–8 μm
Lymphocytes 6–10 μm
Eosinophils 9–15 μm
Basophils 10–15 μm
Neutrophils 12–15 μm
Monocytes 10–30 μm
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especially if the ECV represents >10–15% of the 
patient’s total blood volume.

 Pediatric-Specific Technical 
Considerations

The use of apheresis in children is feasible regard-
less of the size of the patient, as long as adequate 
vascular access can be established. However, 
apheresis procedures in young children must be 
customized to the situation and to the size of the 
patient because apheresis equipment and the soft-
ware that controls it are, in general, designed for 
use in adults.

 Vascular Access

Although apheresis procedures can be performed 
using peripheral venous access, most pediatric 
patients will not have antecubital veins large 
enough to support adequate flows. The access for 
drawing blood from the patient is of paramount 
importance as it must be capable of tolerating 
the pressures generated by the device; frequently, 
this necessitates placement of a 16 or 17-gauge 
steel needle (similar to those used to access arte-
riovenous fistulas). The return access can be a 
standard, plasticized peripheral intravenous line; 
however, it needs to be of larger bore as well (18 
to 20-gauge). As a result, the vast majority of 
children who receive apheresis do so via a double 
lumen central venous catheter, utilizing the same 
access for both draw and return. In these situa-
tions, it is preferable to draw from the proximal 
port and reinfuse through the distal point to mini-
mize recirculation; however, in practice the more 
patent lumen with superior flows is usually cho-
sen for the draw access. The length and gauge of 
the catheter will depend on the child’s physical 
size and vein quality; however, in all cases the 
wall of the catheter must be resilient enough to 
withstand the negative pressure generated dur-
ing the apheresis procedure. Although catheters 
designed for dialysis are commonly used for 
apheresis procedures, newer “power injectable” 
central lines such as the PowerHickman® (Bard, 

Tempe, Arizona, United States) can be used as 
well. These catheters are capable of tolerating 
the pressures generated by the apheresis devices 
but are smaller, more flexible, and allow greater 
customization of length. For larger patients who 
are likely to require apheresis chronically, sev-
eral companies make “power injectable” ports 
through which procedures can be performed. 
Unfortunately, standard softer central venous 
catheters such as those commonly used in oncol-
ogy patients and the intensive care unit are not 
suitable apheresis access. Although they may 
be used for return of the blood, they are not stiff 
enough to be used for drawing of the blood into 
the device. Table 48.2 provides general guidelines 
for apheresis access across weight categories. It 
is worth noting that in situations where patients 
already have some type of extracorporeal circula-
tion (i.e., extracorporeal membrane oxygenation, 
cardiopulmonary bypass, or continuous renal 
replacement therapy), most apheresis devices can 
be attached directly to these circulations without 
the need for alternate venous access.

 Extracorporeal Volume and Blood 
Priming

One of the most important considerations when 
adapting apheresis instruments designed for 
adults for use in children is the extracorpo-
real volume (ECV) of the device. The actual 
ECV varies from approximately 200 to 400 mL 
depending on the device employed and the pro-
cedure performed. Although adult-sized patients 
may tolerate the transient loss of such a volume, 
smaller pediatric patients almost certainly will 
not. Generally speaking, if the ECV of the device 
exceeds 10–15% of the child’s blood volume, 
blood priming of the device should be employed. 
Although the ECV for all apheresis devices/pro-
cedures is clearly defined, patients total blood 
volume must always be estimated. Traditionally, 
pediatricians estimate total blood volume to 
be 65–85  mL/kg depending on age. However, 
most apheresis devices contain more complex, 
empirically derived formulas for blood volume 
 estimation that take into account gender, weight, 
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and height programed directly into the software 
[8]. Often, the apheresis instrument is primed by 
filling all of the tubing with red blood cells at a 
predetermined hematocrit before starting; how-
ever, priming can also be accomplished by infus-
ing red cells or fluids directly into the patient 
at the start of the procedure while the machine 
is filling with blood coming directly from the 
patient. With proper planning, it is possible to 
perform an apheresis procedure in a small child 
with no change in the patient’s blood volume or 
red cell mass during the procedure. The technical 
details of priming for pediatric apheresis proce-
dures are discussed in detail elsewhere [9, 10].

 Anticoagulation

Apheresis requires anticoagulation to prevent 
clotting in the device and extracorporeal cir-
culation. Most commonly, the anticoagulant 
employed is sodium citrate which prevents clot-
ting through the chelation of calcium; the clot-

ting cascade is highly dependent on calcium and 
lowering calcium levels prevents activation. One 
substantial benefit of citrate anticoagulation is 
its regional nature; citrate allows anticoagula-
tion of the circuit without exposing the patient 
to the bleeding risks of systemic anticoagulation. 
On the other hand, citrate can lead to transient 
 hypocalcemia. The severity of this side effect 
depends primarily on the rate of infusion and 
the rate of hepatic citrate metabolism; smaller 
children and those with hepatic dysfunction are 
at the greatest risk for hypocalcemia. The symp-
toms of hypocalcemia during apheresis can range 
from mild (perioral, hand, and foot tingling and 
paresthesias) to severe (tremors, muscle spasms, 
tetany, seizures, and arrhythmias) [11–14]. Thus, 
patients undergoing apheresis using citrate anti-
coagulation should be monitored for early signs 
of citrate accumulation and hypocalcemia by 
focused symptom history or measurement of ion-
ized calcium levels. In small children or sedated/
unconscious patients who are incapable of ver-
balizing their symptoms frequent vital signs 

Table 48.2 Weight-based apheresis line choices for children

Catheter selection for all apheresis therapies based on patient weight and expected duration of therapy

Expected usage ≤14 days Expected usage >14 days
<5 kg 7Fr x 10 cm (uncuffed dialysis catheter) N/Aa

5–10 kg 7Fr x 10 cm (uncuffed dialysis catheter) 8Fr (cuffed dialysis catheter)
10–15 kg 7Fr x 10 cm (uncuffed dialysis catheter)b

8Fr (cuffed or uncuffed dialysis catheter)b

8Fr (cuffed dialysis catheter)

15–20 kg 8Fr (cuffed or uncuffed dialysis catheter) 8Fr (cuffed dialysis catheter)
20–30 kg 8Fr (cuffed or uncuffed dialysis catheter)b

9.5 Fr (cuffed Power Hickman, Bard)b

8Fr (cuffed or uncuffed dialysis catheter)b

9.5 Fr (cuffed Power Hickman, Bard)b

30–40 kg 9.5 Fr (cuffed Power Hickman, Bard) 9.5 Fr (cuffed Power Hickman, Bard)
12 Fr Dual Lumen Apheresis Port (Vortex®, 
Powerflow®)c

40–50 kg 9.5 Fr (cuffed Power Hickman, Bard) 9.5 Fr (cuffed Power Hickman, Bard)
12 Fr Dual Lumen Apheresis Port (Vortex®, 
Powerflow®)c

>50 kg 9.5 Fr (cuffed Power Hickman, Bard) 9.5 Fr (cuffed Power Hickman, Bard)
12 Fr Dual Lumen Apheresis Port (Vortex®, 
Powerflow®)c

Two 8Fr single lumen Apheresis Ports 
(Vortex®, Powerflow®)d

aNo cuffed, permanent solution available for children <5 kg
bChoice of catheters should be based upon both patient size and vein size
cApheresis ports can be placed in some patients less than 40 kg; however, patient and vein size will ultimately determine 
feasibility. These ports cannot be used earlier than 7–21 days after placement
dTwo 8Fr single lumen Apheresis ports have an effective combined lumen size of ~ 16Fr; thus they can only be used in 
patients >50 kg. These ports cannot be used earlier than 7–21 days after placement
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monitoring is warranted along with serial calcium 
determination. Mild symptoms (tingling) can be 
treated by reducing the citrate infusion rate, stop-
ping the procedure temporarily, or administer-
ing oral calcium supplements. Severe symptoms 
such as seizures, tetany, or EKG changes should 
be managed by terminating the procedure and 
administering calcium intravenously. Heparin 
can also be used as the anticoagulant for apher-
esis procedures. In this case, the patient typically 
receives a therapeutic dose of heparin during the 
procedure with resultant systemic and extracor-
poreal anticoagulation; these patients should be 
considered at risk for bleeding during and imme-
diately after the procedure. For patients at greater 
bleeding risk it is safest to monitor the degree of 
heparinization during the procedure and adjust 
the infusion rate accordingly. In pediatric apher-
esis, it is particularly important to pay attention 
to the rate at which the anticoagulant is admin-
istered to the patient. Since the anticoagulant is 
added to the blood drawn from the patient in a 
constant ratio of volume of anticoagulant per 
volume of blood, the rate of blood draw deter-
mines the dose of anticoagulant that the patient 
ultimately receives. Apheresis procedures in chil-
dren are often performed at relatively higher flow 
rates than adults (relative to weight). Thus, the 
dose anticoagulant (citrate or heparin) will be 
higher in a child than in an adult on a per kilo-
gram basis. Specific anti-coagulation protocols 
will vary between institutions and are dependent 
on the device being used. For many devices, the 
anticoagulant dose is expressed as a ratio relative 
to the blood flow rate. For example, the default 
blood flow to anticoagulant ratio for plasma 
exchange at our institution is 10:1, meaning that 
for every 10  mL of blood that passes through 
the device, 1  mL of anticoagulant (ACD- A) is 
added; typical ratios for ACD-A are between 8:1 
and 15:1 where higher ratios provide less aggres-
sive anticoagulation. We typically use heparin 
only to provide photopheresis, primarily due to 
device specifications. In this scenario, depending 
on the patient’s platelet count, 7500–10,000 units 
of heparin is added to 500 mL of normal saline 
and anticoagulation is provided at a ratio of 8:1 

to 12:1. It is important to note that these ranges 
are merely guidelines and that it is important that 
anticoagulation is tailored to the individual.

 Volumetric Control

The rates at which blood is drawn, processed, 
and returned during an apheresis procedure 
are determined by computerized algorithms 
that control the peristaltic pumps that move the 
blood through the tubing. While it is beyond the 
scope of this chapter to discuss these algorithms 
in detail, a few general points are worth noting. 
First, within certain limits, the patient’s net bal-
ance of volume and the net balance of red cell 
mass can be manipulated independently during 
an apheresis procedure. This means, for example, 
that it is possible to administer a red cell transfu-
sion during plasmapheresis with no net increase 
in the patient’s intravascular volume, a maneu-
ver that can be very advantageous for a patient 
with anemia and oliguric kidney failure. Second, 
it is possible to perform a plasmapheresis pro-
cedure that results in a net removal of plasma 
volume from the patient, or in a net fluid gain. 
It is important to note, however, that while these 
manipulations are feasible, using apheresis pro-
cedures as a method of volumetric control is not 
ideal; patients who need true ultrafiltration will 
be better served by some form of renal replace-
ment therapy. However, subtle manipulations in 
volume can be helpful for patients who are exqui-
sitely volume sensitive.

 Apheresis Treatment Modalities 
and Procedures

Historically, there have been four primary thera-
peutic apheresis procedures: plasmapheresis, 
erythrocytapheresis, leukapheresis, and platelet-
pheresis. All four can be performed safely and 
effectively in pediatric patients with various 
modifications. This section will discuss these 
four primary procedures as well as several more 
specialized techniques.

48 Therapeutic Apheresis in Children
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 Plasmapheresis

Plasmapheresis involves separation and removal 
of plasma from the cellular components of blood. 
During the procedure, a patient’s plasma is col-
lected and discarded into a waste bag while the 
cells themselves are mixed with a replacement 
fluid and returned to the patient. Therapeutic 
plasma exchange is generally employed in two 
situations. The first would be a scenario where a 
patient’s plasma compartment contained a non- 
physiologic or undesirable protein or substance. 
An example of this is Goodpasture’s disease; 
in this case, the pathogenesis of the patient’s 
disease is the presence of circulating antibod-
ies against the glomerular basement membrane. 
The antibodies are contained within the plasma 
component and are removed along with the 
plasma. Normovolemia is restored by replacing 
the discarded plasma with an equal volume of 
an osmotically equivalent fluid. Options primar-
ily include donated fresh frozen plasma (FFP) 
or 5% albumin. Often, 5% albumin is used in 
isolation as it allows the procedure to be per-
formed with minimal concern for transfusion-

transmitted infectious disease, blood product 
allergic reactions, or transfusion-associated 
lung injury (TRALI) [15]. However, removal of 
plasma and replacement with 5% albumin leads 
to depletion of important plasma proteins (i.e., 
non-pathologic immunoglobulins and coagu-
lation cascade components). As an example, 
as shown in Fig.  48.1, plasmapheresis of one 
plasma volume without concomitant replace-
ment with a plasma product will reduce the lev-
els of coagulation proteins by about 60–65%. 
This may be associated with a fibrinogen level 
below 100 mg/dL and prolongation of the pro-
thrombin time (PT) and partial thromboplastin 
time (PTT); however, it is not usually associated 
with clinical bleeding. Generally speaking, if the 
rate of hepatic regeneration of these coagulation 
factors is normal, performing plasmapheresis on 
an alternate day schedule tends not to require 
exogenous replacement with FFP.  However, if 
daily plasmapheresis is required or the patient 
has synthetic hepatic dysfunction, a concomi-
tant coagulopathy, or significant bleeding risk, 
at least a portion of the replacement fluids must 
be comprised of FFP.  Often, institutions will 
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Fig. 48.1 Relationship between TPE volume exchanges 
and plasma turnover. As larger fractions of plasma are 
exchanged, each successive increase becomes less effi-
cient. This is due to the fact that the process is provided 
continuously; the patient’s plasma becomes mixed with 
the donor plasma during the course of the therapy. A 
single- volume exchange replaces approximately 65% of 

the patient’s plasma, a 1.5x volume exchange replaces 
approximately 75% of a patient’s plasma, and a double- 
volume exchange replaces approximately 85% of a 
patient’s plasma. The diminishing returns suggest that 
exchanges larger than 2x volume are unlikely to provide 
significant incremental effect
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set a pre-therapy fibrinogen threshold of 150–
180  mg/dL and patients due to undergo plas-
mapheresis who have fibrinogen levels lower 
than this threshold will receive FFP as part of 
the replacement fluid; while some situations 
may require 100% of the replacement fluid to be 
FFP, often a mixture of 50% FFP and 50% 5% 
albumin will suffice. The second scenario where 
plasmapheresis is employed is in the setting of a 
blood protein or component deficiency. The best 
example of this is likely thrombotic thrombocy-
topenic purpura (TTP). In this case, the goal is 
not only removal of a pathologic substance but 
also the replacement of an absent physiologic 
one. In these situations, the replacement fluid 
must consist entirely of FFP.  Although some 
patients with mild deficiencies may respond to 
plasma infusion alone, the vast majority require 
a large enough plasma volume to restore normal 
protein levels that plasma exchange is necessary 
to prevent massive volume overload.

A very important aspect of plasma exchange 
is the concept of efficiency and dose. As plasma 
is removed from the patient, the replacement 
fluid or fluids of choice must be given concur-
rently to maintain intravascular volume and 
oncotic pressure. As a result of this, the replace-
ment fluids become admixed with the patient’s 
plasma, thereby diluting it. Subsequently, a 
portion of the plasma removed throughout the 
 procedure is technically the replacement fluid 
itself. At the beginning of a treatment, the major-
ity of the removed fluid is the patient’s plasma, 
whereas at the end of the plasmapheresis, much 
of what is removed is actually replacement 
fluid. The relationship between the amount of 
plasma removed (expressed as multiples of the 
patient’s plasma volume) and the fraction of the 
original plasma remaining is given in Fig. 48.1. 
A plasmapheresis procedure that exchanges a 
volume equal to the patient’s plasma volume 
(single-volume exchange) will achieve about 
63% removal of the original plasma, with 37% 
remaining in the patient, as shown in the figure. 
Removal of twice the patient’s plasma volume 
(double-volume exchange) will remove 86% of 
the original plasma. From the figure, it is appar-
ent that the additional benefit of prolonging a 

plasmapheresis past two volumes is marginal. 
Finally, the overall efficiency of a single plasma-
pheresis procedure, or of a series of treatments, 
is also affected by the distribution between intra-
and extravascular compartments of the targeted 
substance and on other metabolic characteris-
tics such as rate of synthesis and degradation 
[16]. Figure 48.2 illustrates two commonly uti-
lized regimens, daily single-volume exchanges 
(Fig.  48.2a) and alternate- day 1.5x volume 
exchanges (Fig. 48.2b). Each regimen is capable 
of achieving similar effective clearance albeit 
over shorter and longer timeframes, respectively. 
While alternate- day regimens are associated 
with greater inter-treatment rebound and longer 
effective clearance times, they also allow the 
body to re-accumulate physiologic components 
of hematologic homeostasis (i.e., clotting fac-
tors). The use of single-, 1.5x, or double-volume 
exchanges as well as delivery of the therapy on 
a daily or alternate day schedule depends on the 
manner in which these aspects are prioritized.

 Erythrocytapheresis

Erythrocytapheresis involves separation of RBCs 
from the plasma and other cellular compo-
nents. The RBCs are discarded and the volume 
replaced with an equal volume of replacement 
fluid or donor RBCs. When the patient’s RBCs 
are replaced with donated RBCs, the proce-
dure is commonly referred to as an automated 
exchange transfusion. This technique is most 
often employed in hemoglobinopathies; however, 
it has also been used to manage diseases caused 
by intra-erythrocytic parasites such as babesiosis 
and malaria [17]. In children and adults, however, 
the primary applications of erythrocytapheresis 
are in sickle cell disease. In patients with sickle 
cell disease, automated exchange transfusion can 
be used urgently to manage acute chest syndrome 
and/or cerebrovascular events. On a non-urgent 
basis, it can be used pre-operatively, during preg-
nancy, and in lieu of manual transfusion therapy. 
The apheresis machines can be programmed to 
achieve a desired post-procedure hemoglobin S 
level which can lead to more effective and effi-

48 Therapeutic Apheresis in Children



928

cient disease management than that achieved 
with manual transfusion approaches. Automated 
exchange transfusions also prevent dramatic 
increases in effective circulating volume and are 
associated with reduced risk for iron overload 
[18, 19].

 Leukapheresis

Leukapheresis is the process by which leuko-
cytes are removed from whole blood while the 
plasma, platelets, and red cells are returned to the 
patient. Historically, the most common indication 
for  leukapheresis has been malignancy-associ-

ated hyperleukocytosis. Hyperleukocytosis in the 
setting of leukemia can cause severe pulmonary 
and neurologic complications; traditionally, rapid 
reduction of the leukocyte count by automated 
therapeutic leukapheresis was thought to reduce 
the risk of these complications through a reduc-
tion in circulating WBC mass and blood viscos-
ity [20–22]. Newer data, however, has suggested 
that leukapheresis may not significantly improve 
outcomes [23–25]. Based upon the best currently 
available data, leukapheresis tends to be consid-
ered when the WBC count is >300–400×109/L 
[26–28]; if initiated, it is often performed until 
the WBC falls below 50–100×109/L [26, 28]. 
Though its use in pediatric hematologic malig-
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Fig. 48.2 Comparison 
of daily and alternate 
day plasma exchange 
regimens. Figure 48.2a 
depicts daily, single- 
volume exchanges 
whereas Fig. 48.2b 
depicts alternate-day 
exchanges of 1.5x 
volume. Similar 
effective clearances can 
be achieved over 4 or 
7 days, respectively. 
While alternate day 
regimens allow greater 
inter-treatment rebound 
of pathologic blood 
components (i.e., 
autoantibodies), they 
also allow for synthesis 
and reaccumulation of 
physiologic compounds 
necessary for 
hematologic 
homeostasis (i.e., 
clotting factors)
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nancies can be debated, there is ample data to sug-
gest that it can be performed safely even in very 
small children [26, 29]. Additionally, variations 
of this leukapheresis technique can be used to 
harvest peripheral blood mononuclear cells from 
allogeneic or autologous donors for stem cell 
transplantation or cell-based therapies [30, 31]. 
Leukapheresis allows harvest of peripheral blood 
progenitor cells which can then be used in stem 
cell transplantations. Alternatively, leukapheresis 
can be used to harvest T-cell lymphocytes which 
are manipulated ex-vivo and used therapeutically 
in the setting of malignancy [32, 33].

