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Preface

The provision of optimal dialysis therapy to children requires a thorough
understanding of the multidisciplinary manner in which the pediatric patient
is affected by renal insufficiency. It was based on this philosophy that the
inaugural edition of Pediatric Dialysis was published in 2004. Since that
time, advances have taken place in dialysis-related care with the creation of a
wealth of new knowledge, outpacing much of the content that occupied a
prominent place in the original text. In response, we believe that even in this
age of the electronic transmission of information, the availability of a con-
temporary, comprehensive, and authoritative source of information such as
Pediatric Dialysis cannot only help facilitate the provision of superb patient
care by seasoned clinicians, but it also can 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.

We are, in turn, fortunate to have been able to enlist the collaboration of
over 70 colleagues from North America, Europe, and Asia to thoroughly
update this text, which remains the most comprehensive source of state-of-
the-art information on the dialysis of infants, children, and adolescents cur-
rently available. To them, we are eternally grateful for their commitment to
this project. The inclusion of a host of new authors from “both sides of the
pond” with their unique and fresh perspectives, combined with many authors
from the first edition and all with recognized expertise on the topic chosen for
their review, has resulted in a text that is clinically relevant and that will
someday hopefully duplicate the appearance of one of the initial editions,
owned by a dialysis nurse and characterized as being “full of worn pages as a
result of almost daily use.” The addition of several new chapters, including
Conservation of Residual Renal Function in Children Reaching End-Stage
Renal Disease, Intensified Hemodialysis in Children, and Transitioning the
Adolescent Dialysis Patient to Adult Care, should contribute to that end.

As clinicians ourselves who have spent many hours over the past three
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 undoubtedly the product of the hard work and inge-
nuity exhibited by the global pediatric nephrology community and, as such,
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Preface

cannot help but to serve as a valuable tool with a singular emphasis on
successfully caring for our challenging patient population. If that goal can be
achieved through the publication of the second 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
Heidelberg, Germany Franz Schaefer
Stanford, CA, USA Steven R. Alexander
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Notes on the History of Dialysis
Therapy in Children

Steven R. Alexander and Pierre Cochat
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Introduction

In his authoritative and entertaining monograph on
the history of dialysis, Stewart Cameron calls
attention to the important role played by the devel-
opment of dialysis technology in the founding of
nephrology as a medical specialty [1]. Prior to the
1950s and 1960s, the study and management of
disorders of the kidney was the province of general
physicians. Along with the introduction of the
renal biopsy and its interpretation [2], the intro-
duction of dialysis was “...an important motor
which accelerated the emergence of nephrology as
a specialty. Suddenly there was a need for special-
ist knowledge to apply the complex data from the
increasing number of critically ill patients who
survived their primary disease only to go into acute

S.R. Alexander, MD (I<)

Division of Pediatric Nephrology, Stanford University
School of Medicine and Lucile Packard Children’s
Hospital at Stanford, Stanford, CA, USA

e-mail: sralex @stanford.edu

P. Cochat, MD, PhD

Service de néphrologie et rhumatologie pédiatriques,
Centre de référence des maladies rénales rares, Hospices
Civils de Lyon & Université Claude-Bernard Lyon,
Lyon, France

e-mail: pierre.cochat@chu-lyon.fr

renal failure...” [1]. When long-term dialysis
became possible in the 1960s, hundreds of units
sprang up in North America and Europe spawning
a new breed of physicians who “...trained franti-
cally to run them...” These physicians adopted a
culture that was more “active” than the traditional
contemplative approach of medicine specialties,
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, with whom physicians in general found it
difficult to relate...” [1].

In contrast, the discipline of pediatric nephrology
emerged in response to different drivers. Based on
the classic work of pediatric physiologists on fluid
and electrolyte metabolism, regulation of intracel-
lular and extracellular fluid, acid—base homeosta-
sis, and parenteral fluid therapy, the first generation
of pediatric nephrologists who arose in the 1950s
and 1960s were rarely exposed to the care of chil-
dren with acute or chronic renal failure [3, 4]. It is
emblematic that the early starting point of pediat-
ric nephrology as a specialty is traced by some to
the organization of the International Study of
Kidney Disease in Children ISKDC) in the 1960s,
which was a study of childhood nephrotic syn-
drome [1]. Early pediatric nephrologists rarely

B.A. Warady et al. (eds.), Pediatric Dialysis, DOI 10.1007/978-1-4614-0721-8_1, 3
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cared for children suffering what is now called
acute kidney injury (AKI), a role more often played
by pediatric surgeons. Those who cared for chil-
dren with what is now known as chronic kidney
disease (CKD) focused on dietary restrictions
and diuretic, antibiotic, and electrolyte therapies,
attempting to ease the progression to end-stage
renal disease (ESRD). When ESRD was reached,
older children and adolescents often had to look to
adult ESRD programs for access to chronic dialysis
and transplantation; infants and younger children
were frequently offered only palliative care [5].

During the past five decades, the landscape has
changed dramatically. Acute and chronic dialysis
is now routinely available for children throughout
the world, and the study of dialysis therapy and
the disordered physiology of the pediatric patient
with AKI or ESRD has come to occupy a promi-
nent if not dominant place in pediatric nephrol-
ogy research [4]. Pediatric nephrology training
programs worldwide are expected to teach train-
ees how to dialyze children of all ages, and mod-
ern pediatric nephrology training program
graduates come equipped with technical skills
unimagined by the founders of the specialty. With
increasing acceptance of universal access to dial-
ysis 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 pro-
grams, many of which long ago separated from
their academic roots, pediatric dialysis programs
remain firmly grounded in university medical
centers and medical school-affiliated children’s
hospitals, a fortunate association that has pro-
moted, sustained, and demanded a culture of sci-
entific 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. We have left to the
chapters that follow a detailed description of these
innovations. Our goal is to place them in historical
context, acknowledging the debt owed to those pio-
neering pediatric nephrologists, nurses, engineers,
dieticians, and social workers and their young
patients whose efforts have helped make a complex
and life-sustaining therapy a part of routine medical
management for children throughout the world.

S.R. Alexander and P. Cochat

Dialysis: The Founding Fathers

The term dialysis has both Latin and Greek roots
and refers to a separation or dissolution: (from
dialyein — to separate; dia — apart; lyein — to
loose) [6]. The modern understanding of the
term is the result of the work of a Scottish physi-
cal chemist, Thomas Graham (1805-1869) who
redefined dialysis to reflect his newfound under-
standing of the ability of a semipermeable
membrane (Graham’s own concept) to separate
solutions containing a crystalloid from a colloid
[7]. Using sheets of vegetable parchment
impregnated with starch as the membrane,
Graham observed that some substances (e.g.,
sugars) crossed the membrane and would crys-
tallize on drying, while larger molecules like
gum arabic would remain in the original solu-
tion. Based on his own discovery of the laws
governing diffusion of gasses, Graham realized
that the crystalloid molecules moved by the
force of diffusion across the membrane which
prevented the movement of larger molecules.
For this work, Graham is known as the “father
of modern dialysis” [8].

Earlier work by a Frenchman, Rene’ Dutrochet
(1776-1847) introduced the term osmosis to
describe the movement of water down concentra-
tion gradients of salts across membranes that
retard the movement of solutes. Dutrochet’s
osmotic pressure forms the basis of osmotic-
induced ultrafiltration and has earned him the
sobriquet, “grandfather of dialysis” [9].

Application of these principles led scientists
in the late nineteenth century to explore the use
of semipermeable membranes in the laboratory
to investigate the properties of many substances.
Animal membranes were popular, including the
peritoneal membrane (of calves), but the concept
was limited to separation and purification of sub-
stances. Beginning with the animal experiments
of John Jacob Abel (1857-1938) and his team in
Baltimore, the early twentieth century saw much
progress in the ability to perform dialysis in liv-
ing animals. In 1913, Abel’s team built an appa-
ratus using hollow collodion tubes encased in a
glass cylinder that foretold the design of modern
hollow fiber dialyzers. They called the process
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“vividiffusion” and were the first to conceive of
dialysis as a means of removing “...substances
from the blood whose accumulation is detrimen-
tal to life...” [10]. However, clinical application
of these techniques would be delayed until mid-
century when both hemodialysis (HD) and peri-
toneal dialysis gained traction as treatments for
renal failure in humans.

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 [11]. At that time, dehydrated infants too
small or dehydrated to permit intravenous access,
were treated by injecting fluids into the subcuta-
neous tissues (“clysis”), a method Blackfan and
Maxcy noted 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 cav-
ity was “...simple...practicable and accompanied
by a minimum of risk to the patient...” [11].
These same characteristic features, simplicity,
practicality, and safety, have made peritoneal
dialysis particularly well suited for use in chil-
dren for the past 60 years.