 Plateletpheresis

In plateletpheresis whole blood from healthy 
donors is separated into platelet-poor plasma 
(PPP), platelet-rich plasma (PRP), and red cells. 
The PRP is retained as a single-donor plate-
let concentrate, while the PPP and red cells are 
returned to the donor. This is the single most 
frequent application of apheresis technology 
and harvested platelets are used to treat throm-
bocytopenia of various causes and severities. 
Plateletpheresis can also be used as a therapeu-
tic procedure to remove excess platelets from the 
circulation in patients with symptomatic throm-
bocytosis [34, 35].

 Photopheresis

Photopheresis is a specialized variation of the 
leukapheresis procedure. In photopheresis, leu-
kocytes are collected and then exposed to a pho-
tosensitizing agent and ultraviolet A light; the 
photo-activated leukocytes are then returned to 
the patient [36]. When it was first introduced, the 
photosensitizing agent was administered system-
ically (orally); however, the currently employed 
procedure utilizes an agent which can be admin-
istered to the leukocytes ex vivo during the pro-
cedure [37]. This has increased effectiveness 
and tolerability, the latter of which is especially 
significant in pediatric patients [10, 37]. This 
therapy was first employed in the setting of cuta-

neous T-cell lymphoma [38–41] and has since 
been used to treat graft-versus-host disease, solid 
organ allograft rejection, and some autoimmune 
diseases [36, 38, 42–48]; in children, the most 
common indications are graft versus host disease 
and acute rejection of solid organ transplants [10]. 
Although it has been utilized since the 1980s, the 
mechanism of action remains poorly understood 
[10, 37–39, 49, 50]. The prevailing data suggests 
that the procedure mediates immunomodulation 
via induction of lymphocyte apoptosis [36, 37]. 
At our institution (SMS), a closed photophere-
sis system is utilized (CELLEX®, Therakos, 
Mallinckrodt Pharmaceuticals, Bedminster NJ, 
USA). This device has a priming volume of ~ 
250 mL and a blood prime is recommended for 
patients <35  kg [51]. The manufacturer recom-
mends heparin anticoagulation; however, the use 
of citrate has been successfully described [52]. 
Although special accommodations are required, 
this technique can be performed effectively 
and safely in small children with appropriately 
trained staff [10, 52, 53].

 Lipoprotein Apheresis

Lipid apheresis (also described as LDL apher-
esis) refers to the process by which circulating 
lipoproteins are removed from the circulation 
via an extracorporeal circuit [54]. The defini-
tive indication for LDL apheresis is familial 
 hypercholesterolemia (FH), an autosomal domi-
nant form of hypercholesterolemia. At our institu-
tion (CT), its heterozygous form has an estimated 
prevalence of approximately 1 in 500 persons, but 
a prevalence as high as 1 in 72 persons has been 
described in certain populations; the reported 
prevalence of the homozygous form ranges from 
1 in 30,000 to 1 in 860,000 [55]. Patients with FH 
experience increased LDL-cholesterol (LDL-C) 
levels, extraplasmatic deposition of LDL-C, and 
an increased risk for premature coronary heart 
disease (CHD). In general, this risk and the ath-
erosclerotic burden are dependent on the sever-
ity of the disease and the duration of exposure to 
elevated LDL-C levels [56]. Although CHD gen-
erally does not manifest before adulthood, two 
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indicators of early atherosclerotic development, 
namely, endothelial dysfunction and thickening of 
the arterial vessel wall, can be found in children 
with the homozygous form of the disease [57]; it 
is particularly important to identify these cases 
early so that aggressive lipid-lowering therapies 
can begin promptly in childhood [58]. Although 
LDL apheresis can be used in other forms of 
hypercholesterolemia, this approach is not as uni-
versally accepted and should not be considered 
unless patients have failed medical management. 
When performed, LDL-apheresis treatments 
take between 2 and 4  hours depending on the 
system and regimen. The goal of each treatment 
is a reduction in LDL-C of at least 60% and, in 
patients with established atherosclerotic lesions, 
target LDL cholesterol levels should be <100 mg/
dL. Of note, inter-treatment rebound is common 
and variable amongst patients. Thus, if therapeu-
tic targets are not met, the frequency should be 
increased to weekly or, if necessary, twice weekly 
[58]. It is important to note that in 2015, the FDA 
approved a medical anti-LDL therapy which may 
be used in lieu of LDL- apheresis. Proprotein con-
vertase subtilisin/kexin type 9 (PCSK9) inhibitors 
can be used in patients with FH or in those with 
clinical evidence of atherosclerotic cardiovascular 
disease who have inadequately controlled LDL 
levels despite optimized statin therapy. These 
inhibitors bind and inactivate PCSK9 which aug-
ments LDL receptor recirculation and increases 
LDL-C clearance [59, 60].

Although a complete discussion of LDL 
apheresis is beyond the scope of this chapter, it is 
important to highlight the various LDL apheresis 
removal techniques:

 1. Immunoadsorption columns containing 
matrix-bound sheep antiapoB antibodies. 
After plasma separation, the elimination of 
LDL and Lp (a) particles occurs by binding to 
polyclonal sheep anti-human apolipoprotein 
B-100 antibodies. Since the mechanism is 
very specific for apoB-100-containing parti-
cles, there is no significant elimination of 
other plasma components such as HDL and 
fibrinogen. Therefore, there is no restriction 
regarding the treated plasma volume.

 2. Direct adsorption of lipoprotein using hemo-
perfusion. In this method, whole blood passes 
through an absorber containing porous poly-
acrylamide beads having polyacrylic acid on 
their surface. The negatively charged poly-
acrylic acid reversibly binds the apolipopro-
tein- B100 portion of LDL and Lp(a) and little 
fibrinogen.

 3. Heparin extracorporeal LDL precipitation. In 
this LDL-Apheresis method the separated 
blood plasma is buffered with heparin acetate, 
lowering the plasma pH which results in 
crosslinking of LDL, fibrinogen and Lp(a) 
with heparin. This precipitate is then elimi-
nated by a filter and excess heparin is removed 
by adsorption.

 4. Double Filtration Plasmapheresis (DFPP). 
After separation, plasma is processed through 
a second hollow fiber filter which is perme-
able to particles with a molecular weight 
below 50,000–100,000  Da; HDL, albumin, 
and smaller immunoglobulins pass through 
and are returned to the patient, whereas LDL, 
Lp(a), VLDL, and chylomicrones (as well as 
larger immunoglobulins like IgM) are retained 
and discarded.

 5. Dextran sulfate columns. In this method, posi-
tively charged apolipoprotein B-100 con-
tained in LDL, VLDL, and Lp(a) is bound to 
immobilized, negatively charged 
 low- molecular- weight dextran. There are 2 
different methods to achieve this. Whole 
blood can be passed directly through an 
absorber or, alternatively, plasma can be sepa-
rated first via a membrane plasma separator; 
the separated plasma is then passed through 
the absorber before being returned to the 
whole blood.

 Immunoadsorption

Immunoadsorption refers to the selective removal 
of a plasma constituent. In this technique, plasma 
is separated from the other blood components 
and then passed into a plasma absorption col-
umn. Pathogenic substances bind to the column 
(absorption) and are removed based upon the 
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selective binding between ligands on a given col-
umn and the pathogenic substances themselves. 
Unlike the non-selective substance removal 
achieved with plasmapheresis, immunoadsorp-
tion selectively removes specific protein types 
such as IgG or even individual (such as ABO) 
antibodies. In addition to its high efficiency, 
the technique maintains fluid homeostasis with-
out the requirement of a replacement fluid and 
avoids exposure of the patient to foreign plasma, 
minimizing the risks of sensitization, allergic 
reactions, and infection. Hence, if available, 
immunoadsorption should be considered as a 
first-line option when the underlying disease 
is supposed to be caused by circulating agents 
that can be removed from the blood. The techni-
cal suitability of immunoadsorption in children 
depends on the size of the absorber and the resul-

tant extracorporeal volume, which should not 
exceed 15% of the patient’s total blood volume.
Columns are commercially available for both 
single use and patient-specific re-use. The bind-
ing capacity of a column is limited to about 2 g 
of human IgG so two columns are often utilized; 
multiple-use absorbers can be regenerated during 
the treatment and the flow of plasma is diverted 
from the saturated column to the newly stripped 
one. The columns can be preserved and reused 
following a session; columns are typically reused 
5 to 20 times depending on the system employed. 
Several of the more commonly used absorption 
columns are described in Table 48.3.

Immunoadsorption is associated with the stan-
dard side effects of extracorporeal procedures 
including hypotension, anemia, clotting, vascu-
lar access problems, and hemolysis. Notably, 

Table 48.3 Plasma adsorbers used for immunoadsorption

Adsorber Matrix Binding Remark
Coraffin Sepharose/synthetic 

peptide
ß1-adrenerge receptor Ab PV 60

Dilatative cardiomyopathy
Globaffin Pure synthetic 

peptide
Peptid GAM®

IgG1, IgG2, IgG4 Multiple use
PV 60 ml

Glycosorb Sepharose/BG 
antigen

Anti-A/anti-B-Ab Single use
PV 150 ml
AB0 incompatible transplantation

Immunosorba Sepharose/
Staphylococcus 
protein A

High affinity to Fc fraction 
of IgG immunoglobulins of 
the subclasses IgG1, IgG2, 
and IgG4

Multiple use
PV 63 ml

Immusorba
PH 350 L

Phenylalanine 
immobilized 
polyvinylalcohol gel

Immune complexes and 
anti-DNA antibody

Single use
PV 300 ml
Autoimmune diseases (systemic lupus 
erythematosus, malignant rheumatoid 
arthritis, Guillain-Barré syndrome, 
chronic inflammatory demyelinating 
polyneuropathy, multiple sclerosis

Immusorba
TR 350 L

Tryptophan 
immobilized 
polyvinylalcohol gel

Anti-acetylcholine receptor 
antibodies and immune 
complexes

Single use
PV 300 ml
Neurologic antibody-mediated disease

Selesorb Dextran sulfate/
cellulose

DNA-Ab, Cardiolipin-Ab, 
immune complexes

Multiple use
PV 150 ml
Systemic lupus erythematosus

Therasorb Sepharose/polyclonal 
sheep-IgG

IgG (subclasses 1–4)
IgM, IgA, IgE, IgD, 
circulating immune 
complexes
Rheumatoid factors
Fragments of 
immunoglobulins

Multiple use
PV 300 ml
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angiotensin- converting enzyme (ACE) inhibi-
tors have been associated with potentially severe 
reactions which occur shortly after the start of the 
apheresis procedures. The belief is that the contact 
of the blood with the negatively charged surfaces 
of the absorber activates bradykinin release; ACE 
inhibitors, in turn, block bradykinin degradation 
resulting in hypotension, dizziness, vomiting, and 
skin rashes. Because of this, ACE inhibitors must 
be stopped 24  hours before an immunoadsorp-
tion procedure is performed; angiotensin-receptor 
blockers (ARBs) are not associated with this issue 
and can be prescribed in lieu of ACE inhibitors 
if similar antihypertensive effect is required. The 
use of immunoadsorption is growing and indica-
tions are becoming more common. A decade ago, 
its use was limited to rheumatoid arthritis, hemo-
philia, and a few kidney diseases. However, immu-
noadsorption has become an important part of the 
overall therapeutic paradigm in a number of dif-
ferent diseases across a spectrum or organ systems 
(Table 48.4) [61–72].

 Indications for Apheresis 
Techniques

The American Society for Apheresis periodically 
publishes guidelines on indications for thera-
peutic apheresis; the most recent update was in 
2019 [17]. Guidelines such as these are extraor-
dinarily important since although apheresis has 
many theoretical applications, in practice, only 

some are supported by existing data. These par-
ticular guidelines classify indications by category 
(Table 48.5) which define disorders according to 
whether therapeutic apheresis is a first-line ther-
apy (Category I), a second-line therapy (Category 
II), a therapy of uncertain benefit (Category III), 
or a therapy known to be harmful or ineffective 
(Category IV). Therapeutic apheresis should be 
used for all Category I and II indications and 
considered for Category III indications; it should 
not be employed to treat Category IV disorders. 
The guidelines also describe each therapeutic 
 recommendation as strong (Grade 1) or weak 
(Grade 2) and the data supporting the recommen-
dation as high (A), moderate (B), or low quality 
(C). Using this combined rating system, one is 
capable of determining the likely benefit of any 
given therapy in any given disease. The Category 
I indications (therapeutic apheresis in first line 
therapy) are shown in Table  48.6; Category II 
indications (therapeutic apheresis is second-line 
therapy) are shown in Table  48.7 [17]. A com-
plete discussion of all the potential indications 
for therapeutic apheresis is beyond the scope of 
this chapter; however, we have included more in-
depth discussions of some of the more common 
pediatric indications below.

 ANCA-Associated Glomerulonephritis

Antineutrophil cytoplasmic antibody (ANCA)–
associated diseases are vasculitides which affect 

Table 48.4 Indications for immunoadsorption by system

Dermatology Dermatomyositis/polymyositis
Pemphigus vulgaris/foliaceus and bullous pemphigoid
Atopic dermatitis

Hematology Thrombotic microangiopathies
Acquired inhibitory hemophilia

Nephrology ABO incompatible kidney transplantation
Antibody-mediated rejection
ANCA-associated vasculitis
Cryoglobulinemic vasculitis
Focal segmental glomerulosclerosis

Neurology Multiple sclerosis
Myasthenia gravis and Lambert Eaton myasthenia syndrome
Neuromyelitis optica
Chronic inflammatory demyelinating polyneuropathy

Ophthalmology Age-related macular degeneration (AMD)
Otorhinolaryngology Acute hearing loss, idiopathic sudden sensorineural hearing loss (SSHL)
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small and medium-sized blood vessels. The two 
most common diseases, granulomatosis with 
polyangiitis (GPA) and microscopic polyangiitis 
(MPA), present primarily with glomerulonephri-
tis, severe renal failure, and pulmonary hemor-
rhage [73]. The prompt diagnosis and treatment 
of these diseases is crucial as delays increase 
the risk for morbidity and mortality. The corner-
stone of ANCA-associated disease management 
is systemic immunosuppression; commonly this 
involves the use of high-dose corticosteroids 
and an additional agent, typically cyclophos-
phamide or rituximab [74–77]. However, there 
is ample data to suggest additional benefit from 
therapeutic apheresis in certain circumstances. 
The majority of prospective studies suggest that 
while plasma exchange is not beneficial in milder 

Table 48.5 Indications and grading of recommendations 
for therapeutic apheresis

Categories of therapeutic indications
I Disorders for which apheresis is accepted as 

first-line therapy, either as a primary standalone 
treatment or in conjunction with other modes of 
treatment

II Disorders for which apheresis is accepted as 
second-line therapy, either as a standalone 
treatment or in conjunction with other modes of 
treatment

III Optimum role of apheresis is not established. 
Decision making should be individualized

IV Disorders in which published evidence 
demonstrates or suggests apheresis to be 
ineffective or harmful. IRB approval is desirable 
if apheresis treatment is undertaken in these 
circumstances.

Grading of recommended indications
1A Strong recommendation High- 

quality 
evidence

1B Strong recommendation Moderate- 
quality 
evidence

1C Strong recommendation Low-quality 
evidence

2A Weak recommendation High- 
quality 
evidence

2B Weak recommendation Moderate- 
quality 
evidence

2C Weak recommendation Low-quality 
evidence

Adapted from Padmanabhan et al. [17]

Table 48.6 Category I apheresis indications

Therapeutic Plasma Exchange
Disease Grade
  Acute inflammatory demyelinating 

polyradiculoneuropathy/Guillain-Barre 
syndrome

1A

  Acute liver failure (high-volume TPE) 1A
  ANCA-associated rapidly progressive 

glomerulonephritis (microscopic 
polyangiitis, granulomatosis with 
polyangiitis, renal limited vasculitis)

   Diffuse alveolar hemorrhage
    Creatinine ≥5.7 mg/dL or dialysis 

dependence

1C
1A

  Anti-glomerular basement membrane 
disease (Goodpasture syndrome)

   Diffuse alveolar hemorrhage
   Dialysis independence

1C
1B

  Catastrophic antiphospholipid syndrome 
(CAPS)

2C

  Chronic inflammatory demyelinating 
polyradiculopathy

1B

  Focal segmental glomerulosclerosis 
recurrence in renal transplant 
(+/− immunoabsorption)

1B

  Hyperviscosity in 
hypergammaglobulinemia

   Symptomatic
   Prophylaxis for rituximab

1B
1C

  Liver transplantation (desensitization of 
ABO incompatible living donor)

1C

  Myasthenia gravis (acute short-term 
treatment +/− immunoabsorption)

1B

  N-methyl D-aspartate receptor antibody 
encephalitis (+/− immunoabsorption)

1C

  Paraproteinemic demyelinating 
neuropathies/chronic acquired 
demyelinating polyneuropathy

   IgG/IgA/IgM

1B

  Renal transplant
    Antibody-mediated rejection 

(+/− immunoadsorption)
    Desensitization, living donor 

(+/− immunoadsorption)
    ABO incompatible, living donor 

(+/− immunoadsorption)

1B
1B
1B

  Thrombotic microangiopathy, complement 
mediated (factor H antibody)

2C

  Thrombotic microangiopathy, drug 
mediated (ticlopidine)

2B

  Thrombotic thrombocytopenic purpura 1A
  Wilson’s disease, fulminant 1C
Photopheresis
  Cutaneous T-cell lymphoma, mycosis 

fungoides, Sezary syndrome 
(erythrodermic)

1B

(continued)
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Table 48.6 (continued)

LDL apheresis
  Familial hypercholesterolemia 

(homozygous)
1A

Erythrocytapheresis/RBC exchange
  Hereditary hemochromatosis 1B
  Polycythemia vera 1B
  Sickle cell disease
   Acute stroke
    Stroke prophylaxis/iron overload 

prevention

1C
1A

Immunoadsorption
  Acute inflammatory demyelinating 

polyradiculoneuropathy/Guillain-Barre 
syndrome

1B

Adapted from Padmanabhan et al. [17]

Table 48.7 Category II apheresis indications

Therapeutic plasma exchange
Disease Grade
  Acute disseminated encephalomyelitis 2C
  Age-related macular degeneration, dry 

(high risk)
2B

  Autoimmune hemolytic anemia (severe 
cold agglutinin disease)

2C

  Cardiac transplantation, desensitization 1C
  Cryoglobulinemia, symptomatic/severe 2A
  Familial hypercholesterolemia 

(homozygous/heterozygous)
1B

  Hematopoietic stem cell transplant (ABO 
incompatible)

   Major HPC, marrow
   Major HPC, apheresis

1B
2B

  Lambert-Eaton myasthenic syndrome 2C
  Multiple sclerosis, acute attack, or relapse 1A
  Mushroom poisoning 2C
  Myasthenia gravis, long-term treatment 

(+/− immunoadsorption)
2B

  Myeloma cast nephropathy 2B
  Neuromyelitis optica spectrum disorders, 

acute attack, or relapse
1B

  Pediatric autoimmune neuropsychiatric 
disorders associated with streptococcal 
infection, Sydenham’s chorea

1B

  Phytanic acid storage disease (Refsum’s 
disease, +/− immunoabsorption)

2C

  Polyarteritis nodosa, hepatitis B virus 
associated

2C

  Renal transplantation, ABO incompatible, 
antibody mediated rejection 
(+/− immunoabsorption)

1B

Table 48.7 (continued)

  Steroid-responsive encephalopathy 
associated with autoimmune thyroiditis 
(Hashimoto’s encephalopathy)

2C

  Systemic lupus erythematosus, severe 
complications

2C

  Thyroid storm 2C
  Voltage-gated potassium channel antibodies 

(+/− immunoabsorption)
1B

Leukapheresis
  Hyperleukocytosis, symptomatic 2B
  Behcet’s disease (adsorption 

granulocytapheresis)
1C

Immunoadsorption
  Cryoglobulinemia, symptomatic/severe 2B

  Dialysis related amyloidosis (β2 
microglobulin column)

2B

  Dilated cardiomyopathy, idiopathic 1B
  Multiple sclerosis, acute attack, or relapse 1B
  Neuromyelitis optica spectrum disorders, 

acute attack or relapse
1C

Photopheresis
  Cardiac transplantation
   Cellular/recurrent rejection
   Rejection prophylaxis

1B
2A

  Graft versus host disease
   Acute
   Chronic

1C
1B

  Lung transplantation, bronchiolitis 
obliterans syndrome

1C

LDL apheresis
  Familial hypercholesterolemia 

(heterozygous)
1A

  Focal segmental glomerulosclerosis, 
recurrence in renal transplant OR steroid 
resistance disease in native kidney

2C

  Lipoprotein (a) hyperlipoproteinemia with 
progressive atherosclerotic cardiovascular 
disease

1B

  Peripheral vascular disease 1B
  Phytanic acid storage disease (Refsum’s 

disease)
2C

Erythrocytapheresis/RBC exchange
  Babsiosis 2C
  Sickle cell disease, acute (severe acute 

chest syndrome)
1C

  Sickle cell disease, non-acute
   Pregnancy
   Recurrent vaso-occlusive pain crisis

2B
2B

Platletpheresis
  Thrombocytosis, symptomatic 2C

Adapted from Padmanabhan et al. [17]
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ANCA-associated disease cases, in patients who 
have severe renal involvement, the use of plasma 
exchange improves outcomes. The largest study 
to date, MEPEX (Methylprednisone versus 
Plasma Exchange), demonstrated that in patients 
who have severe renal dysfunction, the use of 
plasma exchange improved the rate of renal 
recovery and reduced progression to end-stage 
renal disease at 1 year [78]. The regimen utilized 
was seven plasmapheresis sessions delivered over 
14 days; our practice (SMS) is to perform 1–1.5x 
volume exchanges on alternate days for a total of 
7 treatments. In most cases, 5% albumin can be 
used as the replacement fluid. However, patients 
who are at high risk for bleeding and those who 
have undergone or will undergo a procedure (i.e., 
kidney biopsy) should receive at least partial 
replacement with fresh frozen plasma. Plasma 
exchange is also recommended in patients with 
ANCA-associated disease who have concurrent 
anti-glomerular basement membrane (GBM) 
antibodies regardless of the severity of renal 
involvement; this recommendation is extrapo-
lated from the data showing a benefit in the set-
ting of isolated anti-GBM disease [79]. Finally, 
although not universally recommended, plasma 
exchange is commonly used in ANCA patients 
who have evidence of pulmonary hemorrhage 
independent of the severity of renal involvement 
[80, 81]. No randomized controlled trials to date 
have examined this; however, the recommenda-
tion is based upon observational studies and the 
demonstrated benefit in anti- GBM associated 
pulmonary hemorrhage. The regimens employed 
in the two aforementioned situations mirror that 
used to treat severe ANCA- associated renal dis-
ease described above.