The first reports of the use of the peritoneum
to treat children with renal failure appeared in
1948 [12] and 1949 [13] at a time when world-
wide reported clinical experience with PD totaled
only 100 patients [14]. These first pediatric acute
PD reports are of interest in part because they
describe in arresting detail many of the problems
that have continued to complicate the use of PD
in children.

Writing in the premier issue of the journal
Pediatrics, a pediatrician, Allan Bloxsum, and his
urologist colleague at Houston’s St. Joseph’s
Hospital, Norborne Powell, described the treat-
ment of an oliguric 10-year-old boy who suffered

acute glomerulonephritis complicating scarlet
fever. Severely hypertensive, fluid overloaded,
and becoming increasingly cyanotic, “...it
appeared that the boy was going to die...” [12].
Modeling their technique on methods first
described in adults in 1946 [15], Bloxsum and
Powell had #30 Fr. mushroom catheters surgically
placed into the right and left lower quadrants to
serve as irrigating tubes. The irrigating solution
was mammalian Tyrode’s solution, then in com-
mon use as a surgical irrigant. It contained sodium,
potassium, chloride, magnesium, phosphate,
bicarbonate, and dextrose in near-physiologic
concentrations, along with penicillin (only
5,000 units/L), sulfadiazine, and heparin. Fluid
from 1-L autoclaved flasks was dripped continu-
ously at 10 mL/min into one catheter while being
drained by gravity from the other. Peritoneal
lavage was continued for 4 days, during which the
patient’s azotemia worsened, but enough ultrafil-
tration occurred to improve blood pressure from
186/130 to 148/105. Fortunately, a spontaneous
diuresis began almost immediately, and by the
third day of treatment, the boy had begun to
recover. During lavage, the drainage catheter
often became obstructed requiring reversal of
flow through the two catheters and eventual appli-
cation of suction to the drainage line. By the
fourth day, the system would no longer drain at
all, with fluid leaking freely around both catheters.
Peritoneal fluid cultures were positive for three
organisms, which may have been contaminants,
as the boy did not display signs of clinical perito-
nitis. Although Bloxsum and Powell entitled their
paper: “The treatment of acute temporary dys-
function of the kidneys by peritoneal irrigation:
Successful treatment of a 10-year old male child,”
the contribution of peritoneal irrigation to the
child’s successful recovery is questionable.

The 1949 experience of Henry Swan and Harry
H. Gordon was more promising [13]. These pio-
neering Denver pediatric surgeons employed con-
tinuous 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 perforations were implanted
into the upper abdomen and pelvis allowing large
volumes (~33 L/day) of sterile, physiologic



Tyrode’s solution to flow by gravity from 20-L
carboys continuously into and out of the abdo-
men. Ultrafiltration was controlled by adjusting
the dextrose concentration between 2% and 4%,
while dialysate temperature was regulated by
changing the number of illuminated incandescent
60-W lightbulbs in a box placed over the inflow
tubing. The two older children regained normal
renal function and survived after 9 and 12 days of
peritoneal lavage; the infant was sustained for 28
days, but did not regain renal function and suc-
cumbed to obscure complications. Peritonitis
occurred only once and responded to intraperito-
neal antibiotics. Removal of urea and maintenance
of fluid balance were successful in all three chil-
dren, although obviously herculean efforts were
required to deliver this therapy [13]. Although
impractical and technically difficult to deliver, the
continuous peritoneal lavage of Swan and Gordon
should be credited as the first conclusive demon-
stration of the lifesaving potential of PD when
used to treat acute renal failure in children.

It was more than a decade before the use of PD
in children was again reported. During the 1950s
and early 1960s, the development of disposable
nylon catheters [16] and commercially prepared
dialysis solutions led to the replacement of con-
tinuous peritoneal lavage techniques with inter-
mittent forms of PD, allowing the routine use of
peritoneal dialysis as a treatment for AKI and
some intoxications in adults [17]. These methods
were adapted for use in children in the early
1960s by teams in Indianapolis and Memphis
[18, 19] who also showed how PD could be effec-
tive in the treatment of the boric acid and salicy-
late intoxications commonly seen in small
children at that time [20, 21]. Subsequent reports
established PD as the most frequently employed
renal replacement therapy (RRT) for AKI in pedi-
atric patients [22-28]. Compared to hemodialysis
(HD), PD appeared ideally suited for use in chil-
dren. 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 extra-
corporeal blood circuits and vascular access that
was difficult to achieve and maintain in pediatric
patients (see later in this chapter).
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Although successful as a treatment for AKI,
early PD techniques were poorly suited for the
child with end-stage renal disease (ESRD). The
need to reinsert the dialysis catheter for each
treatment made prolonged use of PD in young
patients problematic. In the largest published
pediatric series from the disposable catheter
period, Feldman, Baliah, and Drummond main-
tained seven children, ages 6—14 years on inter-
mittent peritoneal dialysis (IPD) for 3.5-8 months
while awaiting transplantation. 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 hemodialysis,
and three remained on IPD; no child had been
successfully transplanted [29].

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 [30] and later
refined by Tenckhoff and Schechter in 1968 [31],
the permanent PD catheter revolutionized chronic
PD for adults and children in the same way the
Scribner shunt transformed chronic hemodialy-
sis, making long-term renal replacement therapy
possible. In Seattle, the new permanent perito-
neal catheters were combined with an existing
automated dialysate delivery system that had
been designed by Boen, Mion, Curtis, and
Shilipetar for use in the home [32, 33]. In the
early 1970s, this work culminated in Seattle in
the establishment of the first pediatric chronic
home PD program [34]. The success of the Seattle
program throughout the 1970s showed that
chronic IPD could be a practical option for some
children with ESRD [35].

Additional limited experience with chronic
IPD was reported from several other pediatric
centers [36-39], 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 restric-
tions, immobility during treatments that lasted
many hours, and the need for complex machinery
requiring parental or nursing supervision, with-
out providing the one great advantage of HD:
efficiency. Moreover, it became clear from efforts



1 Notes on the History of Dialysis Therapy in Children

to maintain adult ESRD patients on chronic IPD
that long-term technique survival was not often
achieved [40]. Inadequate dialysis and frequent
peritonitis were cited as the most common causes
of IPD failure in the 1970s, leading to widespread
reliance on HD among adult dialysis programs
and limited access to chronic RRT for children,
especially infants. In fact, pediatric dialysis and
transplant 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 ...” [41], and
with Reinhart: ““...we may find the price the child
pays for life too great...” [42]. During a period in
which advances in ESRD therapy pushed the
upper age limits for successful therapy well into
the seventh and eighth decades, the youngest
ESRD patients remained therapeutic orphans,
considered by many to have severely limited
chances for survival [43, 44].

The description of what became known as
continuous ambulatory  peritoneal dialysis
(CAPD) by Robert Popovich and Jack Moncrief
and associates in 1976 heralded a new era in the
treatment of ESRD in children [44]. As originally
described, 2 L of dialysate were infused into an
adult and retained for 4-5 h, then drained and
repeated a total of five times per day while the
patient went about regular daily activities [45]. As
early experience with CAPD in adults was ana-
lyzed by pediatric nephrologists it became clear
that this new modality offered theoretical advan-
tages to children when compared to HD and IPD
that included near steady-state biochemical con-
trol, no disequilibrium syndrome, greatly reduced
fluid and dietary restrictions, and freedom from
repeated dialysis needle punctures. CAPD
allowed children of all ages to receive dialysis at
home, which offered a more normal childhood.
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 transplantable age and size.

The first child to receive CAPD was a 3-year-
old girl in Toronto in 1978 [46, 47]. Although a
number of pediatric dialysis programs in North

America [48-51] and Europe [52, 53] quickly
followed suit, enthusiasm in many areas was
tempered by the availability of dialysis fluid only
in 2,000-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
much of the rest of the world [54].

During the 1980s, the popularity of CAPD for
children spread worldwide [55]. 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 capabilities
of the modality in children [56]. Pediatric neph-
rologists in developing countries soon realized that
CAPD was relatively affordable, which meant that
ESRD was no longer an inexorably lethal condi-
tion for children from families with limited
resources [57-59]. And throughout the world, the
survival of so many more children with ESRD
increased the 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 h overnight.
Following the success of CAPD, in the early
1980s quality of life issues made a revival of
interest in automated PD inevitable in those coun-
tries that could afford it. 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 auto-
mated cyclers while the patient and family 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 [60, 61]. The technique maintained the prin-
ciple 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
groupin 1981 [61]. Soon CCPD became extremely
popular among pediatric dialysis programs in
developed countries worldwide [62—66].