 Thrombotic Microangiopathies

Thrombotic microangiopathy (TMA) is a general 
term for conditions which are characterized by 
thrombocytopenia, microangiopathic hemolytic 
anemia, and end organ damage [82]. Although 

TMA can be secondarily associated with cer-
tain diseases (i.e., systemic lupus erythematosis, 
or stem cell transplantation) and medications 
(i.e., calcinurin inhibitors), the most archetypal 
TMAs are thrombotic thrombocytopenic purpura 
(TTP) and hemolytic uremic syndrome (HUS) 
[82]. TTP is particularly common in adults and, 
in addition to thrombocytopenia and microan-
giopthic hemolytic anemia, patients with TTP 
often develop fever, mental status change, and 
acute kidney injury. TTP has been associated 
with severe ADAMSTS13 (a disintegrin and 
metalloproteinase with thrombospondin type 1 
motif, member 13) deficiency; indeed the hall-
mark of TTP is an ADAMSTS13 activity level 
of <5–10% [83, 84]. In patients with TTP, the 
first-line therapy of choice is therapeutic plasma 
exchange [83–86]. Typical regimens include 
1–1.5x volume exchanges performed on a daily 
basis until recovery has occurred. Although there 
is no standard definition for recovery, many 
practitioners perform plasma exchange until the 
platelet count is >150 × 109/L and lactate dehy-
drogenase (or other markers of hemolysis) levels 
begin to normalize [17]. It is important to note 
that the replacement fluid in this particular indi-
cation needs to be FFP since one of the main 
goals of the therapy is to restore normal levels 
of ADAMSTS13. Plasma exchange alone is 
rarely adequately effective, and comprehensive 
management strategies include the use of immu-
nosuppressive agents (i.e., steroids and ritux-
imab) [17, 87, 88]. Although TTP is common in 
adults, it is relatively rare in children and pedi-
atric practitioners are far more likely to manage 
HUS which tends to be further subdivided into 
diarrheal- associated HUS (D+ HUS) and atypi-
cal HUS (aHUS) [88]. D+ HUS is classically 
caused by shiga-toxin producing Escherichia coli 
(STEC) and tends to be managed conservatively. 
Currently there is no official indication for plasma 
exchange in D+ HUS unless there is underlying 
evidence of complement activation (i.e., STEC or 
diarrheal illness triggers a presentation of atypi-
cal HUS) [89, 90]. However, it is often employed 
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in children with D+ HUS when there is evidence 
of severe neurologic involvement given the clini-
cal overlap with TTP. Atypical HUS, on the other 
hand, was historically managed with plasma 
exchange. Atypical disease is commonly due to 
mutations affecting the alternative complement 
pathway (i.e., Factor H, Factor I, MCP, CFHR1 
thrombomodulin, complement factor B (CFB), 
and C3) [91]. Plasma exchange is effective and 
was utilized due to its ability to remove defective 
mutant complement proteins or autoantibodies 
as well as its ability to replace these defective/
deficient proteins with fully functional versions 
[92]. However, plasma exchange has been largely 
replaced by complement blockade agents. One 
such agent, eculizumab, is a monoclonal anti-
body against C5 which prevents formation of 
the membrane attack complex (MAC), thereby 
blocking activation of the terminal component of 
the complement cascade [93]. Although plasma 
exchange can still be used to treat aHUS, it 
should be considered second-line therapy in the 
vast majority of cases.

 Focal Segmental Glomerulosclerosis 
(Recurrent)

Focal segmental glomerulosclerosis (FSGS) is a 
descriptive, histologic term which encompasses 
several genetic and non-genetic conditions which 
are associated with nephrotic syndrome [94]. In 
children, approximately 10% of nephrotic syn-
drome cases will exhibit steroid resistance and 
FSGS accounts for the majority of these cases 
[95]. Immunosuppression and renin-angiotensin- 
aldosterone system (RAAS) blockade are the 
cornerstones of therapy; however, these inter-
ventions are often only partially effective and a 
significant number of children with FSGS prog-
ress to end-stage renal disease (ESRD). In these 
children transplantation is offered; however, 
recurrence of FSGS is quite common with rates 
between 20–40% [96]. Although not necessarily 
effective for primary FSGS, therapeutic apher-
esis is effective in the treatment of FSGS recur-
rence following renal transplantation [97–99]. 
Although the physiology is not fully understood, 

conventional teaching is that FSGS recur-
rence is due to a circulating permeability factor 
which can be removed by plasmapheresis [99]. 
Plasmapheresis is usually provided in conjunc-
tion with augmented immunosuppression and 
seems to be more effective if initiated early in 
the course of the recurrence [100–102]. Although 
several regimens have been described, our prac-
tice (SMS) is to perform daily plasma exchange 
until some semblance of response is seen (i.e., 
reduction in spot urinary protein/creatinine ratio, 
higher serum albumin levels, improved renal 
allograft function, less severe hypertension). 
Following this, plasmapheresis is weaned serially 
to determine the minimum effective therapeutic 
frequency; patients may often require plasma-
pheresis one to two times per week indefinitely. 
While we believe aggressive, early daily apher-
esis carries the highest likelihood of success; it 
is time and resource intensive and often neces-
sitates the use of FFP as a replacement fluid. 
Alternate-day regimens or short daily courses 
followed by early transition to alternate-day ther-
apy may be equally effective. Many centers also 
perform plasmapheresis immediately prior to 
kidney transplantation in children with FSGS in 
an attempt to prevent or reduce the risk of recur-
rence. Preventative use of plasmapheresis has not 
been universally effective; however, given the 
ramifications of disease recurrence its use is fairly 
common [98, 103]. Recently, post- transplant 
FSGS recurrence has been treated successfully 
with immunoadsorption [104]. Compared with 
plasmapheresis, immunoadsorption offers simi-
lar efficacy but eliminates the risks related to for-
eign plasma exposure such as allergic reactions 
and sensitization. Immunoadsorption can be per-
formed weekly or bi-weekly with 200% plasma 
exchange volume. Monitoring should consist of, 
at a minimum, plasma fibrinogen levels (safety 
and factor depletion) and proteinuria (efficacy).

 Solid Organ Transplantation

Therapeutic apheresis can be used before and/or 
after solid organ transplantation in a variety of 
circumstances. The primary transplant- associated 
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indications are the mitigation of sensitization, the 
treatment of antibody-mediated rejection (AMR), 
and ABO-incompatible transplantation. Across 
all organs, sensitization is becoming more com-
mon; sensitization refers to the presence of pre- 
formed HLA antibodies [105, 106]. Sensitization 
occurs most commonly due to prior transplanta-
tion, blood product administration, pregnancy 
(rare in children but common in adults), and 
immunizations [107]. Regardless of the cause, 
the presence of pre-formed anti-HLA antibod-
ies makes transplantation more difficult and puts 
allograft recipients at greater immunological risk 
for rejection [105, 107]. Desensitization strate-
gies aim to mitigate or eliminate the anti-HLA 
antibody burden, thereby allowing transplantation 
to proceed and reducing future risk of antibody 
mediated rejection. Anti-HLA desensitization 
has been performed most commonly for kidney, 
heart, and lung allograft recipients; potential 
interventions include intravenous immunoglobu-
lin (IVIG), rituximab, bortezomib, and plasma 
exchange [105–112]. A complete discussion of 
desensitization is beyond the scope of this chap-
ter; however, it will be useful to highlight some of 
the apheresis-related concepts. Plasma exchange 
is rarely used in isolation as without some addi-
tional antibody control mechanism, rebound can 
occur; as a result, it is used most commonly with 
IVIG at a minimum and, at times, in conjunction 
with rituximab or bortezomib [113–116]. Since 
plasma exchange non- selectively removes anti-
body-sized proteins, it is imperative that immu-
nologic agents such as these are administered 
after apheresis. Additionally, once administered, 
apheresis should not be performed again until the 
agent has had adequate time to achieve its desired 
effect. The one exception is IVIG as small doses 
of IVIG are often given after each apheresis epi-
sode in many desensitization protocols [113]. 
When employed, therapeutic plasma exchange 
if often performed daily or on an alternate-day 
basis with single or 1.5x volume exchanges. 
Replacement can consist of either 5% albumin or 
FFP depending on proximity to a surgical proce-
dure, bleeding risk, and intensity of the exchange 
regimen. Plasma exchange is far more effective in 
the setting of living donation as antibody strength 

can be monitored and serial cross matches can be 
performed. This is only an option for renal trans-
plantation; however, apheresis prior to living 
donation often results in complete elimination 
of a previously positive cross match. The use of 
plasmapheresis in the setting of antibody-medi-
ated rejection is based upon similar pathophysi-
ology. The hallmark of AMR is the presence of 
circulating anti- HLA antibodies specifically 
directed against the HLA antigens present on 
the donated organ [117]. Similar to desensiti-
zation, in the setting of AMR, plasmapheresis 
is designed to remove the offending antibodies 
from circulation. However, plasmapheresis has 
not been shown to be effective in isolation. It 
has been used with IVIG, rituximab, bortezomib, 
and eculizumab with varying degrees of success 
[110, 117–125]. Most apheresis regimens are 
performed daily or on alternate days until there 
is evidence of effect; this may be manifest by a 
reduction in the strength or number of anti-HLA 
donor specific antibodies (DSA), histologic evi-
dence of AMR mitigation, or improvement in 
allograft function. Just as in desensitization, mon-
itoring the strength of anti- HLA antibodies is an 
important facet of AMR management. Whenever 
available, immunoadsorption is a valid alterna-
tive in patients who experience plasmaphere-
sis-related side effects or have an inadequate 
response to therapy. Tryptophan and Globaffin 
absorbers are very effective and remove IgG 
selectively. Immunoadsorption has been used 
safely for extended periods of time and should 
be considered a viable therapeutic option in these 
 situations. Lastly, therapeutic apheresis is used in 
the setting of transplantation across ABO blood 
groups. Typically, transplantation across blood 
groups (i.e., transplanting an allograft from a 
blood type B donor into a blood type A recipi-
ent) should not be performed since the recipient’s 
immune system will rapidly recognize and attack 
the foreign proteins on the transplanted allograft; 
without intervention, transplantation across 
blood groups is associated with acute antibody- 
mediated rejection [126–129]. However, thera-
peutic plasma exchange has been successfully 
used to perform ABO-incompatible liver and 
kidney transplants [127, 129]. The typical regi-
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men is to perform 1–1.5x volume exchanges both 
prior to and (if necessary) after transplantation 
[17]. Regimens differ from center to center; how-
ever, the strength of the antibody titer dictates the 
frequency of exchange and the ultimate number 
of treatments will depend on the rate of antibody 
production and rebound, the strength of the titer, 
and the response to therapy [130]. In Europe 
immunoadsorption, in combination with plasma 
exchange, has become first-line therapy for ABO- 
incompatible transplantation [131]. Anti-A or 
anti-B columns can be used to specifically elimi-
nate circulating ABO antibodies directed against 
donor cells. The plasma exchange volume and 
number of sessions required will depend on the 
strength of the antibody titer, which is measured 
before and after every immunoadsorption session 
and should be lowered prior to transplantation 
to a target titer of ≤1:4. Although there have not 
been any controlled trials of plasma exchange or 
immunoadsorption in liver or kidney transplan-
tation, observational studies have suggested that 
mid- to long-term allograft outcomes are simi-
lar to those seen in ABO compatible transplants 
[132–134].

 Summary

Apheresis is an effective extracorporeal therapy 
for a broad swath of diseases and pathophysi-
ologic states. The technique is capable of tar-
geted removal of cellular blood components 
and less- specific removal of plasma proteins 
and components; specific removal of certain 
substances can be achieved with immunoad-
sorptive or hybrid apheresis/immunoadsorptive 
approaches.

Additionally, apheresis can be used to replace 
a deficient plasma protein or exchange defective 
cellular components for fully functional ones. 
Though the blood flows required to perform 
therapeutic apheresis are not as high as those 
required for renal replacement therapy, they are 
rapid enough to require placement of specialized 
access which can make the therapy challenging 
in small infants. However, with the appropriate 
processes in place and specialized experience 

managing pediatric patients, all apheresis tech-
niques performed in adults can be delivered in 
children effectively and safely.
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 Introduction

 Historical Context

The field of transplantation is fairly new in 
the context of medical history. The first suc-
cessful kidney transplant occurred in identical 
twin young adult brothers in December 1954 in 
Boston, Massachusetts in the United States. The 
recipient died 8 years later of causes unrelated 
to the transplant [1]. In the 1960s, the major-
ity of children with end-stage renal failure died 
because no adequate treatments were available. 
It was not until the mid-late 1960s that immuno-
suppressive treatments were developed to enable 
successful transplantation using either living or 
deceased donors and across immunological bar-
riers. In the mid-seventies, pediatric and adoles-
cent hemodialysis and transplantation programs 
were set up in many industrialized countries, 
increasing the chances of survival for the first 
time for patients with end-stage renal failure. At 
that time, approximately 120 children and ado-
lescents with end- stage renal failure underwent 
kidney transplant surgery each year per 100 
million population. With an incidence rate of 

approximately 120 new cases of end-stage renal 
failure per 100 million population, the number 
of children and adolescents on the transplant 
list has remained stable with approximately 6–8 
children per one million children <18 years old 
in industrialized countries [2].

 Benefits of Transplant Over Dialysis

In the current era, over 75% of children reaching 
end-stage renal failure receive dialysis prior to 
transplantation (USRDS). Unfortunately, in the 
United States, only about 20% of children who 
reach end-stage renal disease circumvent the 
need for dialysis through preemptive transplant. 
Dialysis in children and adolescents is fraught 
with numerous complications with long-term 
sequelae. Even effective dialysis therapy cannot 
usually guarantee more than 15–20% of normal 
kidney function. Consequently, pediatric dialysis 
patients suffer from a number of secondary com-
plications, including uremia, growth impairment, 
renal osteodystrophy, renal anemia, metabolic 
acidosis, accelerated atherosclerosis, and cardio-
vascular disease. Medical complications are often 
accompanied by impaired psychosocial develop-
ment and can have adverse effects on education.

The deleterious effects of dialysis on chil-
dren cannot be overstated. In a US cohort of 
over 7500 children <18 years of age from 2000 
to 2012, compared with children transplanted 
 pre- emptively, children on dialysis >1 year had 
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a 52% higher risk of graft failure (HR 1.52; 95% 
CI: 1.22–1.89) and those on dialysis >18 months 
had an 89% higher risk of mortality (HR 1.89; 
95% CI: 1.32–2.70) [3]. Similarly, a large-scale 
study in Australia and New Zealand of 1634 chil-
dren and adolescents starting renal replacement 
therapy before the age of 20 showed a four-fold 
(hemodialysis) to five-fold (peritoneal dialysis) 
increase in the mortality rate with dialysis ther-
apy compared to successful renal transplantation 
[4]. The benefits of renal transplantation versus 
dialysis therapy in terms of survival rates were 
outlined most impressively in a recent report of 
the United States Renal Data System (USRDS). 
Compared to dialysis therapy, successful renal 
transplantation improved life expectancy in all 
age groups, with the most striking increase being 
noted in children and adolescents [2]. In children 
aged 0–14  years, successful renal transplanta-
tion improved the remaining life expectancy 
post- transplantation by 30 years; the average life 
expectancy for this age group is 50 years. For 
adolescents between 15 and 19 years of age, life 
expectancy is improved by 25 years with a mean 
life expectancy of 40 years.

Therefore, kidney transplantation is clearly 
the treatment of choice for any form of childhood 
end-stage renal failure. The complications asso-
ciated with uremia and dialysis therapy can be 
avoided or at least reduced after prompt, success-
ful renal transplantation [4]. Moreover, quality of 
life is considerably better after a successful renal 
transplant compared to chronic dialysis treatment 
[5, 6]. Patients can lead a virtually normal life, 
and apart from the need to take medication and 
attend outpatient clinics, there are only a few 
restrictions on everyday life. Even growth and 
physical development are almost normal follow-
ing successful transplantation [7].

 Transplant Referral: Timing 
and Indications

Given the clear survival and health-related qual-
ity of life benefits to children with a kidney 
transplant versus chronic dialysis, prompt refer-

ral for transplantation is essential for all chil-
dren in advanced stages of kidney disease. The 
purpose of the pediatric transplant evaluation 
is to identify any potentially modifiable surgi-
cal, medical, and psychosocial barriers that may 
adversely impact optimal patient and graft sur-
vival. To this end, a robust, multi-disciplinary 
approach is essential to promote safe and effec-
tive transplantation for children and their fami-
lies. Typical components of the pediatric kidney 
transplant evaluation are presented in Table 49.1. 
The evaluation is by necessity comprehensive 
and can be time-consuming. Preparations for 
kidney transplantation are usually initiated 
when the estimated glomerular filtration rate 
(eGFR) falls below 20–25  ml/min/1.73  m2. In 
the United States, children may be waitlisted for 
deceased donor kidney transplantation at any 
level of eGFR. This is in contrast to other coun-
tries, like those of the Eurotransplant group, or 
adults over 18 years of age in whom the eGFR 
must be ≤20  ml/min/1.73  m2. The absence of 
an eGFR cut- off for waitlisting children in the 
United States reflects recognition that children 
with advanced stages of chronic kidney disease 
may experience substantially impaired growth 
and nutrition, impaired neurocognitive develop-
ment, and other medical complications related to 
their kidney disorder before their eGFR reaches 
<20  ml/min/1.73  m2. Further, many children 
have syndromic or multi-organ conditions, such 
as methylmalonic acidemia or polycystic kidney 
disease, in which kidney transplantation may be 
needed earlier in conjunction with liver trans-
plantation, for example.

Many transplant centers require a minimum 
bodyweight of 8–10  kg for transplant evalua-
tion as it may otherwise prove impossible to 
safely position the transplanted organ due to the 
anatomy. Although small pediatric donor kid-
neys may be transplanted en bloc (as a pair), very 
small pediatric kidney transplant recipients are at 
heightened risk of surgical complications, acute 
thrombosis, and early graft failure [8].

Transplant eligibility is based on two con-
structs: (1) favorable probability of successful 
graft survival and (2) direct benefit to the child 
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through improved quality and/or duration of 
life. Absolute contraindications to childhood 
renal transplantation include florid infections, 
malignancies, and severe concomitant diseases 
(e.g., cardiovascular, bronchial/lung, and liver 
disorders), which may prove life-threatening 
during transplantation or which could compro-
mise the long-term successful outcome of trans-
plant surgery. Physical or intellectual disability 
is not a contraindication to transplantation [9]. 
Relative contraindications to kidney transplan-
tation include nonadherence and lack of family 
support or supervision to the extent that these 
conditions would impair successful transplant 
maintenance.

 Surgical Considerations

In children, the timing of transplantation may 
be heavily impacted by disease etiology. Unlike 
adults, the most common cause of end-stage 
renal failure in children is congenital anomalies 
of the kidney and urinary tract (CAKUT), esti-
mated to account for between 30% and 60% of 
cases worldwide, as reflected by various national 
and international registries [10]. For children 
with significant urological impairment in child-
hood, the involvement of pediatric urology prior 
to transplant is critical. Patients with severe vesi-
coureteral reflux or frequently recurring urinary 
tract infections may require single or bilateral 

Table 49.1 Key elements of the transplant evaluation

Consultant Rationale
Required
Nurse or Advance Practice 
Provider/Transplant Educator

Provide overview of transplantation process. Sets expectations. Provides 
education regarding living donation.

Transplant Nephrologist Review medical history in detail to identify any issues which might impact 
success of transplant.

Transplant Nephrologist Planning of immunosuppressive therapy.
Transplant Surgeon Review surgical history and anatomy to identify any issues which might 

impact success of transplant.
Psychologist Assess baseline psychosocial factors that may affect treatment adherence and 

help develop plan for intervention to optimize transplant readiness.
Social Worker Assess baseline social support and resources available to support transplant 

and identify any potential concrete barriers to treatment adherence.
Transplant Pharmacist Explain anticipated treatment regimen, including risk profiles, drug 

interactions, and side effects.
Elicits potential adherence barriers related to medication regimen.

Transplant Dietician Assess overall nutritional status and discusses anticipated changes to diet and 
nutritional support post-transplant.

Financial Counselor Assess insurance coverage (if applicable) and explains anticipated financial 
expectations and burdens after transplant (USA).

Urology Required assessment for all children with CAKUT.
Recommended
Infectious Disease Review vaccine history, assess antibody responses, and recommend any 

outstanding vaccinations to optimize infectious disease protection prior to 
transplant.

Cardiology Obtain echocardiogram or EKG as indicated.
Anesthesiology Review anesthesia history pre-operatively to assess any required 

modifications or concerns.
Other considerations
Dentist Identify and treat any dental caries prior to transplant.
Ophthalmologist Obtain baseline fundoscopic exam to rule out increased intraocular pressure, 

cataracts, etc.
Gynecologist For all menstruating females
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ureteronephrectomy to avoid the risk of urosepsis 
as a result of immunosuppressive therapy admin-
istered after transplantation. Patients with sig-
nificant voiding dysfunction will usually require 
urodynamic studies to ensure adequate bladder 
drainage to support successful transplantation. 
Both bladder capacity and compliance should be 
assessed in children with CAKUT pre-transplant 
whenever feasible [11]. Children with high pres-
sure and small capacity bladders that are refrac-
tory to catheterization regimens may require 
urological reconstruction prior to transplantation 
to ensure reliable urinary drainage and to reduce 
the risk of urinary tract infection and allograft 
injury. Occasionally, it may be necessary to aug-
ment a small bladder prior to transplantation 
using material taken from the intestine or ureter.

Nephrotic syndrome, focal segmental glo-
merulosclerosis (FSGS), and other secondary 
forms of glomerulonephritis account for 5–30% 
of pediatric chronic kidney disease [10] and also 
demand thoughtful surgical planning in advance 
of transplantation. Nephrotic states will pose 
increased risk for acute thrombosis, and conse-
quently, children with actively nephrotic end- 
stage renal disease may require nephrectomies 
with interim dialysis until hypoalbuminemia and 
proteinuria improve.

Besides active nephrosis, there are a few other 
conditions in which nephrectomies are performed 
either in advance or at the time of transplant. Pre- 
transplant nephrectomy is generally performed 
in children with genetic predisposition to renal 
malignancies, i.e., Wilms tumor/Denys-Drash 
syndrome [11]. Nephrectomies are also often 
necessary for children with autosomal recessive 
polycystic kidney disease, due to the large renal 
mass of the native kidneys which may limit the 
space available for the newly transplanted organ.

Lastly, surgical evaluation of a pediatric can-
didate is also focused on ensuring that there is 
a suitable location for vascular anastomoses 
that will provide adequate venous outflow. Any 
child with known or suspected thrombosis of 
the pelvic vessels will require abdominal imag-
ing for surgical planning. Inferior vena cava 
(IVC) thromboses make kidney transplantation 
extremely challenging [12, 13]. Femoral hemo-

dialysis catheters pose a significant risk for IVC 
thromboses and should be avoided in children 
with chronic kidney disease as much as possible 
[13]. Similarly, in children on peritoneal dialysis, 
the complexity of transplant surgery is increased 
in children who have experienced encapsulat-
ing peritoneal sclerosis, and all efforts should 
be made to follow national and international 
guidelines and care bundles to reduce the risk 
of peritoneal infections [14–16]. There is some 
international variation when peritoneal catheters 
are removed after transplant, but there is a risk of 
peritonitis and exit site infections when catheters 
are not removed at the time of transplant [17]. 
Timing of removal of either hemodialysis or peri-
toneal catheters will depend on the likelihood of 
delayed graft failure or risk of recurrent disease 
after transplant and should be discussed as part of 
advanced surgical planning.

 Medical and Immunological 
Considerations

Whenever possible, living donation is preferred 
as it is associated with graft and patient sur-
vival benefits compared with deceased dona-
tion. Living donors are most commonly parents 
and immunologically well-matched, but there 
have been trends toward more unrelated 
donors [18]. Some centers offer kidney paired 
exchange programs, in which an incompatible 
donor for recipient candidate A can donate to 
recipient candidate B and recipient candidate 
B’s incompatible donor donates to recipient 
candidate A.  Such exchanges can occur over 
many more than two recipient–donor pairs and 
are an excellent option for increasing access 
to living donation for children and adults, par-
ticularly for those patients who are highly sen-
sitized [19, 20].

Typically, children are transplanted with ABO 
compatible organs, although AB0 blood-group 
incompatibility is no longer considered an abso-
lute immunological contraindication. Some pedi-
atric transplant centers have successfully achieved 
long-term results with ABO- incompatible kid-
neys similar to the outcomes achieved following 
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ABO blood group- compatible procedures [22]. 
However, the organ recipient must undergo con-
ditioning treatment prior to transplantation in 
the form of antigen-specific immunoadsorption 
to remove blood group antibodies. Due to the 
device-related extracorporeal volume, immune 
adsorption is less problematic to carry out in older 
children than in infants. In addition, the protocols 
currently used for living kidney donors who are 
incompatible with the ABO blood groups advo-
cate more intensive immunosuppressant induc-
tion therapy with the B-cell-depleting antibody 
rituximab, which potentially increases the risk 
of infection. A notable exception to this higher 
immunologic risk is the transplantation of A2 and 
A2B kidneys into B and O blood type recipients 
when there are low (≤4) anti-A IgG isoaggluti-
nin titers. In such a situation, immunosuppressive 
regimens and long-term outcomes are favorable 
and similar to ABO-compatible transplantation 
[23].

The issue of specific immunological risks 
should be broached during discussions with the 
recipient and their family members. Previous 
graft losses due to immunological causes have an 
adverse effect on subsequent graft survival. The 
presence of pre-formed class I or class II cytotoxic 
anti-human leukocyte antigen (HLA)-specific 
antibodies in the blood is also critical, especially 
if these have originated through a previous trans-
plant or transfusion. A complete HLA- typing is 
needed, and tests for pre-formed, panel-reactive 
antibodies should be repeated at least quarterly, 
especially after blood transfusions.

Children with FSGS are at risk of recurrence of 
nephrotic syndrome following kidney transplan-
tation. Caregivers of children with FSGS should 
be counseled about this possibility. However, 
children with FSGS associated with an identified 
mutation(s) are at negligible risk and thus genetic 
testing may be helpful to better understand the 
risk of post-transplant recurrence. A recent US 
study of children with steroid- resistant nephrotic 
syndrome found that overall, 41% recurred in 
their renal allograft. Disease recurrence was 
much more common among children with late-
steroid resistance (78%) vs. children with pri-
mary steroid resistance (40%) [24].

Screening for congenital or acquired throm-
bophilia is also strongly recommended in order 
to plan anticoagulation therapy for the transplant 
procedure (Table 49.1).

When children are on dialysis, there are numer-
ous opportunities to promote the long-term suc-
cess of their transplant through optimal chronic 
kidney disease management. For example, appro-
priate use of erythropoietin-stimulating agents 
and iron can reduce the need for pre- transplant 
blood transfusions which ultimately reduces the 
risk of human leukocyte antigen (HLA) sensitiza-
tion. Although blood transfusions can be admin-
istered as leukocyte-reduced, this procedure does 
not entirely eliminate the risk of sensitization. 
Vascular access should be preserved to the extent 
possible, ideally avoiding the pelvic vessels as 
previously noted. Optimizing growth through the 
use of recombinant growth hormone and nutri-
tional supplements with or without feeding tubes 
can help a child reach the minimal bodyweight 
for transplant eligibility and also provide long-
term benefits in terms of growth and nutritional 
status. Pre-transplant growth failure has been 
associated with faster time to reduced kidney 
function after transplant [25].

The leading causes of mortality in transplant 
recipients are cardiovascular and infectious 
complications. Achieving optimal blood pres-
sure control and fluid management can reduce 
long- term cardiovascular risks [26]. Generally, 
children under transplant evaluation are required 
to receive all age-appropriate vaccinations, par-
ticularly vaccinations with live vaccines, to 
reduce the risk of vaccine-preventable infections. 
Of note, pediatric transplant recipients have 
been shown to have impaired vaccine responses 
compared with healthy children, children with 
chronic kidney disease, and children on dialy-
sis. Whether additional vaccine doses or altered 
dosing schedules are needed is not clear based 
on current evidence and should be discussed on 
a case-by-case basis [26, 27]. In turn, cautious 
infection prophylaxis is crucial prior to elective 
transplantation. Potential infectious foci (urinary 
tract, skin, teeth, and paranasal sinuses) must 
be cleansed. Furthermore, family members and 
medical staff coming into close contact with the 
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patient should have an up-to-date vaccination 
schedule to promote herd immunity.

Pediatric transplant candidates should also 
meet with a renal dietician for assessment of their 
baseline growth and nutritional needs and discus-
sion of anticipated changes post-transplant. As 
suggested above, many younger patients may 
require g-tube placement prior to transplant to 
promote growth and nutrition and reach mini-
mum bodyweight for surgery. Although many 
children will experience increased appetite after 
transplant, particularly if they are on steroid- 
based immunosuppressive regimens, some chil-
dren will have ongoing problems with speech 
and feeding disorders and may require long-term 
g-tubes and enteral support to meet nutritional 
needs and fluid goals. Attention to pre-trans-
plant nutritional status is critical, both to iden-
tify underweight and growth failure conditions, 
as well as obesity and overweight conditions. 
Aberrant weight and growth in children pre- 
transplant are associated with poorer transplant 
outcomes across numerous studies [25, 29–31]. 
In a US study of 18,261 pediatric kidney trans-
plant recipients, obesity was associated with 
greater odds of delayed graft function (OR 1.3; 
95% CI: 1.13–1.49), acute rejection ((OR 1.23; 
95% CI: 1.06–1.43), graft failure (HR 1.08; 95% 
CI: 1.05–1.22), and mortality (HR 1.19; 95% CI: 
1.05–1.35) [29]. Obesity post-transplant has also 
been associated with a higher cardiometabolic 
risk [31].

Transplant pharmacists also play a key role in 
the pediatric transplant evaluation. The transplant 
pharmacist reviews the anticipated post- transplant 
medications and common adverse effects with 
patients and families and identifies any potential 
allergies or drug interactions. Further, the trans-
plant pharmacist can identify potential barriers to 
children receiving their medications as directed. 
For example, a pharmacist may identify that a 
child has difficulty swallowing pills or an oral 
aversion which can alert the transplant team of 
the need to create plans for liquid formulations 
of required medications or g-tube administration. 
Pharmacists may also be the first to recognize 
that a child or parent has difficulty understanding 
directions and can help the team determine how 

to promote adherence in the setting of poor health 
literacy [32]. Pharmacists will discuss and rein-
force the importance of timing and consistency 
in medication administration. They also help 
identify ways to reduce treatment complexity, 
such as reducing the number of different phar-
macies from which a patient receives medica-
tion or setting up mail- order pharmacy services. 
Establishing a relationship between transplant 
pharmacy and the pre-transplant candidate may 
also prove beneficial in the post-transplant set-
ting. The participation of transplant pharmacists 
in the interdisciplinary kidney transplant team 
has been associated with improved medication 
management, discharge planning, and patient 
education for transplant recipients [32].

 Psychosocial Considerations

Although transplantation is the preferred treat-
ment modality for end-stage renal disease 
over dialysis, transplant still incurs substantial 
demands on the patient and family and requires 
rigorous adherence to a complex treatment regi-
men. Assessment of any psychosocial barriers 
that might impair a patient or family’s ability 
to obtain daily immunosuppressive medications 
or required laboratory studies and clinic visits 
is essential prior to moving forward with trans-
plantation. A psychosocial assessment is gen-
erally mandated by regulatory and government 
agencies to be part of the transplant evaluation; 
however, how the psychosocial assessment is 
attained may vary. In many transplant centers, 
the assessment is performed by a pediatric clini-
cal psychologist and a social worker. The clini-
cal psychologist’s focus is generally two-fold: 
(1) to assess the child’s psychosocial abilities 
and co-morbidities and (2) to assess the family 
structure [33]. An understanding of the child’s 
neurocognitive abilities with respect to their 
potential for independent healthcare self-man-
agement is critical to formulate realistic expecta-
tions regarding how much assistance a child will 
need to adhere to their treatment regimen as they 
transition into adolescent and young adulthood. 
Adolescence is a high-risk period for allograft 
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loss and risk factors for nonadherence may be 
identified pre-transplant to help alert the trans-
plant team about patients who may need addi-
tional post-transplant support [33]. Screening 
for psychiatric co-morbidities, such as depres-
sion, should also be performed as these disorders 
may also pose a risk for difficulties in adhering 
to treatment regimens [34]. The psychologist 
also assesses family dynamics to understand the 
child’s emotional support structure. Abnormal 
family dynamics, including parental distress and 
a lack of family cohesion, are well- recognized 
risk factors for poor transplant outcomes in chil-
dren [35]. The psychologist must also evaluate 
the child and family coping abilities, identify-
ing any fears and anxieties surrounding trans-
plantation. The evaluation conducted by the 
social worker generally focuses on assessment 
of concrete resources, such as travel logistics for 
attending appointments and obtaining laboratory 
studies and anticipated insurance and out-of-
pocket costs. Social workers may also help liaise 
with a child’s school and caregiver’s employer 
to create plans for supporting a child’s education 
and a family’s financial stability during the post-
transplant period.

 Evaluation to Transplant

Once a child has completed the required com-
ponents of the transplant evaluation, the multi- 
disciplinary transplant selection committee meets 
to determine eligibility. In most cases, a child 
is approved to either be placed on a deceased 
donor waiting list or scheduled to receive a living 
donor transplant. In the United States (but not in 
Eurotransplant countries), a child may be listed 
inactive status (a condition in which the child can 
accrue waiting time but not receive organ offers) 
until certain criteria, such as demonstration of 
consistent adherence or completion of vaccines, 
are met. The actual time between reaching end- 
stage renal disease, completing transplant evalu-
ation, and receiving transplantation depends on 
numerous factors. Access to living donation vs. 
deceased donation kidneys varies internationally, 
by country and cultural values.

 Deceased Donation

Although children generally receive priority for 
deceased donor kidney transplantation, waiting 
times for deceased donation vary from months to 
years, depending on national allocation schemes, 
deceased donor organ supply and demand issues, 
and individual-level factors such as blood type 
and sensitization.

As examples, the allocation systems of 
Eurotransplant and of the United Network for 
Organ Sharing (UNOS) in the United States are 
described. In the case of many European cen-
ters, listing is managed by the Eurotransplant 
Foundation in Leiden (the Netherlands), which is 
the central European distribution center for donor 
organs. In Eurotransplant, kidneys are initially 
allocated for transplantation according to histo-
compatibility criteria and secondly based on the 
level of immunization and patient waiting times. 
This allocation procedure is widely accepted in 
Europe as extensive data corroborate the impor-
tant role of histocompatibility in confirming early 
and late graft survival. Children under 16 years 
of age are given preferential treatment for organ 
donation. The aim of carrying out early trans-
plantation of a deceased donor kidney during 
childhood is often impossible today due to the 
high number of dialysis patients, the declining 
willingness of the population to donate organs, 
and the inevitable increase in waiting times for 
transplantation. The average waiting time for 
children under 16 is currently 1.5–2  years in 
Eurotransplant countries, depending on blood 
group. In contrast to children, adolescents aged 
16 and over have closed growth plates and are 
viewed as adults by the Eurotransplant organ 
location center – hence the average waiting time 
for this age group is currently 3.6–9 years. The 
Eurotransplant allocation guidelines for pediat-
ric renal transplants were consequently changed 
from 1.12.2010 to ensure that adolescents aged 
16 and over, who still have the potential to grow, 
i.e., with open epiphyseal plates, receive the same 
benefits as younger children. The waiting time 
was reduced by adding extra pediatric points and 
allocating the kidneys of donors under 16 years 
of age to pediatric recipients [4].
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In the United States, the United Network for 
Organ Sharing (UNOS) manages the national 
organ allocation, and organs are generally dis-
tributed locally, then regionally and nationally. 
Similar to the Eurotransplant system, organs are 
allocated first based on blood type compatibil-
ity and then by sensitization and waiting times. 
Pediatric priority is provided to children who are 
waitlisted at <18 years of age, the age of major-
ity in the United States. Multi-organ transplant 
recipients (e.g., heart-kidney, kidney-pancreas), 
highly sensitized candidates, and prior living 
donors are prioritized ahead of children. Donor 
organs are classified by a risk index, the Kidney 
Donor Profile Index, and more favorable kidneys 
are preferentially allocated to children, young 
adults, and the top 20% of donors with the great-
est estimated post-transplant survival. Waiting 
times vary geographically, but median waiting 
times are less than 1 year [36]. Other countries 
around the world have different allocation sys-
tems, and the primary donor source, living or 
deceased, may vary depending on cultural and 
religious values and healthcare system access and 
resources [10, 37, 38].

It is still important to achieve a good HLA 
match for children since this is relevant not only 
for ensuring optimum renal graft survival, but 
also for avoiding HLA sensitization that might 
preclude a second or third transplant in the 
future [39]. A good HLA match also enables less 
intensive immunosuppressant medication and 
thus reduces the risk of infection and oncologi-
cal complications such as the much feared post- 
transplant lymphoproliferative disease (PTLD). 
In particular, transplant kidneys with two mis-
matches on the HLA-DR locus should only be 
accepted in exceptional cases.

Long-term data also show that the trans-
plantation of grafts from older deceased donors 
>50 years of age is linked to poor graft survival – 
hence only a kidney from a deceased donor 
<50  years old should be accepted for a pediat-
ric recipient, where possible. The 50-year-old 
age limit does not apply to a living donor. In this 
particular case, good long-term results can be 
achieved following a careful selection process to 
obtain healthy kidneys from older living donors 

(e.g., grandparents). The extent to which donor 
organs from young children <5 years should be 
accepted for pediatric recipients is a controver-
sial issue as the transplantation of these very 
small organs to very young recipients can lead 
to early organ loss due to increased incidence of 
arterial and venous thrombosis. Last but not least, 
the successful implementation of more complex 
transplantation procedures depends on the vascu-
lar/surgical expertise of the transplant surgeon. 
Based on Eurotransplant guidelines, kidneys 
must be harvested en-bloc from deceased pedi-
atric donors <2 years old. The en-bloc harvest-
ing technique is also recommended for donors 
between 2 and <5. Some transplant surgeons 
recommend a recipient with a bodyweight of 
20–50 kg for an en-bloc renal transplant, as the 
outcomes have not been as good in smaller or 
larger recipients. Other centers accept en-bloc 
kidneys also for very small recipients with good 
results [40].