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 [62]. The ready availability of
potent vitamin D analogues, ESRD-friendly phos-
phate binders and nutritional supplements and
formulas, controlled enteral nutrition via gastros-
tomy or nasogastric tubes, recombinant human
erythropoietin, and recombinant human growth
hormone (see Chaps. 22, 23, 25, and 27) gave
pediatric nephrologists a powerful armamentar-
ium with which to bring the child on chronic dial-
ysis safely to transplantation in optimal condition
— well nourished, normally grown, with minimal
renal anemia and bone disease. Attention could
then be turned to quality of life issues, scholastic
and emotional development, and child and family
psychosocial adjustment to the rigors of ESRD
and chronic dialysis (see Chaps. 29, 30, and 33).

Before 1982, fewer than 100 pediatric patients
had been treated with CAPD worldwide, and
CCPD for children was virtually unknown.
During the ensuing three decades, continuous
forms of PD became available in pediatric dialy-
sis centers throughout the world. Regional,
national, and international multicenter study
groups and registries developed during this period
have since added much to our knowledge of peri-
toneal dialysis in children [63—67]. These efforts
have spawned an extensive series of clinical
guidelines and treatment options that will be dis-
cussed 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
[68], a Dutch physician in Nazi-occupied Holland
during the Second World War. Kolff’s interest in
dialysis grew from his experiences caring for
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young patients with renal failure for whom treat-
ment options were essentially nonexistent at that
time [69]. 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 [70]. 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, but it had the necessary qualities of a
good dialysis membrane: It could be easily steril-
ized 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 casings also made excel-
lent diffusion membranes [71]. Clinical applica-
tion 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 3Y2-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 [72]. 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

temperature of 101 degrees F in a 100 liter con-
tainer. Into this medium, diffusion from the blood
takes place through the cellophane membrane. Dis-
tally, the blood is passed through a second rotating
coupling, and pumped to inflow flasks, whence it

is fed by gravity to a vein in the forearm through
another inlying cannula. [72]
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Merrill’s pediatric patient received a single
4-h dialysis treatment and was said to have
had “...modest improvement, but of short
duration...” [72].

In 1955, FM Mateer, L. Greenman, and T.S.
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
had appeared in (two children)...” [73]. Their
equipment was built by the Westinghouse
Company based on an Alwall coil kidney design
[74]. 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, consisting

of ~15 m of 11 in. cellophane tubing wound on
8

stainless steel screens submerged in a warmed
32 L bath of dialysate. An in-line roller pump
propelled heparinized blood through the tubing
from radial artery through the cellophane coils to
return via the saphenous vein. Dialysate consisted
of Pittsburgh tap water to which were added
sodium, calcium, chloride, bicarbonate, glucose,
and variable amounts of potassium; a fresh batch
was mixed every 200 min, and with every bath
change an antibiotic (usually oxytetracycline)
was injected into the tubing leading to the artifi-
cial kidney [73].

For these severely uremic children, dialysis
was clearly a heroic treatment that was surpris-
ingly effective, if only temporarily. After treat-
ments lasting 2—13 h, all patients became more
alert, pulmonary edema and overbreathing
improved, phosphorus levels fell, and blood
nonprotein nitrogen levels decreased from an
average 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
hemolytic uremic syndrome (“...previously
well...bloody diarrhea...oliguria, albuminuria,
profound anemia...”). Mateer concluded that,

while dialysis had been successful in supporting
this child’s reversible ATN, “...in view of the dif-
ficulty in assessing elements of reversibility of
renal failure in chronic states, more frequent use of
dialysis is indicated in these situations...” [73].

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 hemodialysis treatments in
five children (2-14 years of age) using an
improved disposable Alwall twin coil kidney that
could be modified for children <20 kg by using
only one of the two coils, thereby reducing prim-
ing volume from 750 to 400 mL [75]. 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 dia-
lyzed 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 [75].

Four of the five children survived, including a
2-year-old boy with probable acute glomerulone-
phritis who presented anuric with a blood urea
nitrogen (BUN) of 322 mg/dL. Carter noted that
“...in the hands of a well-trained team, hemodi-
alysis is not only helpful in producing a smoother
course in these children, but it may also be life-
saving...” [75].

Unlike the concise and constricted prose
demanded by modern journal editors, the papers
by Mateer and Carter published 50 years ago are
wonderfully detailed, conveying the intensity and
drama that must have attended these early hemo-
dialysis sessions. While some laboratory testing
was available, management decisions relied pri-
marily on clinical judgment. Presaging modern
use of aggressive RRT in critically ill children,
Mateer concluded that:

...the relative safety of the procedure (hemodialysis)

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 reversible lesions... [73]



Intoxications with salicylates or barbiturates
represented another potential use for hemodialysis
in children [76], but while potentially lifesaving in
cases of reversible AKI or intoxications, the role
of periodic hemodialysis in the management of
irreversible renal failure in children faced daunt-
ing 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
Teflon(R)-silastic shunt that still bears his name
[77]. The Scribner shunt consisted of silastic-
teflon cannulas inserted in the radial artery and 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 [78], and by the mid-1960s the availabil-
ity of repeated vascular access via these shunts
made chronic hemodialysis 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 [79], the
first large pediatric chronic hemodialysis pro-
grams were established in Seattle [80], San
Francisco [81], Los Angeles [82], Minneapolis
[83], London [84], and Paris [85].

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 hemodialysis 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
hemodialysis of 14 children 2—-16 years of age
weighing 10-52 kg [81]. Time on dialysis ranged
from 1 to 27 months, with five children receiving
dialysis at home. For the first 3 years of the pedi-
atric dialysis program, children were selected for
dialysis in competition with adult patients by a
committee, a stark reminder of the earliest days of
chronic hemodialysis when the scarcity of this
resource forced painful decisions into the hands of
so-called “Life and Death Committees” [86]. By
1969, a separate pediatric unit had been created
in San Francisco, and children were accepted “...
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on a first-come, first served basis if they were
medically stable...” [81].

Using the Seattle pumpless method [79],
Potter’s patients were dialyzed thrice weekly pri-
marily using the recently introduced flat plate
dialyzers and an automated dialysate delivery
system. The basic flat plate device, known as a
Kiil kidney [87], consisted of two grooved poly-
propylene plates separated by a sheet of cello-
phane clamped tightly together. Blood flowed
through the enclosed dialyzer down the grooves
on one side of the cellophane membrane across
from dialysate flowing in the grooves of the plate
on the other side of the membrane in a counter
current direction. One or more of these mem-
brane “sandwiches” 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
communication, 2011).

Vascular access was via arteriovenous shunts
originating in the radial, brachial, posterior tibial,
or femoral artery. Extracorporeal volume during
treatment averaged 14% of estimated blood vol-
ume, and blood loss with each treatment was
20-40 mL. Transfusions were given when the
hematocrit fell to 15%, leading to a mean transfu-
sion requirement of 0.5 unit of packed red blood
cells per month. The highest dialyzer clearance
available was 128 mL/min, and because of this
low clearance, five of the children were dialyzed
18-27 h/week. Dialysis prescriptions were
adjusted according to pre-dialysis BUN, which
averaged 70-86 mg/dL [81].

There were many complications, including
hemodynamic decompensation due to the a-v
shunt, shunt clotting and infection, anemia,
hypertension, renal bone disease, congestive
heart failure, uremic pericarditis, and growth
delay. Despite these difficulties, there was only
one death, and at the time of the 1970 report,
seven children had received successful kidney
transplants [81]. Looking back on his early expe-
rience, Potter recently recalled that although
hemodialysis in 1970 appeared to be a potentially
successful therapy for uremic children, there
were many who doubted its technical problems
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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 arterio-
venous fistulas and permanent double-lumen
catheters, (2) the introduction of smaller more
efficient dialyzers and lower-volume dialysis cir-
cuits, and (3) the development of dialysis equip-
ment with more precise ultrafiltration monitoring
and control capability (Donald Potter, personal
communication, 2011).

The problem of ultrafiltration monitoring in
infants, at once the most critical due to their small
body size and narrow blood volume safety limits,
was solved ingeniously by another pioneering
pediatric hemodialysis program in Minneapolis
led by Michael Mauer and Carl Kjellstrand who
developed electronic weighing equipment on
which the dialyzing infant lay throughout the pro-
cedure. The equipment required meticulous cali-
bration, but was able to very accurately measure
weight changes to within 3 g [88]. 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 hemo-
dialysis in North America in the early 1970s [89].