 Living Donation

Between 20% and 60% of kidney transplants 
currently performed in children and adolescents 
up to 18 years of age involve living donor kid-
neys. The majority of living donor kidneys are 
procured from parents, although there has been 
an increase in the number of unrelated donors 
over the last decade [18]. Potential donors are 
informed about the process and the potential 
risks of being a living donor in detailed discus-
sions with doctors and psychologists. Generally, 
the transplant team evaluating the donor is sepa-
rate from the team evaluating the recipient to 
reduce potential conflict of interest and bias. In 
the United States, living donor candidates must 
meet with an impartial living donor advocate to 
attest to their willingness to donate freely and 
without coercion. In Europe, The Living Donor 
Commission of the respective competent Medical 
Association must consent to the live donation in a 
discussion with the potential donor and, depend-
ing on age, with the recipient. For living dona-
tion, children may have differential access to 
living donors based on their family and social 
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support structure and inheritance patterns of their 
underlying disease. In addition, opportunities for 
living donation may increase in places where 
there are kidney exchange programs or access to 
ABO-incompatible transplantation.

The transplantation of a kidney donated by a 
living donor offers several advantages compared 
to a deceased donor: (i) the kidney donors are 
generally young and healthy and have undergone 
thorough screening; (ii) the procedure can be 
planned appropriately over time; (iii) immuno-
logical tolerance is usually better due to the hap-
loid entity between parent and child compared 
to a deceased donor kidney – hence less intense 
immunosuppressant therapy is often required 
with consequently fewer side effects, and (iv) 
prolonged organ preservation is not needed so 
the structure and function of the transplant are 
improved. These factors therefore explain, at 
least in part, why the 5-year graft survival rate 
is approximately 10% better with a living kid-
ney donor compared to a deceased kidney donor. 
Furthermore, a pre-emptive approach (i.e., prior 
to dialysis therapy) is also more feasible with 
a living kidney donor, thereby preventing any 
potential dialysis-related complications [3].

The advantages of living kidney donation must 
be weighed against a very small surgical risk to 
the donor. The peri-operative mortality risk asso-
ciated with living kidney donation is very low 
(0.03%). The risks immediately associated with 
surgery, i.e., active hemorrhage, corrective sur-
gery, and thrombosis, range from less than 1% 
to less than 5%. The overall risk of developing 
any complication is less than 9%. Long-term, life 
expectancy is similar to the general population. 
However, the risk to the donor increases slightly 
compared to healthy non-donors in terms of 
developing end-stage renal failure (absolute risk 
of approximately 0.8%). Nevertheless, the living 
donor actually has a slightly lower probability of 
developing end-stage kidney failure compared to 
the normal population as living kidney donors 
have been thoroughly pre-screened for renal 
disease risk and will usually undergo regular 
nephrological follow-up. There is also a slightly 
elevated risk that the donor will develop arterial 
hypertension and/or proteinuria [41].

The donor will have approximately 80% of 
normal kidney function after donating a kidney. 
An annual check-up is therefore required in order 
to promptly identify any further impairment of 
kidney function or the development of arterial 
hypertension. In the Eurotransplant countries, the 
annual check-up comprises a 24-h blood pressure 
recording on an outpatient basis, determination 
of kidney function and urine protein elimina-
tion, an ultrasound scan of the remaining kidney, 
completion of a questionnaire or advice in terms 
of quality of life, and the offer of psychological 
support, if required. In the United States, living 
donor follow-up is mandated to be reported by 
the transplant center at 6  months, 1  year, and 
2 years after donation [42].

Compared to the normal population, the 
majority of kidney donors comment in question-
naires that they feel better and have a positive 
feeling about kidney donation. Occasionally, 
there will be negative feedback from the kidney 
donor, essentially due to surgical complications 
and dissatisfaction expressed by the recipient fol-
lowing transplant, and a reduction in the quality 
of life. In this context, there have been individual 
reports of the onset of an adaptation disorder 
(diminished performance, withdrawal from social 
circles, and depressive episodes) [43]. A 4-week 
recovery phase should be planned following liv-
ing donor surgery. Physical ability returns to pre-
existing levels after approximately 3 months. The 
donor can then resume work, but decisions must 
be made on an individual basis. This informa-
tion is often helpful to present to families during 
the child’s evaluation since the potential donor 
may also be the pediatric recipient’s caregiver. 
Assistance in developing a plan for additional 
family support in the household after transplant 
should be discussed with the transplant social 
worker. For example, living donors are not able 
to drive for several weeks after transplant and, 
thus, a driver to bring the child to the hospital for 
the child’s post-transplant clinic visits should be 
identified a priori.

Even if living donation is deemed the best 
option for the recipient from a medical perspec-
tive, deceased organ donation is almost always 
offered as an alternative. In view of the decrease 
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in organ donations and long waiting times, when 
considering children with end-stage renal dis-
ease, the risk to the living donor must be weighed 
against the risk of deterioration in the child’s 
health if he/she is placed on dialysis pending 
transplant surgery. The child’s family must often 
discuss this issue with the medical and psychoso-
cial teams, with consideration of the individual 
family situation when making a decision. The 
extent to which the child will tolerate dialysis 
therapy must also be factored into the decision- 
making process.

Since the average waiting list for children is 
considerably shorter than the adult waiting list 
given the priority provided to children, many 
parents want to wait until their child is over 16 
and then consider any substantial increases in 
terms of waiting time at this point if transplant 
surgery is still required. However, it should be 
noted that because of age-related morbidity, 
the parents may no longer be eligible to act as 
donors. Furthermore, a deceased donor’s kid-
ney may have been damaged in the past, e.g., 
due to the deceased donor’s previous condition 
such as hypertension and atherosclerosis, which 
may also account in part for the previously 
mentioned longer survival of living donor vs. 
deceased donor kidney transplants. A study in 
2015 examined which donor order was preferred 
for a child if only one living donor was available, 
i.e., living then deceased or deceased then liv-
ing. The authors concluded that the only condi-
tion under which it was favorable for a child to 
receive a deceased donor kidney first was when 
the child was highly sensitized [44]. Overall, a 
healthy kidney from a living donor is a remark-
able treatment option during a crucial phase of 
development.

In conclusion, the transplant evaluation pro-
cess is comprehensive and multi-disciplinary 
with the intent of ensuring the safety, efficacy, 
and long-term success of the graft and benefits in 
duration and quality of life to the child. Referral 
for transplantation should occur early, as soon as 
a child reaches advanced stages of chronic kid-
ney disease, and ideally before the initiation of 
dialysis. Appropriately executed, the transplant 
evaluation affords the opportunity for the trans-

plant team to optimally prepare a child and their 
caregivers medically, surgically, and psycho-
socially for favorable short- and long-term out-
comes (Table 49.2).

Table 49.2 Examinations needed for listing for 
transplantation

Evaluations for anatomic conditions
  Ultrasound of jugular, subclavian veins, and arteries
  Ultrasound of abdominal vessels (aorta, V. cava, 

iliac veins)
  History of abdominal surgery
  Urologic situation and need of pre-transplant 

interventions (UTIs, bladder emptying problems, 
megacystis, uretheral valves, neurogenic bladder)

  MCUG
  Cystoscopy (in individual patients)
  Cystomamonetry (in individual patients)
  Indications for nephrectomy (i.e., Denys-Drash 

syndrome, non-treatable arterial hypertension, 
nephrotic syndrome with persisting gross 
albuminuria, UTIs, dilatation of kidneys, ureter)

Laboratory, imaging, and other studies
WBC, RBC, GOT, GPT, yGT, Potassium, Sodium, 
Chloride, Calcium, Glucose, Creatinine, Urea
  Virology: Hepatitis A, B, C, CMV IgG/IgM; EBV 

IgG/IgM, HIV, Measles IgG, Mumps IgG, Rubella 
IgG, Varicella IgG, Herpes Simplex Virus IgG, RPR

  Quantiferon test
  Urine: Dipstick Analysis – U-Protein, U-Glucose
  Ophthalmologic exam
  Echocardiogram, ECG
  X-ray of chest and left hand
  Vaccination history
  Dental evaluation
  Blood group, transfusion history
  HLA-identification
  HLA-antibodies/Panel-reactive antigens
Other considerations
  Cystatin C, CK, LDH
  Endocrinology: fT4, TSH, PTH, 25-OH Vitamin 

D3, Testosterone, Oestradiole, FSH, LH, HbA1c
  Coagulation: INR, PTT, Thrombin Time, 

Fibrinogen, AT II, Protein C, S, APC, Factor II and 
V Mutation, MTHFR Mutation, Antiphopholipid- 
Antibodies, LP(a)

  24-h Urine for Creatinine-Clearance and Calciuria, 
U-alpha-1 Microglobulin, U-Creatinine, U-Albumin

  Ultrasound abdomen
  Pulmonary function test
  24-h Blood Pressure
  Audiometry, ENT-Evaluation
  Gynecologic evaluation (girls after menarche)
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 Introduction

Children and adolescents with end-stage kidney 
disease (ESKD) have severely impaired quality of 
life and poor psychosocial outcomes compared 
with the general population [1–6]. Quality of life 
is worse in children on dialysis compared with 
kidney transplant recipients or those with chronic 
kidney disease (CKD) not yet requiring kidney 
replacement therapy [2, 4, 5, 7, 8]. Children on 
dialysis report substantial decrements in the 
domains of pain, emotion, physical function, and 
peer and family interaction [2, 7, 8].

Dialysis is highly burdensome, painful, and 
invasive. Children on dialysis report a higher bur-
den attributed to kidney disease and treatment 
compared with other stages of CKD [7, 9].

Children on dialysis and their caregivers are 
required to manage multiple medications and 
adhere to dietary and lifestyle restrictions. They 
have high rates of hospitalization, including for 

surgical procedures and complications such as 
infection and hypertension [10–12], which can 
disrupt their daily activities at home, and social 
and school participation. All these challenges are 
particularly difficult as children and adolescents 
are at the same time negotiating development 
tasks, milestones, and transition to adulthood.

In a recent study, children with CKD identi-
fied and prioritized the outcomes of survival, 
ability to participate in sports, fatigue, lifestyle 
restrictions, growth, kidney function, hospitaliza-
tion, social functioning, medication burden, and 
infection, to be of highest importance, with life-
style restriction indicated to be of greater impor-
tance in children on dialysis compared to other 
stages of CKD [13]. Caregivers of children with 
CKD gave high priority to the outcomes of kid-
ney function, survival, infection, anemia, growth, 
financial impact, cardiovascular disease, graft 
survival, impact on family, and blood pressure; 
reflecting concerns about their child’s prognosis 
and development [13]. This reiterates the severe 
and broad-ranging impacts that dialysis can have 
on children and their caregivers.

This chapter will describe the spectrum of the 
lived experience of children on dialysis and their 
caregivers based on evidence from qualitative 
studies. Qualitative studies can provide detailed 
and in-depth insights on the experiences, beliefs, 
and values of children on dialysis expressed in 
their own terms, which may often remain unspo-
ken and underrecognized in clinical settings [14]. 
The domains of the patient experience covered in 
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this chapter will include: feeling different, loss 
of control, lifestyle restrictions, managing treat-
ment, and coping strategies (Fig. 50.1). Parental 
experiences will also be summarized based on 
the existing studies [15, 16] and conveyed 
through real-life accounts from parents sharing 
their stories of caring for their child on dialysis 
(Boxes 50.1, 50.2, 50.3, 50.4, 50.5, and 50.6). 
Insights into the patient and caregiver experi-
ence can inform strategies to improve service 
delivery and policy for better outcomes in chil-
dren and adolescents requiring dialysis, and 
their caregivers.

Feeling
different

Loss of
control

Coping
strategies

Lifestyle
restrictions

Managing
treatment

Prognostic uncertainty
Relying on parental
caregivers
Dependence on the
dialysis machine
Unbearable and
debilitating symptoms
Limiting future
possibilities

Social isolation

•

•

•

•

•

•

• Being absent from school

Body image and physical appearance
Sickly and weak
Injustice
Being a burden

•

•

•

•

•

•

•

•

Determination and self-
awareness
Participating in activities
Hope for kidney transplant
Social support

Taking ownership

Adhering to treatment

Communication and involvement
in decision-making

•

•

•

Fig. 50.1 Children’s experiences of living with dialysis

Box 50.1 Emotional Turmoil and Uncertainty

• Initial Diagnosis:

Lily’s Mother: My daughter, Lily, was 
5 months old when she started hemodialy-
sis. Hemodialysis is a very risky procedure 
for an infant but was the only way to treat 
her condition. I remember how shocked I 
was when we learned of Lily’s diagnosis 
and her path for treatment. She would need 
dialysis and a g-tube to grow large enough 

to eventually receive a transplant. Not only 
did I worry about the very long and difficult 
days that lie ahead, but I also worried 
about the kind of life she would one day 
lead. I needed to know that there was a 
chance that she would be happy and “nor-
mal” one day.

Jacob’s Mother: My son, Jacob, was a 
healthy kid, with no remarkable health 
problems to speak of. However, when he 
was 11, he seemed to be fighting a bug that 
he couldn’t quite shake, so his doctor 
ordered labs. The labs revealed he was in 
renal failure, and he was rushed to the ER, 
taken straight to the ICU, and dialysis was 
started that very day. When the kidney 
biopsy result came in, we had to adjust 
quickly to our new normal. We would be 
going home with a kid that needed dialysis 
until he could eventually get a kidney trans-
plant. I remember fighting tears the entire 
time we were there for that first HD outpa-
tient session. I had to step out several times 
so that I didn’t upset my son. Even though I 
had already witnessed him doing HD in the 
hospital, something about seeing the pro-
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cess happen in an outpatient setting really 
hit me hard.

Robert’s Mother: My son, Robert, was 
12  years old when we were told that he 
needed to start dialysis. While Robert was 
in the ICU receiving his first rounds of 
hemodialysis, I was in shock. Kidney fail-
ure is seldom something you plan to go 
through. Even as a registered nurse, the 
words “renal failure” and “dialysis” were 
overwhelming. Organ failure of any kind is 
something I had heard about in the movies 
or read about in an article or a magazine. I 
had not known anyone who had personally 
gone through any kind of organ failure. 
How could it happen to my own son?

Thomas’s Mother: We had no time to 
prepare, to make decisions, or to become 
properly educated. All of the sudden we 
were being asked to make decisions regard-
ing our lifestyle and the type of dialysis we 
preferred. As the nurse was telling us about 
dialysis it was all I could do to hold myself 
together and not break down in tears as I 
thought, “What a terrible way for a kid to 
live.” We managed to make it through the 
training, consent to have my son listed, 
consent to have the nurse set up appoint-
ments at two transplants centers, and get 
outside before I broke down into tears.

• Uncertainty About the Future:

Lily’s Mother: Lily was on dialysis for 
10 months. When I see her scars now from 
her HD and PD catheters and her g-tube 
all of the memories come flooding back. 
Thankfully her scars don’t bother her. I 
hope that one day she will feel as proud of 
all that she has endured as I am. I also 
hope that she will never have to do dialysis 
again.

Robert’s Mother: I had so many ques-
tions and feelings that I didn’t even know 
how to put into words. “How will this affect 
his future? Our family’s future?” Our home 

Box 50.2 Loss of Control

• Loss of Childhood Memories

Lily’s Mother: After enduring the pre-
vious 6  months of Lily’s hemodialysis 
treatments, adding peritoneal dialysis as 
well put me over the edge emotionally. I 
resented that she needed to be dialyzed 
14+ hours each day, and that she was 
being robbed of a normal childhood. 
Having two dialysis catheters meant that 
Lily could not get wet for risk of infection. 
This made bathing her very challenging. 
At home we gave her sponge baths and 
washed her hair in the sink. Still, Lily 
loved to watch her older sister take baths 
and I remember longing for the day when 
they would both be able to get into the tub 
together. Sundays were a very special day 
because Lily’s dialysis nurse at the hospi-
tal would let her play in a bucket of water 
in her crib and get as wet as she wanted. 
During that year of dialysis I needed a 
sense of normalcy during an otherwise 
abnormal situation. I took many photos 
and usually not of Lily in the hospital. I 
needed proof that in addition to all of the 
time she spent in the hospital she was also 
growing up like every other baby. When I 
look back at those photos now, I know that 
hidden underneath her clothes are cathe-
ters and feeding tubes. It gives me comfort 
that she is smiling in the photos, and that 
she doesn’t remember any of it.

Thomas’s Mother: While on dialysis, 
my son was academically falling behind 
and not reaching his benchmarks. I wanted 

was several states away from the hospital. 
“Would we have to relocate? Would he 
have to have a transplant? How would we 
get through this? Would we get through 
this?”
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Box 50.3 Change in Family Dynamics

• Strain on Marriage and Relationships

Thomas’s Mother: We rarely left my 
son to the care of anyone else. The one 
event we did allow him to do was his annual 
trip to camp with my parents. My mom was 
one of two people we would leave him with. 
She was such an important part of our 
plan. Since she had flexible hours/days at 
work, she would take him to dialysis if we 
were not available. In preparation for the 
trip to camp we had her go through a mini- 
training with the director of the dialysis 
center. The nurse was more than happy to 
train my mom in what to do while my son 
was in her care. Everyone thought that the 
night away would be great for my partner 
and me, but it was just the opposite. We 
were anxious the entire time and worried 
about everything that could go wrong. We 
decided that we preferred to have my par-
ents come to our house to relieve us for an 
hour or two.

Jacob’s Mother: I can see where some 
marriages would also be strained by this 
experience, but for us, this didn’t happen. 
We approach it very much as a team. In 
fact, we often marvel at the fact that our 
mental and emotional breakdowns never 
happen at the same time – so, when I finally 
breakdown, my husband is the one to be 
strong, and vice versa.

Anna’s Mother: I recall that Anna’s ill-
ness really pulled us together as a family. 
We were working together to focus on sav-
ing her life. My husband and I took over 
different aspects of her care. I specifically 
focused on more day-to-day things and he 
looked at the long-term strategic planning. 
Honestly, she became our entire lives and 
focus. There was very little time for any-
thing else. There was lots of stress, anxiety 
and worry. I knew other families that broke 
up or had one partner tune out, but that 

the school and his teachers to do every-
thing possible to make sure he was learn-
ing, but, as a mom I could see how 
challenging it was for him to stay on task 
and focus on his learning. In the end, his 
health was the priority and that became 
our focus. Years later, after he had another 
transplant, we had academic testing done 
because he was beginning to struggle with 
reading fluency and comprehension. What 
we discovered was that the gaps and defi-
ciencies in his academic skills correlated 
with this time period prior to his first 
transplant and the time he was on 
dialysis.

• Trust in the Clinician and Care Team

Lily’s Mother: We were blissfully 
unaware of all of the things that could 
potentially go wrong during hemodialysis. 
We put our faith in the care provided by our 
dialysis nurses. We did have two frighten-
ing incidents when dialysis did not go as 
planned. Both times, the nurses responded 
to the situation right away and called in the 
doctor. We felt reassured that the matter 
was handled correctly and efficiently. The 
incidents, however, also reminded us of 
how challenging and dangerous it was 
each time we dialyzed our infant daughter. 
Sensing my feelings toward all of this dial-
ysis, our doctor said something very wise 
to me back then: “This is short-term pain 
for long-term gain.” He was completely 
right and we have entrusted him with her 
care for 13 years now.

Robert’s Mother: We met so many 
wonderful doctors and medical profession-
als but when I saw “our” nephrologist I felt 
like everything was going to be okay. He 
knew everything about my son, more about 
our family than anyone else there, and he 
knew about all the questions I was afraid to 
ask. I felt so alone, and I valued his visit 
and his wisdom.
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didn’t happen to us. I don’t think either of 
us were thinking of ourselves then. It was 
more of how do we get this done and make 
sure she survives AND thrives.

• Sibling Inattention and Neglect

Lily’s Mother: Our older daughter, 
Ashley, was 3  years old when Lily was 
diagnosed and her life really changed. 
Instead of attending morning preschool, 
Ashley needed to go to all-day preschool, 
5 days a week. One of us would take her to 
school early in the morning, then head to 
the hospital for dialysis, then someone 
(usually a grandparent) would pick Ashley 
up from school and whoever would be with 
Lily at the hospital would finally see Ashley 
in the late afternoon. For a long time Ashley 
thought all siblings had medical problems. 
We were very concerned that Ashley would 
feel left out by all of the attention Lily was 
getting, so we made an extra effort to spend 
time one-on-one with her and to make sure 
she had plenty of grandparent attention. We 
also included Ashley in small but important 
PD steps at home, like turning the machine 
on and carrying the bag of fluid to the 
machine so it could warm up.

Robert’s Mother: I am a single mom 
with three high-needs kids. I tried to plan 
activities for the times that Robert would be 
going on and off dialysis so that the other 
kids would be safe and so that I wouldn’t be 
interrupted but I was not always success-
ful. My other two kids were very under-
standing and tried to help when they could. 
I will never forget the day that the man who 
delivers the dialysis supplies called to see if 
he could come earlier than scheduled. It 
was a snowy day and it was our responsi-
bility to have the path clear for the hand-
cart. My daughter offered to go shovel a 
path through the snow.

Jacob’s Mother: Going through some-
thing like this as a family has ultimately 

made us closer, but it certainly has chal-
lenges. We have an older son who was 13 at 
the time his brother got sick, and he had a 
period of time – especially those first few 
months – where he basically raised himself. 
We have always thought of him as an old 
soul, mature beyond his years, so he han-
dled it like he handles everything in life – 
he just handled his business. Still, it is hard 
to realize how much of our attention he had 
to do without.

• Need for Support

Lily’s Mother: We had a great support 
system. My parents each volunteered to 
take Lily to dialysis one day each week, and 
my husband took her on Saturdays. My 
parents also graciously offered to take Lily 
to dialysis together on Sundays, to allow 
my husband, our older daughter and me 
some family time. I kept a blog going about 
Lily’s medical situation so that I wouldn’t 
have to constantly answer phone calls and 
emails from everyone. Reading comments 
was a great way for us to feel supported by 
our family and friends.

Robert’s Mother: I remember feeling 
overwhelmed and alone so much of the 
time even though we were surrounded by 
people who were caring and supportive. I 
wished that the dialysis nurse would call to 
check on us more often, not because we 
were having any problems, but just because 
I needed reassurance and to talk with 
someone who understood.

Thomas’s Mother: Our family was 
able to cope with the time my son was on 
dialysis because we had a strong support 
group. On nights he was dialyzed, friends 
would make us meals from the dialysis 
cookbook. Family members would show up 
at our house to clean it for us. My sister-in-
law did our grocery shopping. Neighbors 
mowed our lawn, raked the leaves and 
plowed the driveway when it was needed. 

50 The Spectrum of Patient and Caregiver Experiences



962

We did not need these things to be done for 
us, but graciously accepted the help 
because we understood this was their way 
of helping us and showing they cared about 
our family. My son being on dialysis was 
an extremely humbling time. We had to 
accept help when we didn’t request it and 
show graciousness when we just wanted to 
be left alone. We learned to go outside our 
comfort zone and let people into our lives 
because they cared about us. We needed the 
support or our family, friends, neighbors, 
coworkers, dialysis staff, and community. 
Without all of their support we could not 
have managed the emotional and lifestyle 
challenges we faced.

Box 50.4 Lifestyle Restrictions
Lily’s Mother: We didn’t go anywhere out 
of town with Lily during the first 16 months 
of her life. Our lives consisted of driving 
between the hospital and our home every 
day. Once she was listed for transplant, we 
couldn’t go more than 30 minutes from our 
home in case we got “the call.” We parents 
were going stir crazy. Each night, we 
needed to be home before 8 pm when Lily 
would be hooked up to the PD machine for 
the next 10 hours. Usually we read books 
together and she would drift off to sleep 
and be laid in her crib while the machine 
started to do its work. The majority of eve-
nings, however, there were alarms or vom-
iting or some other reason that the 
nighttime would not be restful. Ten kilo-
grams (or 22 pounds) of weight was the 
magic number the surgeons wanted Lily to 
reach to list her for transplant. Each day 
was a battle because she was so nauseous. 
We needed to feed her enough fortified milk 
to help her grow, but not so much that she 
would vomit it back up. Lily vomited about 
10 times each day – in her crib, all over our 
house, in her car seat on the way to the 

hospital, etc. I was constantly cleaning up 
after her and worrying that she would not 
grow large enough for her transplant.

Thomas’s Mother: The dietician met 
with us to give us meal plans and guide-
lines to follow regarding diet and hydra-
tion. All of the healthy lifestyle choices we 
had been living by the past 6 years we dis-
regarded and replaced with a dialysis- 
friendly lifestyle. I researched and found 
great suggestions and recipes. All informa-
tion I found was geared toward adult 
patients, so I cleared all the information 
with our pediatric dialysis staff. It wasn’t 
long after returning home from my son’s 
nephrectomy that we cleaned out our cup-
boards. We decided that it was better for us 
to get rid of food than it was to have it in 
the house and create temptation. We were 
committed to the family eating only the 
foods that Thomas could eat.

Anna’s Mother: We were brave enough 
to manage a trip to Disneyland during this 
time. It took weeks of coordination with the 
dialysis supply company, the hotel, and the 
dialysis nurses at our children’s hospital. 
We had to ensure there was a hospital 
nearby that could handle pediatric dialysis 
in case of emergency. We had to contact the 
hotel to make sure they would accept medi-
cal supplies mailed prior to our visit and 
would ship to a place that was not our 
home address. We had to time our visits so 
that we would be back at the hotel every 
evening in time to hook her up. We had to 
stay awake most nights, scared that she 
was going to roll out of the bed and pull her 
tube out. But it was worth it – 100%. She 
had an amazing time and got to be an 
everyday kid enjoying Disneyland with her 
cousins.

Jacob’s Mother: We were able to travel, 
first by taking a road trip and then later, 
when we were braver, by plane. It was 
through our travel experience that we 
developed our spine, so to speak. Travel on 
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Box 50.5 Caregiver Burden

• Hemodialysis

Lily’s Mother: Lily’s first hemodialysis 
treatment was very scary for us. Once she 
tolerated it well, she began receiving treat-
ments a few times a week for 1 or 2 hours at 
first. The number of days at the hospital 
continued to increase until we were finally 
at the hospital every day, 7 days a week for 
4-hour HD treatments each time. It took 
about 30 minutes to drive to the hospital, 
then another 30 minutes to prepare her to 
be put on the dialysis machine, then the 
4-hour treatment, another 30 minutes post- 
treatment to take her off the machine, and 
then another 30  minutes to drive home. 
This meant we spent at least 6 hours each 
day doing hemodialysis for our daughter. 
This one simple treatment was very time 
consuming, but so very important until she 
could receive her transplant. When Lily 
first started receiving dialysis, she would 
take frequent naps. We could read a few 
books and then she would soon be dosing 
off to sleep. As she grew, however, her 
awake time got longer and longer. And the 
dialysis tubing seemed to be getting shorter 
and shorter. We only had about 2–3 feet of 
extra tubing to work with. Soon, she was 
pulling up on the edge of her hospital crib, 
then she was trying to walk across the crib 
and away from the machine. We were 
always nervous that she would accidentally 

PD forces you to assess how you want to 
approach life, in general – do you want to 
play it safe all the time, taking very little 
risk? Or, are you willing to take some cal-
culated risks? The road trip went smoothly, 
but we were on edge, scared that we would 
forget some critical supply or that he would 
end up getting sick now that he stepped 
outside our little house bubble. He didn’t 
and we had a great trip. Yay, us! The plane 
ride took two attempts. On our first attempt, 
Jacob threw up on the way to the airport. 
We worried, of course, but with no other 
symptoms, we chalked it up to being car-
sick and decided to keep going. Jacob 
fainted 20 minutes later when we were in 
the security line. We were taken by ambu-
lance to our local children’s hospital ER, 
where he very promptly recovered, once he 
had IV fluids. The doctors concluded he 
was dehydrated, adjusted his dialysis pre-
scription for that night, and gave us their 
blessing to go on our trip. Our little brav-
ery we had earned from the road trip had 
vanished and we were shook up. We were 
so tempted to play it safe and just cancel 
the trip. That was when we made a critical 
decision, and we still use it to guide all of 
our decisions – we decided that we needed 
to teach our son how to live safe, but not 
live scared. If we cancelled our trip, we 
were teaching him to live scared. So, we 
went. The trip went fairly smoothly and we 
have great family memories from it, but it 
was so much more than a trip – I felt like 
my son learned a little about the art of tak-
ing calculated risks, that I hope he carries 
that with him.

Thomas’s Mother: I recall this time in 
our lives being so emotional that I avoided 
going out in our community to do day-to-
day tasks such as: going to the drug store, 
grocery shopping, going to community 
events. It was such an emotional challenge 
to “keep it together” in front of my son that 
avoiding situations was easier than facing 

them. People in our community are so kind 
and wanted us to know that they were sup-
porting us. They always inquired how my 
son was doing and how we were doing. 
Another reason we avoided public events is 
that we didn’t want his health situation to 
define our family. We wanted him to have as 
much normalcy as possible.
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pull out her catheter, which would mean 
another procedure to place it all over 
again. Lily took her very first steps to her 
dialysis nurse while being hooked up to the 
machine. Eventually, she was not taking 
any naps while on the machine. This proved 
to be a very big challenge to entertain her 
for 4 full hours of treatment each day. We 
enlisted the help of every person who was 
willing to assist us. Lily was too young to 
watch videos so we sang songs, blew bub-
bles, and found new and interesting things 
for her play with. Thankfully, the hospital 
allowed us to leave many boxes of books, 
music, and toys near her crib to rotate 
through each day. All in all, we did daily 
hemodialysis for 10 months each and every 
day except on Thanksgiving, Christmas, 
and New Year’s Day. On those 3  days, I 
remember feeling a wave of relief that she 
didn’t have to go to the hospital, but also 
dread that she was not being dialyzed.

Jacob’s Mother: Life on hemodialysis 
was no picnic. It dominated our day, once 
you factored in the time to drive there, the 
time to get set up, do the treatment, get 
taken off, and then drive home. It was scary, 
with all the beeping, alarms, and blood. It 
was mind-numbingly boring. I also hated 
the time in between HD, when I was pain-
fully aware that his body was building up 
all of the waste products that he needed to 
get rid of – the weekends being the hardest 
for that one, since this is when he went for 
a longer chunk of time without dialysis.

Anna’s Mother: When Anna was 
18  months old she went on hemodialysis. 
We were at the dialysis center 5  days a 
week for 4–5 hours at a time, plus an hour’s 
drive time to get to and from. Keeping a 
toddler entertained in the dialysis center 
was quite a task. It’s hard to entertain an 
18 month old when you can only sit still on 
the bed. We had a storage box that was 
filled with games that she could play with 
while sitting up. Simple things, like 

Tupperware containers full of rice with 
measuring cups and spoons and funnels. 
We had games with magnets. We had end-
less books of stickers so that she could put 
stickers all over the storage bin.

• Peritoneal Dialysis

Lily’s Mother: All of the equipment 
and many boxes of supplies were delivered 
to our home. Her bedroom no longer looked 
like a little baby’s nursery, but instead it 
resembled a hospital room. I would check 
on her repeatedly during PD to make sure 
she hadn’t rolled over and kinked her tub-
ing or pulled out her catheter or g-tube. I 
was on mental alert 24 hours a day. After a 
few weeks of not sleeping due to worrying 
all night long, we brought in home health 
nurses to monitor her PD at night so that 
we both could get some sleep.

Jacob’s Mother: Choosing to do PD 
was a clear advantage – being able to do 
the dialysis at home, while he slept, was 
so much better than going into the clinic 
three times a week. He did have to do HD 
for about a month after he was discharged, 
while we were trained to do the PD and 
his catheter healed. When we passed our 
PD training, stocked up on supplies (So. 
Many. Supplies.), and were given the 
green light to start, life got much easier. 
PD is a tremendous blessing in so many 
ways. For one, he just seemed healthier, 
receiving dialysis every day. It did not 
take much time out of his schedule, since it 
happened at night. His diet was liberal-
ized, and we even got to push potassium-
rich foods sometimes.

Anna’s Mother: When Anna was 
2 years old she went on peritoneal dialy-
sis. While this allowed us to do her dialysis 
at home, it was a life-altering event again. 
My daughter could finally return to day 
care and eventually preschool. She was 
ecstatic to be around kids again. But the 
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schools were less than happy to have her 
because of the medical complications she 
posed. We had to give very detailed lessons 
to the staff at day care about what to do if 
her tube became infected or came out. Her 
preschool teacher refused to be responsi-
ble for medical emergencies, so we had to 
train another person from the administra-
tion. At home, we had to keep her in a crib 
and diapers for much longer than she 
would have normally because we were 
afraid of her getting up at night and pull-
ing out her tube. Most nights we were 
woken by alarms because she had rolled 
over in her sleep and the tube was kinked. 
Because she was also tube fed, four out of 
seven nights a week she would be throwing 
up. My husband and I would team up with 
one of us holding her over the soiled bed, 
still hooked to the PD machine, while the 
other one changed the sheets. We bought 
bed sheets in bulk because we went through 
them so quickly. I don’t think anyone in the 
family had a full night’s sleep for the entire 
year that she was on PD before her trans-
plant. We devoted a room just for the sup-
plies  – so many boxes! They stretched to 
the ceiling! The amount of care we needed 
to take to ensure that our child didn’t get 
infected – from the masks, the washing, to 
the ‘not opening the door while you’re 
hooking her up.’ It was nerve-racking. But 
it was a relief to know that PD was elimi-
nating more waste from her system than 
the hemodialysis.

Robert’s Mother: Our decision to do 
peritoneal dialysis was an easy one. I had 
so many questions about what the best 
thing for Robert would be but it all boiled 
down to one thing. We lived in a very rural 
state that is often snowy in the winter. The 
only way we could go home would be if we 
learned to do PD on our own and flew back 
for appointments every month. Learning to 
do PD was not quick or easy. Robert had to 
heal after having the PD tube inserted 

before PD could be started. I would go to 
PD school while Robert was receiving 
hemodialysis. It looks easier in the books 
and diagrams than it is in real life when 
you are tired and the machine is beeping 
and you are trying to figure out why and 
how to fix it. The sterile technique required 
was also very challenging. Everything 
about dialysis was hard. There was so 
much to worry about. I remember packing 
dialysis supplies into plastic bags to load 
into the back of the truck so that we could 
make the drive home from the Ronald 
McDonald House. My parents spent hours 
at our home rearranging bedrooms so that 
there would be a room for my son and all of 
his supplies, and so that he could start dial-
ysis as soon as we got home. I remember 
cutting a hole in our bathroom wall so that 
we could drain into the septic system 
instead of the kitchen sink. I remember try-
ing to time dialysis so that my son could go 
to church, schools, and activities with 
friends. I remember being told yet again 
that his phosphorus level was too high, and 
we needed to work even harder at manag-
ing his diet. I remember trying to keep track 
of the supplies and order them during the 
“order window” for our delivery.

Box 50.6 Financial Burden
Lily’s Mother: We relocated to a different 
state for 3 years so that our daughter could 
receive the very best nephrology care, and 
so that our older daughter could be cared 
for by her grandparents. We also enrolled 
our older daughter in a full-time preschool 
while I was at the hospital with Lily. During 
those 3  years, my husband flew back and 
forth regularly to his job in a different state. 
Thankfully, we were able to afford the 
curveball that life had thrown at us.

Anna’s Mother: Dialysis was a life 
saver, yet was incredibly disruptive to our 
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 The Patient Experience

 Feeling Different

Look, we’re like Frankenstein. It’s having all these 
tubes stuck into us. They’re trying to make us like 
zombies. [17]

Body Image and Physical Appearance Some 
children and adolescents feel self-conscious 
about the appearance of the catheters, fistulas, 
and cannulas required for dialysis access and the 
surgical scars – “It can make you a bit like self- 
conscious if you have the tube. You worry that 
people can see it through your clothes or the 
scars, like all the scars, when you go to the beach 
or something you worry that people are looking 
at your scars. I suffer with people looking at my 
scars, I don’t really like them looking at my 
scars” [12]. Some attempt to conceal their cath-
eter under their clothing. They describe them-
selves as being a “freak” [18] or “weird,” 
believing that they look like “Frankenstein…and 
zombies” [17]; and being teased by friends  – 
“when my friends see my fistula they jeer me by 
saying ‘what is this, you are like an engine, 
where is your power socket?’ And I avoid them” 
[19]. Some worry about being shorter and 

smaller than their peers – “I’m a teenager but get 
treated like a dumb kid because I’m so small. I 
hate it when people say, ‘Oh, what a nice little 
girl!’” [18]. They feel inferior, and some boys in 
particular have concerns about being less “mas-
culine” [12].

Sickly and Weak Compared with their well sib-
lings and peers, children on dialysis perceive that 
they are weaker and less able to participate in 
activities. They are unable to keep up with others 
because of their ill-health, fatigue, and lack of 
energy  – “They are healthier than me, but I’m 
weak. Because of my disease, I feel different. 
They can do whatever they want. But I can’t. I 
have to come to a dialysis centre three times a 
week” [19]. Some feel ashamed about being the 
“kidney patient” and choose not to disclose their 
diagnosis to others. They lose their once-held 
notion of youthful invincibility and instead feel 
vulnerable.

Injustice Some question why they have CKD 
and feel that it is unfair to have to live with the 
disease and have to do dialysis, particularly 
because the disease was not their fault. They 
describe dialysis as having “robbed” them of the 
lifestyle they wanted.

Being a Burden Some children on dialysis 
believe that they are a burden on their families – 
“I feel as if I’m a burden on my family members’ 
shoulder” [19]. They harbor guilt for having to 
depend on their parents and siblings for medical 
care and support, daily tasks, and for depriving 
their families of the freedom to do what they 
wanted such as travelling. Some feel at fault for 
being a financial burden on their family  – “It 
affected both economics and morale. My father 
worried a lot, my mother had stomach prob-
lems. It is difficult economically to travel to the 
hemodialysis centre” [19]. Some regard them-
selves as a disappointment to their parents 
because they cannot achieve or meet their 
expectations in the areas of academics or sports. 
“I’m like I’m sorry for being born, I’m sorry for 
doing dialysis, you don’t know how it feels. [My 
parents] say stuff like I’m not doing anything 
with my life” [12].

lives. My husband is an entrepreneur and he 
had to close his business to take a job that 
had insurance. I had to go on family leave to 
spend my time taking Anna to and from dial-
ysis appointments. Eventually I returned to 
work part-time, but was unable to work full-
time because of her medical needs.

Robert’s Mother: Flying to the hospi-
tal every month was a challenge both finan-
cially and physically. It takes a lot of 
planning to make sure that you take the 
right supplies for the trip. I often had to 
repack our bags because the dialysate bags 
weighed more than what the airline would 
allow in a suitcase. It is hard to take a PD 
machine through an airport security 
checkpoint.
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 Loss of Control

A prisoner to the machine. [20]

Prognostic Uncertainty Some children and 
adolescents on dialysis worry about hospitaliza-
tion and the need for surgical procedures  – 
“going from living a normal life, from what I 
knew, to being in hospital most of the time, and 
having surgery done every now and then, I don’t 
like it” [12]. Some have fears about their own 
mortality – “I’m home alone, then I’d probably 
die on the couch. I fear that. Just pass out and 
don’t wake up. That’s what I fear” [12] and “I 
have to  constantly lie down. This makes me feel 
I’m going to die” [19]. The uncertainty about 
their chances of receiving a kidney transplant 
can cause angst and distress, while at the same 
time they fear the pain and complications that 
may occur after transplant including graft loss 
and having to return to dialysis – “I’m thinking 
oh I’m not going to get a transplant so I’m not 
going to bother with going through that effort 
just to know that everything’s just gonna go 
downhill again” [12]; as well as death – “I don’t 
like how I am at risk of it dying again and then I 
am going to have to go into surgery and then 
what are we going to do  – so … that’s what I 
don’t like really. I don’t like being at risk of 
dying” [21]. Some children worry about their 
potential living kidney donor – “I’m still worried 
about the transplant, worried about the possibil-
ity of something happening to [my brother]. I 
don’t want to lose my only brother” [12].

Relying on Parental Caregivers Children 
depend on their parents to help with dialysis, 
medications, and attending clinical appoint-
ments – “My parents are very involved in caring 
for me and my kidney disease; I depend on them 
a lot” [22]. However, some are frustrated and 
feel like a “baby” [22] when they believe their 
parents are “super protective” [23] and did not 
trust them to manage or make choices about their 
own treatment.