Developments in Europe paralleled those in
North America. In 1975, the second edition of the
famous French textbook of pediatric nephrology
was coedited by Pierre Royer, Renée Habib,
Michel Broyer, and Chantal Loirat. There were
six pages about hemodialysis (HD), stating as
follows: “The management of end-stage renal
disease in children is a recent experience, and
pediatric maintenance hemodialysis had really
begun in 1969-70 in Europe” [90]. According to
these authors, there were three major contraindi-
cations to chronic dialysis in children: (1) sys-
temic disease such as lupus, (2) mental retardation,
and (3) young age, i.e., below 18 months. Vascular
accesses included only (radial or femoral)
arteriovenous shunt or fistula so that such a pro-
cedure was limited to children older than 2-3
years. There was no specific device for pediatric
dialysis, and children suffered from many uncom-
fortable/unacceptable side effects (seizures, severe
hypotension) during hemodialysis sessions.
Morbidity mainly included arterial hypertension,

n

renal osteodystrophy, anemia, undernutrition,
and poor growth velocity. However, actuarial
patient survival was reported to be 90% after 3
years on chronic hemodialysis [90].

By the early 1970s, it became clear among
pediatric nephrologists in North America and
Europe that the care of children with ESRD
required separate facilities from those in which
adult patients were dialyzed. The concept of
specialized pediatric dialysis centers was pio-
neered in Europe by Broyer, Scharer, Chantler,
Donkerwolke, Rizzoni, and others who stressed
the importance of concentrating pediatric ESRD
patients in multidisciplinary pediatric centers
specially equipped by experience and expertise
to care for children on dialysis and for their fami-
lies [91]. These units were usually attached to
University departments of pediatrics, as was the
case in similar units established 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 interna-
tional patient databases or registries of children
receiving RRT 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
[92]. The 1971 report presented data on 296
patients aged less than 15 years at the start of RRT
who were receiving treatment at 122 centers, only
five of which had treated three or more pediatric
patients, reflecting the practice in Europe at that
time of managing children on dialysis in adult
units. In 1976, the components of a pediatric dial-
ysis center were rigorously defined by the EDTA
to include pediatricians, pediatric nurses, dieti-
cians, social workers, child psychologists, school
facilities, along with a separate children’s ward in
which therapy was provided away from adult
patients [93]. Close association with a transplant
program was also prescribed, reflecting early rec-
ognition of the critical importance of transplanta-
tion as the therapy of choice for children with
ESRD. By 1989, nearly 80% of all children receiv-
ing dialysis in the countries of the EDTA were
cared for in specialized pediatric centers [94].



The most recent report on pediatric dialysis in
Europe appeared in 2010 summarizing data on
483 incident and 2,512 prevalent pediatric dialy-
sis patients (age <15 years) from 28 countries
[95]. In comparison to the last demographic
report of the former EDTA registry 14 years ago,
the authors found in 2007 a nearly threefold
higher incidence and prevalence of RRT among
children aged younger than 15 years. They spec-
ulated 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 pediatric RRT
programs in Europe, resulting in a truly increased
incidence and prevalence of RRT [95].

In North America, the success of the EDTA
pediatric registry prompted over 60 pediatric
ESRD programs to band together in 1987 to form
what is now called the North American Pediatric
Renal Trials and Collaborative Studies
(NAPRTCS) [96]. 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). In a
recent report from 2008, the NAPRTCS presented
data on 6,491 children treated with dialysis in
North American centers since 1992, approxi-
mately one-third of whom had received hemo-
dialysis  (http://web.emmes.com/study/peds).
A complete listing of the more than 130 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).

Both the EDTA and the NAPRTCS 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 three decades, HD in children has dramati-
cally improved, with the near disappearance of
many of the complications that once plagued
pediatric hemodialysis: disequilibrium syn-
drome, need for blood transfusions, disabling
bone disease and uremic dwarfism, aluminum
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encephalopathy, pyrogenic reactions and symptoms
of bioincompatibility, malnutrition, intradialytic
symptomatic hypovolemia, seizures and develop-
mental delay, just to name a few.

Indeed the history of maintenance HD in chil-
dren has been strongly modified by the introduc-
tion of more efficient and biocompatible synthetic
membranes, by erythropoietin treatment, by
growth hormone therapy, by the development of
new therapeutic approaches to bone disease and
calcium-phosphate disorders, by advances in
vascular accesses (microsurgery for arterio-
venous fistulas, new materials for cuffed tunneled
venous catheters), by introducing pediatric data
for dialysis adequacy measurement (Kt/V, urea
reduction ratio), by novel dialysis strategies
(high-flux dialysis, hemodiafiltration), by opti-
mizing the use of anticoagulation (low molecular
weight heparins, regional trisodium citrate), by
improving dialysis water quality and bacterial
safety (ultrapure dialysate), by noninvasive
investigation of vascular access blood flow, by
using urokinase or tPA for the management of the
thrombosed hemodialysis catheter, by improving
nutritional assessment and support, by using new
machines with precise control of ultrafiltration by
volumetric assessment and continuous blood vol-
ume monitoring during dialysis sessions, by the
availability of specific small size dialyzers and
tubing for infants, and by the use of sodium mod-
eling [97-102]. In the mean time, HD practice
has benefited from specific medical and staff
training, including courses, fellowship programs,
and congresses. Specific regulations have been
established for HD practice in children, accord-
ing to local health-care organization, public
health, resources, and law. During this period,
patient morbidity and mortality have significantly
decreased. Worldwide experience has resulted in
large databases and general practical guidelines
[103-105]. However this only includes devel-
oped countries since the cost of HD is rather high,
and such a technique is not available/accessible
in many developing countries.

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

e Daily online hemodiafiltration allows better
nutrition, reduces blood pressure, improves
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left ventricular size and function, improves

calcium x phosphate control, better controls

chronic microinflammation, and promotes

catch-up growth in children [98, 106].

e The lowest age limit for starting HD in chil-
dren has dropped, including neonates thanks
to specific devices and improvement in gen-
eral care of such patients [107].

e Various high-tech pediatric permanent HD
catheters have been developed.

e There is a better worldwide knowledge and
investigation of cardiovascular risk factors
leading to better long-term control and pre-
vention of cardiovascular disease [107].

e The use of several online monitoring equip-
ment for chemical/physical signals during HD
and biofeedback is growing, such as continu-
ous noninvasive monitoring of relative blood
volume changes during HD, patient-dialysate
sodium gradient assessment, ionic dialysance
and plasma conductivity (calculated from
online inlet and outlet dialysate conductivity
measurements), estimation of sodium concen-
tration derived from conductivity, intra-HD
urea kinetics and delivered dialysis dose from
online urea monitors, dialysate temperature
modulation according to blood temperature
monitoring [108].

All these improvements have led to better
quality of life, better nutritional status, better
neurological development, better psychosocial
outcome, and better patient survival, and all have
their origins in the work of pioneering medical
teams, patients, and families beginning more than
60 years ago. The following chapters will address
these and other recent advances in dialysis ther-
apy for children.
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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 biologic basis.
In this chapter, many of these principles are
reviewed. The topic of uremic toxicity is first
addressed, with emphasis on the classification of
uremic toxins based on molecular weight (MW).
After a frame of reference is established with a
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discussion of toxin elimination mechanisms for
the native kidney, the dialytic solute removal
mechanisms (diffusion, convection, and adsorp-
tion) broadly applicable to all renal replacement
therapies are reviewed. The relative importance of
these mechanisms in the different therapies used in
both the ESRD and AKI settings will then be dis-
cussed. 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 applying a
“resistance-in-series”” model to a dialyzer. In much
the same way, fluid and mass transfer in peritoneal
dialysis will be assessed by examining the ele-
ments of the system: peritoneal microcirculation,
peritoneal membrane, and the dialysate compart-
ment. 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
Classification of Uremic Toxins
In the properly functioning human kidney, plasma

water and blood solutes are removed by ultrafiltra-
tion and convection, respectively. Solutes of MW

B.A. Warady et al. (eds.), Pediatric Dialysis, DOI 10.1007/978-1-4614-0721-8_2, 17
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Table 2.1 Uremic toxin classes and dialytic removal
mechanisms

Primary removal

Solute category mechanism
Small solutes (mw <300 D) Diffusion
Middle molecules (mw 500-5,000 D) Diffusion
Convection
LMW proteins (mw 5,000-50,000 D) Convection
Diffusion
Adsorption
Large proteins (mw >50,000 D) Convection

mw molecular weight, D daltons, LMW low molecular
weight

less than approximately 40,000 daltons have essen-
tially unrestrained passage through the glomeru-
lus, the kidney’s filtration unit [1]. Therefore, the
rate of clearance at the level of the glomerulus for
such molecules very closely approximates renal
plasma flow rate. Most molecules subsequently
undergo some degree of modification in distal
portions of the nephron, such that urinary clear-
ance ultimately is modified quite significantly,
relative to the clearance by the glomerulus. By
definition, ESRD and AKI are associated with
absent or minimal native kidney function. As a
result, blood solutes normally removed by the
above filtration mechanism are retained in the
bloodstream with a resultant increase in their
plasma concentrations.

The classification of uremic solutes is typi-
cally based on MW [2] and four reasonably well-
accepted classes currently exist (Table 2.1),
although a more sophisticated classification
scheme has been proposed by Vanholder and col-
leagues comprising the Uremic Toxicity Working
Group [3]. In the traditional scheme, one cate-
gory, simply called “small solutes,” is comprised
predominantly of nitrogenous compounds of
MW less than 300 daltons. Prototypical solutes
in this category are by-products of protein
metabolism and include the compounds urea
(MW, 60 daltons) and creatinine (MW, 113 dal-
tons), which are commonly measured in clinical
medicine to estimate kidney function. The second
category, referred to as “middle molecules,” con-
sists of a diverse group of molecules in the 500—
5,000 dalton range [4]. Although this class has
been widely studied from an experimental per-
spective, a representative solute, which is

Z.Huang etal.

clinically measurable, has not yet been identi-
fied. Low-molecular-weight (LMW) peptides
and proteins (MW, 5,000-50,000 daltons) are the
most recently identified class of uremic toxins
[5]. The plasma concentrations of these
compounds are typically increased 10—100-fold
in ESRD. A specific toxin in this class, p2-
microglobulin (f2M: MW, 11,800 daltons), has
been identified as a causative factor in the devel-
opment of dialysis-related amyloidosis, a deposi-
tion disorder specific to the ESRD population
[6]. For major therapeutic approaches [intermit-
tent hemodialysis (IHD) and continuous renal
replacement therapy (CRRT)] used in acute and
chronic dialysis, Table 2.1 also indicates the pre-
dominant solute removal mechanisms (see below)
for these solute classes.

Renal Mechanisms for Toxin Removal

Although creatinine and, particularly, urea are felt
to be surrogates for the entire small solute class in
patients with renal failure, these compounds do not
inherently have significant toxicity. In addition, the
renal handling of compounds in this class is quite
dissimilar. Although glomerular filtration is the
initial elimination step for both urea and creati-
nine, subsequent handling of these two molecules
in distal portions of the nephron is quite disparate.
Whereas urea undergoes significant reabsorption
in the proximal tubule [7], the final concentration
of creatinine in the urine is influenced heavily by
the extent of its tubular secretion [8]. This latter
feature is especially important in advanced stages
of chronic kidney disease, during which tubular
creatinine secretion can account for a substantial
percentage of total renal elimination [9].
Previous work suggests reabsorption followed
by cellular catabolism in the proximal tubule is
another important elimination mechanism for
many uremic toxins, especially the LMW protein
class of compounds. In addition to B2M (see
above), complement Factor D (MW, 23.5 kDa)
[10] is also a representative molecule in this cate-
gory. Factor D acts as an up-regulator of the alter-
native complement pathway and activation of the
alternative pathway by blood—membrane interac-
tion (with resultant C3a generation) is enhanced
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in the presence of the high serum concentrations
of Factor D found in uremic patients. In an ele-
gant study, Pascual et al. [10] characterized Factor
D metabolism in patients with normal renal func-
tion and varying degrees of renal insufficiency.
A significant direct correlation was observed
between serum Factor D concentration and serum
creatinine while the relationship between serum
Factor D concentration and creatinine clearance
was very similar to that between serum creatinine
and creatinine clearance. Serum Factor D concen-
trations in patients with ESRD were 10-20-fold
higher than those with normal kidney function.
Using radiolabeled Factor D, these investigators
also characterized its metabolism in patients with
normal renal function. The glomerular sieving
coefficient of Factor D was estimated to be 0.36.
After glomerular filtration, essentially complete
reabsorption was suggested by an absence of
radioactivity in the final urine. On the other hand,
in patients with proximal tubular disorders, such
as that produced by long-term gentamicin admin-
istration, significant urinary radioactivity was
quantified. Similar findings have been reported
for B2M.

Another uremic toxin for which renal removal
is highly dependent on proximal tubule function is
the advanced glycation end product (AGE) pento-
sidine [11-14] (MW, 379 daltons), which circu-
lates both in a protein-bound and free form. Miyata
et al. [13] characterized free pentosidine metabo-
lism in rats with normal renal function. Following
exogenous administration of radiolabeled
pentosidine, radioactivity was measured in urine,
feces, and expired air over a 72 h period. Urinary
elimination accounted for over 80% of the total
pentosidine excretion during this period. However,
chromatographic analysis of the 72 h urine collec-
tion indicated the primary peaks were not intact
pentosidine but rather lower-molecular-weight
compounds. This finding, coupled with the imme-
diate but transient appearance of radioactivity in
proximal tubule cells after pentosidine adminis-
tration, suggested initial metabolism of intact pen-
tosidine in the proximal tubule with subsequent
excretion of lower-molecular-weight metabolites
primarily also via a renal mechanism.
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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 [15], 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 [16]. Solute diffu-
sion within a membrane is influenced by both
membrane thickness (diffusion path length) and
membrane diffusivity [17], 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 particu-
lar solute—membrane combination under a defined
set of operating conditions [18]. 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, =1/R, (2.1)

The overall mass transfer resistance can be
viewed as the sum of resistances in series [19]
(Fig. 2.1):

R, =R, +R, +R, (2.2)

where R, R, and R | 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)B-i-(x/D)M-i—(x/D)D (2.3)

The diffusive mass transfer resistance of both
the blood and dialysate compartments for a hemo-
dialyzer is primarily due to the unstirred (bound-
ary) layer just adjacent to the membrane [20].
Minimizing the thickness of these unstirred lay-
ers is primarily dependent on achieving relatively
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Fig. 2.1 Diffusive mass
transfer resistances in a
hemodialyzer (Source:
Reprinted with permission
from Ref. [18])

high shear rates, particularly in the blood com-
partment [21]. 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 contemporary HD with
hollow fiber dialyzers, the controlling diffusive
resistance is that due to the membrane itself.
Another approach to quantifying diffusive mass
transfer specifically through an extracorporeal
membrane is by use of Fick’s law of diffusion [22]:

N =D(dC/dx) 2.4)

In this equation, N is mass flux (mass removal
rate normalized to membrane surface area). In
addition, D is membrane diffusivity, an intrinsic
membrane property for the particular solute being
assessed, and dC/dx is the change in solute con-
centration with respect to distance. This equation
also can be expressed in a more applicable, inte-
grated form:

N =D(AC/ Ax) 2.5)

Thus, for a given concentration gradient across a
membrane, the rate of diffusive solute removal is
directly proportional to the membrane diffusivity
and indirectly proportional to the effective thick-
ness 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

Membrane

Dialysate

Al &

(straight) cylindrical pores (per unit membrane
surface area) of radius r oriented perpendicular to
the flow of blood and dialysate, diffusive solute
flux (@: mass removal rate per unit membrane
surface area) can be expressed as [23]:

©=ADpAC/t (2.6)

where A is the solute partition coefficient, D is
solute diffusivity, p is membrane porosity, AC 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 A values that
are less than one.) Membrane porosity is a function
of both pore size and number:

p =Nmr’ 2.7)

Equations 2.6 and 2.7 suggest diffusive trans-
port is relatively favorable for 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 2.6 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,
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cellulose triacetate) has a relatively small impact
on small solute (urea, creatinine) diffusivities.
This is related to the fact that even low permea-
bility membranes have pore sizes that are signifi-
cantly larger than the molecular sizes of these
solutes. However, as solute MW increases, the
tight pore structure of the low permeability mem-
branes plays an increasingly constraining role
such that diffusive removal of solutes larger than
1,000 daltons is minimal by these membranes.
On the other hand, the larger pore sizes which
characterize high-flux membranes account for
their higher diffusive permeabilities.

Solute Removal by Convection

Convective solute removal is primarily deter-
mined by the sieving properties of the membrane
used and the ultrafiltration rate [24]. The mecha-
nism by which convection occurs is termed sol-
vent drag. If the molecular dimensions of a solute
are such that some degree of membrane perme-
ation can occur, the solute is swept (“dragged”)
across the membrane in association with ultrafil-
tered 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.
Because the flux (water permeability) and siev-
ing properties of a membrane are tied closely to
one another, a clear understanding of the determi-
nants of flux is necessary. Several approaches have
been used to characterize and quantify the flux
properties of extracorporeal membranes, includ-
ing that defined by Equation 2.6. The Hagen—
Poiseuille equation [25], which describes fluid
flow through a cylinder, can be used as the basis
for developing the relationship between ultrafil-
trate flux and mean pore size (rp) in such a model.
Using this equation as the foundation, Handley
et al. recently [26] proposed the following expres-
sion for membrane hydraulic permeability (K):

K, = nmr? /TUAX (2.8)

In this equation, n is the number of pores per unit
area (i.e., pore density), r is the pore radius, T is
a factor accounting for pore tortuosity, 1 is the
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viscosity of the ultrafiltrate, and Ax is the
membrane wall thickness. Since the rate of ultra-
filtrate flow is directly related to the fourth power
of the pore radius, the membrane characteristic
that most directly influences water permeability
is mean pore size. Note that this fourth-power
dependence differs from the second-power
dependence of diffusive solute transport on pore
size described in Equation 2.6. Thus, the mem-
brane’s diffusive properties can be dissociated to
some degree from its water permeability.