Dependence on the Dialysis Machine Being 
forced to undergo the constant, grueling, and 

“relentless” [20] regimen of dialysis for survival 
caused some children and adolescents to feel 
frustrated and helpless. Some refer to themselves 
as “puppets pulled by strings, forever managed 
by hoses and tubes” [17]. They lose a sense of 
bodily integrity and “intactness” [17] in having a 
body “full of holes” [20] and controlled by medi-
cal interventions.

Unbearable and Debilitating Symptoms Dialysis- 
related symptoms such as headache, fatigue, and 
itch can be intolerable – “The machine is too bad. 
I have a headache after dialysis sessions. My 
blood pressure sometimes drops. I feel exhausted 
and I can’t walk” [19].

Limiting Future Possibilities Particularly for 
adolescents, they feel anxious that dialysis can 
threaten their ability to work or pursue their 
career goals – “It’s always been a military career 
for me and nothing else, and the thing is that this 
kidney puts that whole dream and that whole life-
style at risk…that’s like the only career I’ve ever 
wanted, I can’t think of myself doing anything 
else. This [dialysis] seems to have taken a lot of 
things away” [12]. They have concerns about 
being able to establish a relationship with a part-
ner and how dialysis impacts fertility – “With my 
future, I’m mostly worried about relationships. 
Will I ever meet a guy who’ll be there for me no 
matter what? Will he care if I’m still doing dialy-
sis?” [12].

 Lifestyle Restrictions

I would have wished to be normal and see how 
my life would have been if I didn’t get [kidney 
disease]. I’d be a better student, a straight-A stu-
dent. [24]

Social Isolation Children and adolescents on 
dialysis can feel socially isolated as a conse-
quence of being ill, having to do dialysis, attend 
clinical appointments, and being frequently hos-
pitalized for complications. They are often absent 
from school and cannot participate in extracur-
ricular or recreational activities with peers – “you 
feel tired every day, you can’t do anything, and 
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you’re so distanced from your friends, like they’re 
off enjoying being eighteen, going to parties and 
everything, and I’m here stuck doing dialysis” 
[12]. They feel excluded from what their friends 
are able to do  – “I do dialysis every night so I 
can’t go to sleepovers, camp, or anything…[I 
feel] left out! … You just feel like you can’t do 
anything and [can’t] go out by yourself” [24]. 
For those doing in-center hemodialysis, they feel 
trapped and stuck  – “When I came here to the 
hospital, I felt like I was trapped in a prison and 
I can’t do anything about it. I hate it and I’m sick 
of the same place. Over and over again doing the 
same thing, same place, etc.” [12]. Also, some are 
frustrated in having to be cautious, such as avoid-
ing swimming with a PD catheter, because they 
would be excluded from joining in activities with 
their friends.

Being Absent from School As a consequence of 
the fatigue from doing dialysis, some children 
and adolescents struggle to attend school and 
engage in study. Some feel ashamed about their 
poor results and fear other children teasing or 
“laughing” [25] at them for being behind in their 
studies. Some encounter a lack of understanding 
and pressure in the school environment – “I hate 
how people are always on my back at school. 
When I tell them the reason why I can’t do full 
time, they just say I use dialysis as an excuse” 
[12]. Some younger children worried about their 
ability to continue schooling – “I can’t sleep at 
nights. I always think what would I do if I can’t 
recover and I can’t go to the high school” [19].

 Managing Treatment

It’s my dialysis and nobody else’s. [26]

Taking Ownership Some adolescents want 
ownership of their dialysis and to be more inde-
pendent in managing their treatment; and to be 
able to integrate and minimize the disruption of 
dialysis in their daily lives. They believe it is 
important to be given the flexibility and be 
empowered with technical confidence through 
training and support to manage dialysis, and to be 

able to adjust the treatment based on their symp-
toms and lifestyle. Particularly for those on home 
hemodialysis, they can “base my dialysis times 
around my lifestyle” [12].

Communication and Involvement in Decision- 
Making Some want opportunities for more 
involvement in decision-making about their treat-
ment, including dialysis, medications, diet, surgi-
cal procedures, and kidney transplantation. Some 
feel they often have no choice and just accept the 
necessity of having “needles, growth hormone, 
or surgery” [23]. They feel intimidated because 
they expect they may be ignored, judged, or rep-
rimanded by clinicians and parents if they voice 
their preferences – “I don’t talk to doctors a lot. I 
just sit there and let mum talk” [23].

Adhering to Treatment Some resent and strug-
gle to adhere to the dietary and fluid restrictions 
because it interferes with their lives – “The main 
thing is that you can’t drink as much as you like. 
It was hard to play football this year because 
dialysis interfered with my practice time” [24]. 
They feel frustrated, particularly if they are rep-
rimanded by their parents or clinicians for not 
adhering to their diet and fluid recommenda-
tions. Regarding medications, some find it diffi-
cult to remember to take medications, to swallow 
the medications, and bear the side effects  – 
“some medications make me have vertigo and 
nausea” [19]. Certain medications can be diffi-
cult to take as they make children feel sick – “I 
didn’t take my tablets because they made me 
sick. Oh they are disgusting! I took a sip and I 
threw up. They said if I didn’t drink it I wouldn’t 
be able to eat. I still ate” [23]. Some children 
and adolescents are embarrassed about taking 
medications in front of others. Some find it 
patronizing and frustrating if their doctors doubt 
that they are taking medications.

 Coping Strategies

[It’s hard], but you persevere through it and you 
learn. You gain from the experience and you grow 
through it. It’s very much a growing experience. I 
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just try to live my life to the fullest as possible 
every day. I know kids in the hospital for whom 
this is so bad. They say if they hadn’t gotten sick 
or if they had done this or that, they wouldn’t 
have gotten kidney failure. But I don’t think about 
what I could have done. I think about what I can 
do now. [22]

Determination and Self-Awareness Some chil-
dren and adolescents refuse to allow dialysis to 
dictate and constrain their lives by trying to live 
as normally as they could – “if there’s something 
that I want to do, I go ahead and do it; I don’t let 
my kidney disease stop me” [22]. Some regard 
dialysis as a job – “I kind of think of it as a job. I 
feel I’m going to work, because it is like working, 
because I’m setting up my machine, taking myself 
off and leaving” [26]. Over time, they gain aware-
ness about their own resilience, maturity, and 
strength they had developed whilst on dialysis – 
“I didn’t mind going back to dialysis very much 
because I did get to mature a lot more as a person 
within a quick vicinity of time” [12].

Participating in Activities To overcome the con-
straints and stress of dialysis, some make efforts 
to engage in various activities including walking, 
talking with others, and listening to music – “I 
listen to music sometimes just to get my frustra-
tion out. I might go out … to volunteer to get 
away from the atmosphere I’m always sur-
rounded by. I might talk to one of my close 
friends, maybe even a family member” [24]. For 
some who had to give up activities prior to com-
mencing dialysis (e.g., swimming and contact 
sports), they chose different sports or activities 
they were able to do.

Hope for Kidney Transplant Whilst on dialysis, 
some wait in hope for a kidney transplant, which 
would allow them to regain independence and 
live a normal life – “It would make me feel better, 
like make me feel stronger” [21].

Social Support Children on dialysis value the 
social, emotional, and practical support from 
family members and friends, who provided them 
reassurance, comfort, and encouragement. Some 
appreciate that their siblings and friends regarded 
them as “normal” [22].

 The Caregiver Experience

Parents of children on dialysis can experience 
emotional turmoil, uncertainty about their child’s 
prognosis, and loss of control in having to relin-
quish aspects of their child’s care to clinicians 
[15, 27–29]. They also contend with changes in 
family dynamics, including spousal relation-
ships, and lifestyle restrictions [15]. From the 
parental perspective, the burden of caregiving 
encompasses having to meet the demands of 
medical care, overcoming challenges of provid-
ing adequate nutrition while adhering to diet and 
fluid restrictions, organizing logistics including 
transportation and accommodation, comprehend-
ing overwhelming and complex information, 
managing the psychosocial and educational 
needs of their child, and dealing with financial 
hardship [15, 16, 27–32].

The domains of the caregiver experience cov-
ered in this chapter will include: emotional tur-
moil and uncertainty, loss of control, change in 
family dynamics, lifestyle restrictions, caregiver 
burden, financial burden, and personal growth. 
The stories of five mothers caring for a child on 
dialysis illustrate each of these domains (Boxes 
50.1, 50.2, 50.3, 50.4, 50.5, and 50.6). The names 
of the children on dialysis, Lily, Robert, Thomas, 
Anna and Jacob, have been changed to protect 
their identities.

 Emotional Turmoil and Uncertainty

Initial Diagnosis Parents of children on dialysis 
face many different emotions, particularly shock, 
at the time of diagnosis [32]. They are often 
thrown into the caregiver role without warning 
and feel expected to understand complex medical 
information very quickly [28, 32]  – “You don’t 
remember at the time because you are shocked 
and you are, like, in a shadow; you can’t think at 
that moment because it’s just bombarded with all 
this bad information” [32]. Parents ask 
 themselves questions such as “Why is this hap-
pening to my child?” and “How long will my 
child be on dialysis?” They wonder about their 
child’s future and if everything will eventually be 
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okay. Selected excerpts from real life parental 
stories that illustrate the range of emotions faced 
by caregivers upon initial diagnosis are provided 
in Box 50.1.

Uncertainty About the Future Caregivers can 
feel overwhelmed about the future of their child 
on dialysis. They wonder if a transplant will be 
possible [32]. It can be devastating for parents if 
their child has to remain on or return to dialysis. 
They may also worry about morbidity and mor-
tality of their child on dialysis [32] (Box 50.1).

 Loss of Control

Loss of Childhood Milestones Parents mourn 
the loss of a “normal” childhood for their child 
on dialysis. Developmental milestones including 
eating, walking, talking, bathing, and growing 
are often delayed during dialysis. Parents are 
also concerned about the long-term conse-
quences of dialysis on the child’s future health, 
academic development, and relationships [13, 
23] (Box 50.2).

Trust in the Clinician and Care Team Parents 
need to feel comfortable with their child’s care 
team [31], particularly as they need to relinquish 
control of their child to clinicians [15]. The rela-
tionships forged with the doctors, nurses, and 
other support staff are incredibly important. “I’ve 
been living with this for 3 years; I know what I’m 
talking about. It sort of reached a point with me 
that I thought, we’re losing control over our own 
child … I made the decision that I’m calling the 
shots … we really had to sort of push our way to 
the front” [29]. They appreciated clinicians who 
provided clear and comprehensive information 
[32]. Some parents travel or relocate to access 
quality care for their child (Box 50.2).

 Change in Family Dynamics

Having a child on dialysis imposes stress on rela-
tionships within the family. Some parents experi-
ence strain in their marriage, and may feel unable 

to devote adequate attention to their other chil-
dren because of the medical and healthcare needs 
of their child on dialysis [28].

Strain on Marriage and Relationships Some 
caregivers struggle with disagreements with their 
partner in providing care for their child on dialy-
sis. They are aware of the need to take “time 
outs” with partners to maintain healthy relation-
ships but find it difficult to find the time to do so 
[33]. Some rely on support from extended family 
to share caregiving responsibilities (Box 50.3).

Sibling Inattention and Neglect Having to 
explain dialysis to siblings is a challenge for 
caregivers. Some feel they must justify the extra 
time, attention, and resources needed to care for 
their child on dialysis. Some worry about sibling 
resentment and neglect [15] and look for ways to 
incorporate siblings into daily life, and to ensure 
that they spend one-on-one time with their other 
children (Box 50.3).

Need for Support Despite being overwhelmed 
by their child being on dialysis, some caregivers 
find it difficult to ask for or accept help from fam-
ily and friends. Caregivers can feel isolated 
because of the lack of understanding from others 
about the medical challenges the family is facing 
[15, 28]. Some turn to social media to communi-
cate updates and to convey the most important 
information regarding their child’s medical situa-
tion (Box 50.3).

 Lifestyle Restrictions

The grueling dialysis regimen and complex fluid 
and dietary requirements restricts freedom to 
travel, participate in social activities, and pursue 
career goals [15, 32]. The multiple challenges of 
managing fluid and dietary requirements include 
feeding through the NG or G-tube, which can 
cause discomfort; and adhering to dietary and 
fluid restrictions, whilst at the same time ensuring 
that their child is receiving adequate nutrition 
[28]. Parents also need to obtain supplies for dial-
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ysis and ensure they have strategies to prepare for 
the risks of health complications. Some avoid 
social situations or public events because it is 
emotionally difficult and they do not want their 
health situation to define the family. Some parents 
may feel they are no longer able to pursue their 
own educational or career goals [32] (Box 50.4).

 Caregiver Burden

In prioritizing the health and medical needs of 
their child on dialysis, some caregivers struggle 
to maintain their own well-being [31]. The ongo-
ing, time-consuming, and highly intense regimen 
of dialysis, and having to subsume the multiple 
roles of being a parent, caregiver and advocate, 
can take a toll on the physical, emotional, and 
spiritual health of caregivers [28, 32]  – “It’s a 
hard, tiring job because it’s an everyday pro-
cess…It’s a workout job. It’s a job that you really 
have to focus on, put your mind, heart into it. … 
It’s a job that you have to give up just about your 
everyday life by focusing in on this. … It’s very 
hard. It’s tiresome” [32]. Parental accounts of the 
specific burdens related to hemodialysis and peri-
toneal dialysis are provided in Box 50.5.

 Financial Burden

Caring for children on dialysis requires resources 
to be directed toward meeting their complex 
needs. Some parents are unable to sustain 
employment, and face difficulties in navigating 
the complex processes to access financial assis-
tance [15, 16, 32] (Box 50.6).

 Personal Growth

Over time, some parents develop coping strate-
gies to care for themselves, and believe they 
gain unique insight and learnings from their 
experience to enable them to cope in the longer-
term [32]. They may feel they gain a new per-
spective in appreciating the “little things, and 
undertake a more holistic approach to life and 
caregiving” [32].

 Implications for Practice

The insights gained from the experiences and 
perspectives of children and adolescents on dial-
ysis, and their caregivers, have implications for 
practice, particularly in terms of strengthening 
shared decision-making, improving symptom 
management, increasing attention to psychoso-
cial needs, providing school and community 
advocacy, and supporting the role and responsi-
bilities of caregiving.

There is a need to empower children and ado-
lescents on dialysis to be involved in decision- 
making about their health and treatment – dialysis, 
medications, diet and fluid management, surgery, 
transplantation. Interventions to support shared 
decision-making may include age and develop-
mentally appropriate decision coaching, decision- 
aids, and psycho-educational programs [23, 34, 
35]. Providing access to supportive care, which 
includes symptom management [36], may help to 
alleviate the distressing, severe, and debilitating 
symptoms such as fatigue and pain in children on 
dialysis. Multidisciplinary care should involve 
psychiatrists, psychologists, and social workers, 
as children and adolescents on dialysis suffer 
unresolved anxiety, guilt, fear, low self-esteem, 
stress, and disappointment.

Caregivers also need resources to manage the 
uncertainty, anxiety, and fears, as these can 
impact their wellbeing and capacity to provide 
care for their child [15, 37]. We suggest that clini-
cians address with caregivers their concerns 
about losing control of children on dialysis, and 
to establish a clinician-parent partnership 
approach in providing care for the child on 
 dialysis. Advocacy efforts in school and commu-
nity settings may promote understanding among 
their teachers and peers, which may in turn sup-
port motivation and ability in children on dialysis 
to engage in school and community activities and 
reduce their sense of social isolation. Concerns 
about career opportunities also suggest the need 
for vocational counselling. Training, education, 
and access to support (including practical and 
financial support) for caregivers can help to 
strengthen their ability to provide care for their 
child on dialysis, and respite programs could also 
provide some relief for caregivers [16, 31, 37].
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 Conclusion

Dialysis profoundly impacts the lives of children 
and caregivers. Children and adolescents on dial-
ysis contend with a sense of being different from 
others because dialysis and its related treatment 
have severe consequences on their body image 
and appearance, wellbeing, and cause them to 
feel guilt and a burden on their family. They lose 
many aspects of control because of the uncertain-
ties about their deteriorating health and treatment 
options, having to depend on their families for 
healthcare and daily tasks, the constant need to 
do dialysis, debilitating symptoms, and fearing 
that dialysis will jeopardize opportunities in the 
areas of relationships, family, and career. 
Children and adolescents feel constrained and 
restricted in their daily living, which they attri-
bute to the dialysis regimen, having to attend 
clinical appointments, being hospitalized, being 
vulnerable to infections and complications, and 
feeling too unwell to participate in activities; and 
are frustrated as they cannot attend school and 
participate in social activities with their peers. In 
terms of managing treatment, some want to take 
more ownership over their dialysis and to be 
empowered to be involved in decision-making 
about their health and treatment. Children and 
adolescents struggle to take medications and 
adhere to dietary and fluid restrictions because it 
conflicts with their goal of being “normal,” inter-
feres with lifestyle, or is unpleasant to take and 
they cannot tolerate the side effects.

Despite these challenges, some develop 
determination, resilience, and forge meaning in 
their circumstances. They refuse to allow dial-
ysis to constrain them and make the effort to 
preoccupy themselves with activities. They 
also value the emotional and practical support 
from their family and friends. Caregivers of 
children on dialysis must also cope with uncer-
tainty, loss of control, additional responsibili-
ties in providing ongoing medical care and 
advocacy for their child and manage the social 
and financial challenges. Addressing these 
broader needs is needed to improve the experi-
ence of children and adolescents on dialysis, 

and their caregivers, for better overall wellbe-
ing and outcomes in this population.
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uremic symptoms, 118
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CKD-EPI equation, 117
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inulin clearance, 115, 116
serum creatinine, 117
serum protein cystatin C, 117
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patient monitoring, 117
psychosocial issues, 123
residual kidney function, 123, 124
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abnormal bone metabolism, 764
assessment of, 546–548
changes in mineral metabolism, 542–546
cystinosis metabolic bone disease, 553
effects of non-mineral factors, 546
longitudinal growth, 765
management of, 550–553
pediatric dialysis, 550
phosphate and calcium metabolism, 543, 547
Pierson syndrome, 553
primary hyperoxaluria, 553
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PTH level, 548, 549
ROD, 542
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vascular and valvular calcification, 764
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Clostridioides difficile infection (CDI), 102
Cognitive behavioral therapy (CBT), 669
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Congenital chronic kidney disease, 510
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Continuous ambulatory peritoneal dialysis (CAPD), 6, 
25, 181, 203, 204, 275, 689

Continuous arteriovenous hemofiltration (CAVH), 846
Continuous cyclic peritoneal dialysis (CCPD), 6, 7, 204, 

207, 689
Continuous erythropoietin receptor activator (CERA), 620
Continuous renal replacement therapy (CRRT), 29, 58, 

688, 733, 835, 841, 855, 864, 875, 876, 888, 
896

APP, 75
Continuous TPD (CTPD), 208
Continuous venovenous extrarenal therapies (CERT), 

914
Continuous venovenous hemodialysis (CVVHD), 915
Continuous venovenous hemofiltration (CVVH), 846
Controlled enteral and parenteral nutrition

advancing tube feeds, 499
calorie intake, 490
contribution of nutritional intake, 490
enteral feeding, 493–496
enteral tube feeding, 498, 499
gastrointestinal disturbances, 499
growth failure, 490
growth impairment, 489
IDPN, 500, 501
impaired oromotor development, 499–500
indications for

supplemental nutritional support, 491
tube feeding, 491

intradialytic parenteral nutrition, 502–503
neurocognitive dysfunction, 490
oral feeding post transplantation, 500
transition to oral feeding, 500
tube feeding

gastrostomy tube feeding, 492, 497, 498
indications for, 491
infants, evidence for benefits, 491–492
nasogastric tube feeding, 492, 497
older children, evidence for benefits, 492

weight loss, 490
Convective component (KC), 366
Convective mass transfer, 198
Convective volume, 360
Conventional dialysis, 389
Conventional PDS (cPDS), 230
Coronary heart disease (CHD)., 929
CORR Registry, 750
C-reactive protein (CRP), 230
Creatinine clearance (CrCl), 116, 211
Cystinosis metabolic bone disease, 553

D
Darbepoetin alfa, 619, 620
Days of therapy (DOT), 104
Dengue, 883, 884
Dengue shock syndrome, 884
Dialectical behavior therapy (DBT), 674
Dialysance (D), 731
Dialysate to plasma (D/P) ratios, 199
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demographic data