Both the water and solute permeability of a
membrane used for therapies which involve rela-
tively high ultrafiltration rates are influenced by
the phenomena of secondary membrane forma-
tion [27] and concentration polarization [28]
(Fig. 2.2). The exposure of an artificial surface to
plasma results in the nonspecific, instantaneous
adsorption of a layer of proteins, the composition
of which generally reflects that of the plasma
itself. Therefore, plasma proteins such as albu-
min, fibrinogen, and immunoglobulins form the
bulk of this secondary membrane. This layer of
proteins, by serving as an additional resistance to
mass transfer, effectively reduces both the water
and solute permeability of an extracorporeal
membrane. Evidence of this is found in compari-
sons of solute sieving coefficients determined
before and after exposure of a membrane to
plasma or other protein-containing solution [29].
In general, the extent of secondary membrane
development and its effect on membrane perme-
ability is directly proportional to the membrane’s
adsorptive tendencies (i.e., hydrophobicity).
Therefore, this process tends to be most evident
for high-flux synthetic membranes, such as poly-
sulfone and polymethylmethacrylate.

Although concentration polarization primarily
pertains to plasma proteins, it is distinct from sec-
ondary membrane formation. Concentration
polarization specifically relates to ultrafiltration-
based processes and applies to the kinetic behav-
ior of an individual protein. Accumulation of a
plasma protein that is predominantly or com-
pletely rejected by a membrane used for ultrafil-
tration of plasma occurs at the blood compartment
membrane surface. This surface accumulation
causes the protein concentration just adjacent to



22

Z.Huang etal.

Fig. 2.2 Secondary
membrane and concentra-
tion polarization phenom-
ena in convective therapies
(Source: Reprinted with
permission from Ref. [24])
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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) concentration gradient is
established, resulting in “backdiffusion” from the
membrane surface out into the plasma. At steady
state, the rate of convective transport to the mem-
brane surface is equal to the rate of backdiffusion.
The polarized layer of protein is the distance
defined by the gradient between the submembra-
nous and bulk concentrations. This distance (or
thickness) of the polarized layer, which can be
estimated by mass balance techniques, reflects the
extent of the concentration 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) [30]. By definition,
concentration polarization is applicable in clinical
situations in which relatively high ultrafiltration
rates are used. Therefore, in the chronic dialysis
setting, this phenomenon is potentially important
in convective therapies (hemofiltration and hemo-
diafiltration). Likewise, concentration polariza-
tion may play a significant role in continuous
venovenous hemofiltration (CVVH) and continu-
ous venovenous hemodiafiltration (CVVHDF),
and the specific operating conditions used in these
therapies influence the polarization process.

Fluid Boundary Layer
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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
an individual 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., B2M in ESRD patients,
proinflammatory cytokines in AKI 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 condi-
tions favorable to protein polarization may
significantly impair overall membrane perfor-
mance. The relationship between ultrafiltration
rate and transmembrane pressure (TMP) is linear
for relatively low ultrafiltration rates and the pos-
itive slope of this line defines the ultrafiltration
coefficient of the membrane. However, as ultra-
filtration rate further increases, this curve eventu-
ally plateaus [28]. At this point, maintenance of a
certain ultrafiltration rate is only achieved by a
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concomitant increase in TMP. At sufficiently high
TMP, fouling of the membrane with denatured
proteins may occur and an irreversible decline in
solute and water permeability of the membrane
ensues. Therefore, the ultrafiltration rate (and
associated TMP) used for a convective therapy
with a specific membrane needs to fall on the ini-
tial (linear) portion of the UFR vs. TMP relation-
ship with avoidance of the plateau region.

Convective solute removal can be quantified
in the following manner [31]:

N=(-0)],C, (2.9)

In this equation, N is the convective flux (mass
removal rate per unit membrane area), J is the
ultrafiltrate flux (ultrafiltration rate normalized
to membrane area), C_ is the mean intramem-
brane solute concentration, and o is the reflec-
tion coefficient, a measure of solute rejection. As
Werynski and Waniewski have explained [31],
the parameter (1-c) can be viewed as the mem-
brane resistance to convective solute flow. If o
equals 1, no convective transport occurs while a
value of 0 implies no resistance to convective
flow. Of note, the appropriate blood compart-
ment concentration used to determine C_ is the
submembranous concentration rather than the
bulk phase concentration. Therefore, this param-
eter is significantly influenced by the effects of
concentration polarization.

It is useful to assess individually the parame-
ters on the right-hand side of the above equation
and the manner in which changes in these param-
eters may affect the rate of convective solute
transport. During a convective therapy, changes
in the permeability properties of the hemofilter
membrane or in the operating conditions may
alter these parameters. However, a complex
interplay exists between these parameters and
the net effect of changes in hemofilter membrane
permeability or treatment operating conditions
may be difficult to predict. To illustrate this point,
the effect of a progressive decrease in membrane
permeability as a membrane becomes fouled
with proteins can be assessed. As fouling occurs,
the resistance to convective solute flow (o)
increases such that the parameter (1-c) decreases.
In addition, fouling may result in a decrease in
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ultrafiltrate flux (J ) despite attempted increases
in TMP. However, when the membrane becomes
irreversibly fouled (i.e., gel formation occurs),
its ultrafiltration capacity markedly declines.
Finally, polarization of solute at the membrane
surface due to the fouling causes an increase in
the submembranous blood compartment concen-
tration but a decrease in the filtrate concentration.
The net effect on C_, which essentially is a mean
of the submembranous and filtrate concentra-
tions, is difficult to predict and depends on the
specific solute in question.

Solute Removal by Internal Filtration

Another convection-based mechanism by which
solute removal occurs during HD is internal fil-
tration. This phenomenon is understood best by
drawing the distinction between dialyzers of low
and high water permeability, from the perspective
of the directionality of transmembrane fluid flow.
In clinical HD, an individual patient’s weight loss
requirement dictates the rate of plasma water
ultrafiltration and a specified ultrafiltration pro-
file is achieved by providing prescriptive infor-
mation (weight loss, treatment time, etc) to the
HD machine. However, it is important to recog-
nize that this prescriptive ultrafiltration rate rep-
resents a net value and may or may not be
equivalent to the absolute ultrafiltration rate in
specific segments of the dialyzer [32].

Under typical HD conditions (i.e., net ultrafil-
tration rate of 10—15 mL/min), the absolute ultra-
filtration rate in the proximal (arterial) end of a
high-flux dialyzer is considerably higher than the
above net value. In the proximal (arterial) end of
the dialyzer, because the blood compartment pres-
sure is higher than the dialysate compartment
pressure, ultrafiltrate leaves the blood compart-
ment rapidly. However, the hydraulic characteris-
tics of a high-flux dialyzer result in a significant
axial (end-to-end) pressure drop and, at some
point along the length of the hollow fibers, the
blood compartment pressure becomes less than
that in the dialysate compartment. This dialysate-
to-blood pressure gradient results in a reversed
ultrafiltrate flow (i.e., “backfiltration”) from this
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Fig. 2.3 Phenomenon of backfiltration in a high-flux hemodialyzer

point to the distal (venous) end of the dialyzer
(Fig. 2.3). Under most HD scenarios in which a
low K, dialyzer (<20 mL/h/mm Hg) is used,
the high proximal ultrafiltration rate described
above is not observed. Consequently, axial pres-
sure drop is less pronounced and a reversed
pressure gradient does not develop. As such,
backfiltration is not a significant issue for dialyz-
ers of relatively low water permeability.

Although concerning from the perspective
that it may result in the transfer of bioactive
dialysate contaminants to the bloodstream [33],
this internal filtration mechanism is actually ben-
eficial with respect to the removal of relatively
large-sized uremic compounds by the following
mechanism [34-36]. In the arterial end of the dia-
lyzer, convective solute removal occurs in asso-
ciation with the ultrafiltered plasma water.
Because the rate of flow of oncoming dialysate is
much greater than the ultrafiltration rate, the con-
centrations of solutes convected from the blood
in this portion of the dialyzer are greatly reduced.
This dilution effect greatly attenuates solute
“reentry” in the distal (backfiltration) portion of
the dialyzer because convective transport back
into the blood compartment depends directly on
the dialysate concentration at this point. In this
manner, the “silent clearance” provided by inter-
nal filtration contributes significantly to the total
removal of compounds poorly removed by diffu-
sion during high-flux HD.