EDTA, 35, 36
IPNA, 36, 37
IPPN, 36
NAPRTCS, 36
USRDS, 36

ESKD
incidence of, 39, 40
prevalence, 39, 40

mortality risk, 41–44
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incidence of, 37, 38
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Dialysis disequilibrium syndrome (DDS), 437
differential diagnosis, 439
idiogenic osmoles, 438
reverse urea effect, 438
treatment, 438
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Diffusive mass transfer, 20
Diffusive transport, 196, 197
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biotransformation/elimination, 684, 685
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CYP2D6, 696, 697
CYP2D9, 696
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dosing strategies, 690–695
drug disposition, 683, 685–687
drug distribution, 684
extensive metabolizers, 696
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intraperitoneal dosing, 689, 690
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peritoneal dialysis, 688, 689
poor metabolizers, 696
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warfarin, 696
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Drug-induced hemolysis, 884
Drug overdose and poisoning

acetaminophen, 737, 738
barbiturates, 738
carbamazepine, 738
characteristics, 726
ethylene glycol, 740
extracorporeal clearance

dialysance, 731
elimination rate constant, 732
sieving coefficient, 731
volume of distribution of drug, 732

extracorporeal modalities
continuous renal replacement therapies, 733
exchange transfusion, 734
IHD, 732, 733
MARS, 734
peritoneal dialysis, 735
SLED, 733
SPAD, 734
TPE, 733, 734

extracorporeal therapy, 735, 737
human exposure cases, 725
lithium, 739
management, 725–727
metformin, 740
methanol, 739, 740
National Poison Data System, 725
in neonates and young infants, 730, 731
pharmacokinetic properties, 728
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hydro- and lipophilicity, 729
intercompartmental transfer, 730
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molecular weight, 727
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toxicokinetics, 730
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suicidal intent, 725
therapeutic decisions

decision-making approach, 735
EXTRIP, 737
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toxic substances, 735

valproic acid, 738, 739
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Dysfunctional Aquaporin 1 (AQP1), 304
Dyslipidemia, 306, 307
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mortality rate, 773
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risk factors, 770, 771
signs and symptoms, 305
steroid reduction protocol, 771
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Enteral tube feeding, 498, 499
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Exit site infection, 417, 418
Extracorporeal blood volume (EBV), 380
Extracorporeal dialysis
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solute removal

adsorption, 24, 25
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high-flux, 24
internal filtration, 22, 23

Extracorporeal liver assist device (ELAD), 901
Extracorporeal liver support (ELS) therapies

advantages and disadvantages of, 903
albumin hemodiafiltration, 900
APP, 75
artificial liver support devices, 898–902
bioartificial liver support devices, 901
clinical setting, 896
coagulation products, 895
combined plasma exchange, 901
consumptive coagulopathy, 904
different technical approaches, 896
encephalopathy, 895
goal of, 895
hemodialysis therapies, 901
human serum albumin contains octanoate, 904
implementation of, 902
indications for, 897

acute-on-chronic liver failure, 896–897
cholestatic pruritus, 897–898

MARS and Prometheus therapies, 903
outcome of, 904
plasmapheresis and hemodialysis, 901
plasma protein–bound toxins, 902
protein-bound substances, 902

Extracorporeal membrane oxygenation (ECMO), 841
Extracorporeal treatment in poisoning (EXTRIP), 737
Extracorporeal volume (ECV), 922, 923
Extrarenal excretion, 117
Extremely low birthweight (ELBW), 194

F
Ferumoxytol, 715
Ferumoxytol enhanced MRI, 715, 716
Fibroblast growth factor 23 (FGF23), 119
Ficheux’s equation, 366
Fick’s law of diffusion, 19
Filtration fraction (FF), 365, 366
Fistula needle, 368
Fluid balance

chronic fluid overload, 213
loop diuretics, 214
lymphatic absorption rate, 213
mechanical complications, 214
NAPRTCS, 212
parameters, 213
PM transport characteristics, 213
population surveys, 212
routine monitoring, 213
sodium and fluid intake, 214
systolic/diastolic BP, 212
total body volume fluctuations, 212
vascular surface area, 213
volume overload, 212

Focal segmental glomerulosclerosis (FSGS), 147, 750, 
793, 936, 948

Forgoing dialysis

allocation of resources, 817
disagreement, 816
futility, 816, 817
process of, 815–816
time-limited trials, 817–818

Fouling, 21
6 French double lumen catheter, 876
Fresenius 5008 with ON-LINEplusTM, 365
Functional hyperpermeability, 254
Fungemia, 405

G
Gadolinium, 716, 717
Gadolinium-based contrast agents (GBCA), 710, 717, 

718
Gambro AK 200TMULTRA S and Artis® Dialysis System, 

364
Gastrostomy tube (G-tube) feeding, 252, 253, 492, 497, 

498, 525
Genome-wide association study (GWAS), 161
Geometry of diffusion, 254
GH-insulin like growth factor type 1 (IGF1), 541
Glomerular filtration rate (GFR), 50, 884

accuracy, 116
CKD-EPI equation, 117
CrCl, 116
definition, 115
eGFR, 116
inulin clearance, 115, 116
serum creatinine, 117
serum protein cystatin C, 117

Glucose-based solutions, 203
Glucose degradation products (GDP), 164, 255

PDS, 230
Glucose-6-phosphate dehydrogenase (G6PD) deficiency, 

870
Gonadal hormones, 521–522
Gonadotropin-releasing hormone (GnRH), 511, 522
Goodpasture’s disease, 926
Granulomatosis with polyangiitis (GPA), 933
Great Ormond Street Hospital (GOSH), 398
Gross national income (GNI), 47–50
Group B streptococcus (GBS), 862
Growth hormone (GH), 523, 528

H
Haemoconcentration, 361, 362
Haemodiafiltration (HDF), 442, 527, 575

advantages, 370
in adults, 369, 370
in children, 370–374
dialysis efficiency and clearance of toxins, 369
haemodynamic stability, 369

anticoagulation, 368
backfiltration, 366, 367
blood flow, 367
calculation of solute clearances, 366
clearance, 359, 360
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Haemodiafiltration (HDF) (cont.)
convective flow, 367
convective volume, 360, 368, 369
definition, 360
dialysate composition, 367, 368
dialysate flow, 367
dialysis machines, 364, 365
extracorporeal circuit, 367
filtration fraction, 365, 366
haemodialysis, 360
haemofiltration, 360
high-flux membrane, 360, 364, 367
mid-dilution, 362
mixed dilution, 362
modality, 361, 362
post-dilution, 361, 362
pre-dilution, 362
replacement fluid, 367
ultrafiltrate fluid, 360
ultrafiltration volume, 361
‘ultrapure’ water

replacement fluid, 363
sterile and non-pyrogenic fluid, 363
testing water quality, 363, 364
water purification systems, 363

Haemofiltration (HF), 360
Haemophilus influenzae type b (Hib) conjugate vaccine, 636
Hagen–Poiseuille law, 20
Health Information Exchange (HIE), 86
Health-related quality of life (HRQOL)

assessment of, 786–787
CHIP, 786
CHQ, 786
comorbidities, 789, 790
patient-and parent-perceived HRQOL, 785
PedsQL ESRD module, 787–789
PedsQL Generic Core Scales, 786
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outcomes, 785
psychological health, 785
social functioning, 785
SONG-Kids, 786

Hemodialysis (HD)/haemodialysis (HD), 360, 463, 464, 
633, 718, 719

acute post-infectious glomerulonephritis, 8
air trap, 350
Alwall twin coil kidney, 8
antimicrobial stewardship, 106, 107
APPs

laboratory monitoring, 74
rounding, 73
vascular access, 73, 74

bacterial contamination, 352
batch systems, 348
bicarbonate concentrations, 348, 349
biochemical content, 347, 348
biocompatibility, 353
blood leakage monitors, 350
blood pump, 344
blood tubing, 343, 344

calcium concentration, 348
cellophane, 7
chronic HD, 10
clinical use of, 7
coil kidney, 7, 8
complications, 9
component, 347
composition, 346, 347
conductivity monitor, 350, 351
contraindications, 10
descaling, 353
developments, 10
diagnosis, 451
dialysate circuit, 344, 345
dialysate related, 452
dialyzer membranes, 341–343
epidemiology, 48, 49
extracorporeal blood circuit, 341
flow rates, 349
hemodiafiltration, 354
heparin, 7
heparin pump, 344
improvement in, 10
intoxications, 8, 9
ionic dialysance, 352
Kolff artificial kidney, 7
laboratory testing, 8
magnesium concentrations, 348
management, 452
mechanical, 452
membrane-induced reactions, 353
Merrill’s pediatric patient, 7
monitors, 350
morbidity, 10
non-invasive blood volume monitoring, 351, 352
patient reactions, 353–354
potassium concentration, 348
pressure monitors, 349, 350
production of, 349
pump-less system, 9
reuse procedure, 343
reversibility elements, 8
RRF, 165
San Francisco General Hospital, 9
seattle pumpless method, 9
single-needle dialysis, 354
sodium bicarbonate, 347
sodium concentrations, 348
sterilization, 343
temperature of, 349
ultrafiltration control, 349
ultrafiltration monitoring, 10
vascular access, 9, 326–329
water degassing, 347
water purification, 345, 346

Hemolysis, 451
Hemolytic uremic syndrome (HUS), 883, 885
Hemorrhagic fever, 884
Hepatic encephalopathy (HE), 899
Hepatitis B infection, 419
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Hepatitis C infection, 420
Hepcidin, 612, 613
Hernia

anatomic weakness, 300
clinical features, 301
diagnosis, 301
incidence, 300
prevention, 301, 302
risk factors, 300, 301
treatment, 302

Heterogeneous syndrome, 884
High cut-off (HCO) class, 24
High-flux membrane, 360, 364, 367
High income countries (HIC), 883
High-osmolar contrast media (HOCM), 711
High-retention onset (HRO) properties, 24
Home-based therapy, 124
Home haemodialysis (HHD)

adult, 396, 397
augmentation, 389, 390
dialysis equipment

home water conversions, 395, 396
NxStage System One™, 396

ESRD, 389
finances and business case, 392, 393
infrastructure, 392
numerous dialysis centres, 389
paediatric, 397–399
patient selection, 392
prescriptions, 390, 391
safety, 393

anticoagulation, 394
effective training and education program, 395
family centric remote monitoring and support, 

394, 395
vascular access, 393, 394

staffing, 395
Hydraulic flux, 20
Hydrothorax

clinical symptom, 303
diagnosis, 303
incidence of, 302
pathogenesis, 302, 303
spontaneous leakage, 302
treatment, 303

Hyperammonemic disorders, 913–915
Hyperbranched polyglycerol (HPG), 242
Hypercalcemia, 158
Hyperhomocysteinemia, 564
Hyperhydration, 553
Hyperinsulinemia, 532
Hyperkalemia, 118, 119, 867, 886
Hyperleukocytosis, 928
hyperparathyroidism, 545
Hyperphosphatemia, 119, 120, 158, 211, 563
Hypertension, 212, 384

ABPM, 590, 595
cardiovascular mortality, 594
ESCAPE Trial group, 593
etiology of, 590–592

European and American guidelines for evaluation and 
management, 594

hospitalization, 593
LVH, 594
masked hypertension, 595
prevalence of, 590
risk factors, 589
treatment

adjustment of dry weight/optimization, 595–597
antihypertensive medication, 600–602
dietary intervention, 598, 599
native kidney nephrectomy, 602, 603
optimization of dialysis, 597, 598
pharmacological treatment, 599, 602

Hypocalcemia, 440, 838, 851
Hyponatremia, 838
Hypoplastic left heart syndrome, 251
Hypoxia inducible factors (HIF), 610, 611

I
Ibuprofen, 888
Icodextrin, 598, 770
Icodextrin-based PD solution (ICO), 207
Idiogenic osmoles, 438
Immune dysfunction

immunoglobulins, 635
phagocytic cells and receptors, 634, 635
white blood cell differentiation and function, 634

Immunizations
BCG vaccine, 642
clinical care, 635
DTaP vaccine, 636
hepatitis B vaccine, 636, 637
Hib conjugate vaccine, 636
inactivated polio virus vaccine, 637
live vaccines, 636
meningococcal and HPV vaccines, 639
MMR vaccine, 637, 638
pneumococcal vaccine, 639
recommendations, 635
routine annual influenza vaccination, 639, 642
schedule, 640–641
vaccination schedule, 635
VZV vaccine, 638, 639

Immunoadsorption, 930–932, 936, 938
Inactivated polio virus vaccine, 637
Inborn errors of metabolism

ammonium and leucine, 916
catheter insertion, 916
clinical manifestations, 909–911
clinical outcomes, 918
dialysis machines and tubing, 916–917
dialysis management, 917–918
etiologies, 911, 912
hyperammonemic disorders, 913–915
irreversible brain damage, 909
laboratory investigations, 909–911
metabolic encephalopathy, 909
metabolite removal, 913
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Inborn errors of metabolism (cont.)
MSUD, 915
neurotoxic accumulation, 912
nutritional and pharmacological management, 913
organic aciduria, 915–916
polysulfone dialyzers, 916
treatment, 911, 914

Increased intracranial pressure (ICP), 437
Infant hemodialysis (HD)

anemia, 383, 384
anticoagulation, 382
blood flow, 381
CKD/MBD, 384, 385
clinical outcomes, 385, 386
connection and disconnection, 381, 382
CVC, 379, 380
dry weight assessment, 382
epidemiology/indications, 379
equipment, 380, 381
growth, 383
hypertension, 384
psychosocial impact, 385
schedule, 382, 383
ultrafiltration, 382

Infectious complications
catheters, 401, 402
CRBSI (see catheter related blood stream infections 

(CRBSI))
guidelines, 401
risks with children, 401, 402

Infectious Diseases Society of America (IDSA), 104, 105
Inferior vena cava (IVC) thromboses, 948
Inflammatory reactions, 440
Intact parathyroid hormone (iPTH), 520
Intermittent hemodialysis (IHD), 732, 733, 840, 841, 875
Intermittent peritoneal dialysis (IPD), 5, 218

chronic, 5
International Pediatric Dialysis Network (IPDN), 11
International Pediatric Hemodialysis Network (IPHN), 

370
International Pediatric Nephrology Association (IPNA), 

36, 37, 803
International Pediatric Peritoneal Dialysis Network 

(IPPN), 36, 49, 479, 621, 764
International Society for Peritoneal Dialysis (ISPD), 60, 

180, 181, 772, 842, 889
International Society for Renal Nutrition and Metabolism 

(ISRNM), 479
International Society of Nephrology (ISN), 51, 803
Interventional algorithms, 320
Intracranial hypertension (ICH), 532
Intradialytic hypertension

preventive management, 443
pathophysiology, 443
risk factors, 443

Intradialytic hypotension (IDH), 382, 439, 440, 443
Intradialytic parenteral nutrition (IDPN), 480, 500–501
Intraperitoneal pressure (IPP), 202, 300, 301
Intraperitoneal volume (IPV), 201, 202
Intrauterine growth restriction (IUGR), 511

“Intrinsic” AKI, 833
Iso-osmolar contrast media (IOCM), 711
Isotope-dilution mass spectrometry (IDMS traceable), 116
ISPD Nursing Liaison Committee, 271

J
Jaffe method, 116

K
Kaplan-Meier survival curve analysis, 750
Kidney Disease Improving Global Outcomes (KDIGO), 

81, 82, 121, 613
Kidney Disease Outcomes Quality Initiative (KDOQI), 

81, 82, 122, 210, 613, 761
Kidney replacement therapy (KRT), 325
Kidney transplantation

benefits of transplant, 945–946
deceased donor kidney transplantation, 951, 952
history, 945
living donor kidneys, 952–954
medical and immunological considerations, 948–950
psychosocial considerations, 950–951
surgical considerations, 947–948
timing and indications, 946–947
transplant evaluation, 947, 951

L
Left ventricular hypertrophy (LVH), 561, 594
Leptospirosis, 883
LERIC study, 755
Leukapheresis, 928, 929
Licensure, 71
Lipid apheresis, 929, 930
Longstanding anemia, 521
Long-term outcomes

ANZDATA Registry, 750
cardiovascular disease

in adults, 762
arrhythmia, 761
in children, 762–764, 769
Japanese registry, 761
management, 761
morbidity and mortality rate, 760, 761
surrogate markers, 761

cause of death, 755, 756
CKD-MBD

abnormal bone metabolism, 764
bone disease, 764
longitudinal growth, 765
prognosis, 764
vascular and valvular calcification, 764

cognitive functioning, 773, 774
CORR Registry, 750
EPS (see Encapsulating peritoneal sclerosis (EPS))
epidemiology, 747, 748, 750
ESPN/ERA-EDTA registry, 750
Kaplan-Meier survival curve analysis, 750
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mortality rate, 754, 755, 757
patient survival, 750, 752–754
peritoneal dysfunction, 765–767
Polish Registry, 750
quality of life, 774, 775
renal replacement therapy, 746
social outcome, 775, 776
technique failure rate, 757–760
USRDS Registry, 750, 751

Lower urinary tract (LUT), 132, 134
Low-molecular weight (LMW), 20
Low-molecular weight proteins (LMWP), 18
Low-osmolar contrast media (LOCM), 711

M
Malaria, 883
Maple syrup urine disease (MSUD), 915
Masked hypertension, 595
Mass transfer area coefficient (MTAC), 26, 199
Master of Science in Nursing (MSN), 69–70
Masters of Health Science (MHS), 71
Mean arterial pressure (MAP), 439
Mean SD scores (SDS), 517
Measles, mumps, and rubella (MMR) vaccine, 637, 638
Measures assessment tool (MAT), 65
Medication adherence

among HD and PD patients, 670
anti-hypertensive medication, 673
assessment of, 671
behavioral strategies, 674
community factors, 673
dietary restrictions, 670
educational strategies, 674
family-based interventions, 674
family factors, 672, 673
healthcare system factors, 673
individual factors, 671, 672
intervention studies, 674, 675
pediatric self-management model, 671

Medium cut-off (MCO) class, 24
Membrane attack complex (MAC), 936
Membrane diffusivity, 20
Membrane porosity, 20
Metabolic acidosis, 519, 520
Methicillin-resistant Staphylococcus aureus (MRSA), 

101, 180
Methylmalonic acidemia, 946
Microbial colonization, 403, 404
Microbubbles, 449, 450
Microscopic polyangiitis (MPA), 933
Middle-sized molecules, 212
Mid-upper arm circumference (MUAC), 468
Mineral bone disorder (MBD), 384, 385
Minerals, 473, 474
Modification of Diet in Renal Disease (MDRD) 

equation, 117
Modified Schwartz equation, 116
Molecular adsorbent recirculating system (MARS), 734, 

896, 899

Molecular weight (MW), 19, 20
Monthly capitation payment (MCP), 75, 76

N
N-acetyl aspartate (NAA)/creatine ratio, 651
NAPRTCS Registry, 755
Nasogastric tube (NGT), 257, 492, 497, 525
National Academy of Medicine (NAM), 70
National Healthcare Safety Network (NHSN), 86
National Kidney Foundation Kidney Disease Outcomes 

Quality Initiative (NKF KDOQI), 348, 618, 718
National Poison Data System (NPDS), 725
National Renal Administrator’s Association (NRAA), 86
Native kidney nephrectomy, 602, 603
Neonatal acute kidney injury

acid-base homeostasis, 864
CRRT, 875, 876
definition, 862, 863
dysnatremias, 866–867
extracorporeal therapies, 872, 874
fluid management, 865–866
fluid overload, 864–865
fluid to prime machine, 874–875
hyperkalemia, 867
hyperphosphatemia & hypocalcemia, 868
intermittent hemodialysis, 875
KDIGO AKI guidelines, 869
limiting nephrotoxin exposure, 869
metabolic acidosis, 867–868
metabolic alterations, 868–869
methylxanthine, 869
modified KDIGO classification, 863
neonatal/infant extracorporeal therapies, 874
nutrition, 868–869
peritoneal dialysis, 871–872
rasburicase, 870
renal function, 862
RRT, 870

indication for, 870
modalities, 870–871

vascular access, 874
vasomotor nephropathy, 864

Neonatal intensive care unit (NICU), 861
Nephrogenic systemic fibrosis, 717, 718
Nephropathic cystinosis, 518
Nephrotic syndrome, 948
Neurocognitive dysfunction, 490
Neurocognitive functioning

acute dialysis, 652, 653
brain development, 649
chronic dialysis, 652
cognitive dysfunction management

adolescence and adult transition, 658, 659
early intervention, 657, 658
empirically-based interventions, 657
evidence-based educational management 

strategies, 657
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