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 and
proteins) are removed [37-39]. The adsorptive
surface area of a membrane resides primarily 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 protein to a
membrane’s internal pore structure [40].
Consequently, adsorption of peptides and LMW
proteins, such as f2M, 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, attributable to the
relative hydrophobicity of these membranes [41].

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 [42].
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Fig. 2.4 Plot of urea clearance vs. dialysate flow rate in peritoneal dialysis (Source: Reprinted with permission from

Ref. [16])

Factors Affecting Solute Transport

The dialysate compartment: In Fig. 2.4, urea
clearance is plotted against dialysate flow rate.
The curve identifies three specific regions. The
first region includes the dialysate flow rates typi-
cal for continuous ambulatory peritoneal dialysis
(CAPD) involving 3-5 exchanges/day. In this
region, the correlation is very steep, and clear-
ance 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 clear-
ance 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 feasible in practice since it would mean
carrying out 610 exchanges/day. Therefore, a
typical 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 solu-
tion per exchange.

The second part of the curve is the typical
region of automated or intermittent peritoneal
dialysis. The dialysate flows may vary signifi-
cantly 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. 2.4
is the region where the plateau is reached, and
further increases in dialysate flow rates do not
result in parallel increases in clearance. This
region has been explored experimentally utiliz-
ing continuous flow peritoneal dialysis (CFPD)
performed with double lumen peritoneal cathe-
ters [43] and theoretical mathematical models
based on mass transfer-area coefficient (MTC)
calculations [44]. The value of the mass transfer
coefficient is a function of the product of the
overall permeability 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 the-
oretically achievable at infinite blood and
dialysate flow rates (i.e., at a constantly maximal
gradient for diffusion).
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The above mentioned regions of the curve
describe the relationship between dialysate flow
and solute transport. Other factors such as
dialysate 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
macromolecules, micromolecules, and water
transport [45]. 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 anatomi-
cal structure of these ultrasmall pores corresponds
to the water channels created by a specific protein
(aquaporin) acting as a carrier for water
molecules.

This model locates the main resistance to
transport at the level of the capillary wall, consid-
ering all other anatomical structures as a negligi-
ble site of resistance. Only recently, the interstitium
has been included as an additional site of resis-
tance. A controversial opinion is offered by the
“distributed model” of Flessner et al. [46]. In this
model, the main resistance to transport is appar-
ently located in the interstitial tissue. This ana-
tomical entity consists of a double density
material, containing water and glycosaminogly-
cans 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 solute diffu-
sivity in free water is greater than that in the tissue

Z.Huang etal.

by more than one order of magnitude. Accordingly,
not only the structure of the interstitium but also
the thickness of the glycosaminoglycan 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 probably governed by a more complex
and integrated series of events, each with a
remarkable but not absolute importance.

The peritoneal microcirculation: Despite several
lines of evidence suggesting that peritoneal blood
flow should be high enough to avoid any limita-
tion in solute clearances and ultrafiltration, the
real impact of effective blood flow on the effi-
ciency of the peritoneal dialysis system is still
controversial [47]. Experimental work has in fact
suggested that peritoneal ultrafiltration and solute
clearances might be blood flow limited at least in
some conditions [48].

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 perito-
neal blood flow may be as high as 68—82 mL/min
[49], while other studies have suggested much
lower values of effective blood flow [50]. Gas
clearance studies were based on the assumption
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 [51].

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
proposed that peritoneal blood flow might be the
major limiting factor in rapid peritoneal dialysis
exchanges [50, 52, 53].
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The results obtained by a study in which a
fragment of human peritoneum was perfused in
a closed vascular loop displayed a linear corre-
lation between the inlet blood flow and the rate
of ultrafiltration, with a stable value of the filtra-
tion fraction [48]. 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 membrane [54]. For larger solutes
such as inulin, the low diffusion coefficients of
the molecule may represent the most important
limitation to transport. All these observations
led to the formulation of the “nearest capillary
hypothesis” [55].

Considering the peritoneal microvasculature
as a network of capillaries with a three-dimen-
sional distribution and different distances from
the mesothelium, the diffusion distances of sol-
utes as well as the glucose backdiffusion dis-
tances may be different in different populations
of capillaries. In this condition, the capillary
situated closest to the mesothelium would expe-
rience a greater osmotic effect compared with
those located further away, presenting a filtra-
tion 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
differently contributing. Clearance and ultrafil-
tration could be limited by low blood flow at
least in the capillaries closest to the peritoneal
mesothelium. While in distant capillaries blood
flow could be enough to avoid significant limi-
tations, the effective blood flow in the capillar-
ies closest to mesothelium might be too low.
The vascular reserve, represented by the most
distant capillaries, would only participate par-
tially in the peritoneal exchanges because of the
greater distance to the mesothelium and the
interference of the interstitial surrounding tis-
sue. In such a condition, the central role of the
interstitium becomes evident as well as its
hydration state.
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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 [56], solute clearance (K) is
the ratio of mass removal rate (N) to blood solute
concentration (C,):

K=N/C, (2.10)

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

The situation is more complicated in renal fail-
ure patients treated with various forms of RRT. As
discussed by Henderson et al. [57], the mass
removal rate of small solutes like urea is very high
during the early stage of an intermittent HD treat-
ment due to a favorable transmembrane concen-
tration gradient for diffusion 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 treatment) (Fig. 2.5a). A different time-
dependent relationship between instantaneous
clearance and mass removal rate is observed dur-
ing a typical CAPD exchange. As also described
by Henderson et al. (Fig. 2.5b), instantaneous
clearance progressively falls during the course
of an exchange concomitant with a decreasing



28 Z.Huang etal.
a c
K e
urea
g1 i i
|
|
|
Removal |
fata. Removal rate
gk | mg/min
|
|
Amount |
removed Amount
mg + + ' b + removed
1 2 3 4 5 mg ; . . |
Time, hours ——p- 6 12 18 24 30
Time, hours
b
Kpp urea
mlmin | Bao2416 I
Removal rate I
mg/min IoP=1
| ™\ Limit
Amount I s58mUmin=VA=
removed I 2100 mL/360 min
mg I I I L,
1 2 3 4 5 Drain

Time, hours ——»

Fig. 2.5 Relationship between clearance and mass removal rate for intermittent hemodialysis (a), peritoneal dialysis
(b), and continuous renal replacement therapy (c¢) (Source: Reprinted with permission from Ref. [58])

transmembrane concentration gradient. Therefore,
both mass removal rate and clearance, derived by
measuring solute mass in the effluent dialysate
collected over 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. 2.5c,
this relationship for CRRT operated at steady state
with respect to BUN (in a patient with a constant
protein catabolic rate) is shown [58]. In this situa-
tion, 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.

KB = [(QBi >l<CBi )_(QBn *CBn )]/CBi +QF * (CBo /CBi)

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) pre-
sented 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 dialyzer results in the classical
(i.e., arteriovenous) whole-blood dialyzer clear-
ance equation [59]:

@2.11)
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In this equation, K, is whole-blood clearance, Q,
is blood flow rate, CB is whole-blood solute con-
centration, and Q; is net ultrafiltration rate. [The
subscripts “i” and “0” refer to the inlet (arterial)
and outlet (venous) blood lines.]

It is important to note that diffusive,
convective, and possibly adsorptive solute
removal occur simultaneously in HD. For a non-
adsorbing solute like urea, diffusion and convec-
tion 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 decreases as a func-
tion of this axial concentration gradient. On the
other hand, hemoconcentration resulting from
ultrafiltration of plasma water causes a progres-
sive increase in plasma protein concentration
and hematocrit along the axial length of the dia-
lyzer. This hemoconcentration and resultant
hyperviscosity causes an increase in diffusive
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 investigators.
The most useful quantification has been devel-
oped by Jaffrin [60]:

K, =K, +Q,*T. (2.12)

In this equation, K, is total solute clearance, K, is
diffusive clearance under conditions of no net
ultrafiltration, and the final term is the convective
component of clearance. The latter term is a func-
tion of the ultrafiltration rate (Q,) and an experi-
mentally derived transmittance coefficient (T),
such that:

T.=S(1-K, /Qy) (2.13)

where S is solute sieving coefficient. Thus, T_for
a particular solute is dependent on the efficiency
of diffusive removal. At very low values of K /
Q,, diffusion has a very small impact on blood
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compartment concentrations and the convective
component of clearance closely approximates the
quantity S*Q.. However, with increasing effi-
ciency of diffusive removal (i.e., increasing K/
Q,), blood compartment concentrations are sig-
nificantly influenced. The result is a decrease in
T and, consequently, in the convective contribu-
tion 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 certain
time. This assumption is incorrect for two reasons.
First, in both the erythron and plasma components
of blood, a certain volume is comprised of solids
(proteins or lipids) rather than water. Second, for
solutes like creatinine and phosphate which are
distributed in both the erythron and plasma water,
slow mass transfer from the intracellular space to
the plasma space (relative to mass transfer across
the dialyzer) results in relative sequestration (com-
partmentalization) in the former compartment [61—
63]. This reduces the effective volume of distribution
from which these solutes can be cleared in the dia-
lyzer. As such, whole-blood dialyzer clearances
derived by using plasma water concentrations in
conjunction with blood flow rates, a common prac-
tice in dialyzer evaluations, results 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 [64]:

Qg =0.93%Q, [1—Het + K(1—e™*)Het] (2.14)

where Q. 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 sol-
ute, o is the transcellular rate constant (units:
time™), 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. [65].



30

(The factor 0.93 in Equation 2.14 corrects for the
volume of plasma occupied by plasma proteins
and lipids.) Finally, K, can be calculated by
substituting Q. for Q, in Equation 2.11.

Although the distribution volume of many
uremic solutes approximates total body water, it is
much more limited for other toxins, particularly
those of larger MW. For example, the distribution
space of B2M and many other LMW proteins is
the extracellular volume. Consequently, when
using Equation 2.14 to determine 32M clearance,
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 pro-
vide useful information to the clinician, they
overestimate actual dialyzer performance that
can be achieved clinically (under the same con-
ditions). This overestimation is related to the
inability of aqueous-based experiments to cap-
ture the effects of red blood cells (see above) and
plasma proteins (see below) on solute mass
transfer.

Dialysate-Side Clearance

As indicated in Eq. 2.10, solute clearance is the
ratio of mass removal rate to blood concentra-
tion. Although blood-side measurements are typ-
ically used to determine solute mass removal
rate, clearance can also be estimated from
dialysate-side measurements:

K, =Q,, *C,, /C

o Bi

(2.15)

In this equation, dialysate-side solute clearance
(K,) is determined by measuring the rate of mass
appearance in the effluent dialysate stream
(Qp,*C,,). Dialysate-side measurements provide
more accurate mass transfer information than do
blood-side determinations and are generally con-
sidered the “gold standard” dialyzer evaluation
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technique. Relative to dialysate-side values,
whole-blood clearances substantially overesti-
mate true dialyzer performance [64]. Blood water
clearances also moderately overestimate dialyzer
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. Compartmen-
talization 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 seques-
tration of solute occurs in the remaining volume of
distribution. Solute compartmentalization involves
an interplay between dialyzer solute clearance and
patient/solute parameters, such as compartment
volumes and intercompartment mass transfer
resistances [66]. 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 overall 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 [67]. Whole-body clearance methodolo-
gies employ blood samples obtained before and
after the HD treatment. An example of a widely
used whole-body clearance approach is the sec-
ond-generation Daugirdas equation [68]. In this
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approach, a logarithmic relationship between
delivered urea Kt/V and the extent of the intradia-
lytic 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-compartmen-
tal. The second important consideration, incorpo-
ration of the effects of post-HD rebound, is
closely tied to multi-compartment kinetics [66].

Quantification of Solute Removal
by Disparate Therapies

Peak Concentration Hypothesis

Keshaviah and Nolph reasoned that issues related
to small solute removal and azotemia control
could explain the similar clinical outcomes
reported for patients treated with chronic HD
and CAPD. Consequently, they offered the peak
concentration hypothesis [69], which suggests
the success of CAPD is related to its steady,
continuous nature as opposed to the “peak and
trough” phenomenon associated with intermit-
tent HD. Specifically, borrowing from clinical
knowledge gained in therapeutic drug monitor-
ing, they proposed that uremic toxicity is more
related to peak solute concentrations than to

SRI = [(BUN, -V, —-BUN,

-V, =G-t)/BUN, -V, ]-100%
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time-averaged solute concentrations. Thus, the
appropriate comparison is the peak BUN in inter-
mittent HD and the steady-state BUN in CAPD.
Based on this comparison, a urea Kt/V of 1.0
delivered per treatment in thrice-weekly HD (3.0
per week) is equivalent to a weekly urea Kt/V of
1.7-1.8 in CAPD. At the time this hypothesis
was formulated, these values were generally
considered to represent adequate therapy for
both HD [70] and CAPD [71]. Of note, a funda-
mental assumption in the peak concentration
hypothesis is that delivery of an equivalent urea
Kt/V in CAPD and HD results necessarily in
equivalent steady-state and time-averaged BUN
values, respectively. However, subsequent kinetic
analyses [66, 72] have challenged this assump-
tion (see below).

Solute Removal Index (SRI)

Recognizing the difficulties inherent to clear-
ance-based measurements of dialysis dose,
Keshaviah and Star proposed the SRI as an alter-
native [73]. Specifically, this parameter was
introduced to avoid the need to use scaling fac-
tors when comparing intermittent and continuous
therapies. Qualitatively, SRI is the ratio of net
solute removal to pre-dialysis body content of
solute and is expressed quantitatively as:

(2.16)

In this equation, the subscripts “i” and “f”
denote pre-dialysis and post-dialysis, respectively.
Proponents of the SRI point to several attributes
that make it a simpler and more accurate measure-
ment of dialysis dose than other quantification
techniques. First, absolute urea removal is depen-
dent on accurate measurement of V, which is not
provided by many of the two-BUN methodolo-
gies, such as URR and the Daugirdas equation
[68]. Second, absolute urea removal is influenced
by the pre-dialysis BUN while the SRI is not.
Finally, double-pool effects, access recirculation,

and cardiopulmonary recirculation do not affect
SRI determinations but may adversely impact the
accuracy of other methods [74, 75].

Equivalent Renal Clearance (EKR)

In developing the equivalent renal clearance
(EKR) concept, Casino and Lopez recognized the
difficulty of incorporating solute clearance pro-
vided continuously by residual renal function
(RRF) into that provided by intermittent HD [76].
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These investigators defined EKR as the ratio of net
solute generation to time-averaged solute concen-

EKR (mL/min)=G(mg/min)/C(mg/mL)
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tration (for an intermittent therapy) or steady-state
solute concentration (for a continuous therapy):

(2.17)

In essence, this parameter is a time-averaged,
continuous-equivalent product of clearance and
time (i.e., K*t) that accounts for the differing
relationship between clearance and actual solute
removal among different therapies. For the pur-
pose of standardization, Casino and Lopez sug-
gested that EKR be normalized to urea volume
and then multiplied by a “standard” urea volume
of 40 L to obtain a corrected EKR (EKR ):

EKR, = (EKR/V)*40 (2.18)
Based on this approach, EKR_ curves as a func-
tion of number of HD treatments per week,
single-pool Kt/V per treatment, and residual urea
clearance were generated. For an anephric patient
dialyzed thrice weekly, EKR_ values of 11 mL/
min (corresponding to a single-pool Kt/V of 1.0
per treatment) and 9 mL/min (corresponding to a
single-pool Kt/V of approximately 0.72) were
considered adequate and inadequate therapy,
respectively.

Standard Urea Clearance

Gotch also proposed a model designed to mea-
sure and compare dialysis doses provided by any
combination of intermittent and continuous dial-
ysis therapy. The model employs urea as a generic
LMW uremic toxin and a normal renal clearance
reference standard. Based on an average urine
flow rate of 1.5 mL/min and a glomerular filtra-
tion rate of 100 mL/min, a “normal” urea clear-
ance is 45 mL/min [7, 77]. Gotch suggested that
this value be used as a renal function standard
(“reference”) to which dialysis dose in various
forms of RRT could be referenced. The above
reference urea clearance, normalized to a body
water (urea distribution volume) of 35 L, equates
to a Kt/V of 12.96 on a weekly basis.

In the standard Kt/V model, urea clearance
provided by an intermittent RRT is converted to
a continuous-equivalent clearance, which can
then be added to any clearance provided con-
tinuously (i.e., from RRF or a continuous PD
modality). Specifically, the model determines a
continuous-equivalent clearance for an intermit-
tent therapy that results in a steady-state BUN
equivalent to the pre-dialysis BUN for that inter-
mittent regimen (assuming a symmetric inter-
mittent schedule). As such, the foundation of the
model is very similar to that of the peak concen-
tration hypothesis. In the model development,
pre-dialysis BUN for an intermittent therapy is
expressed as a function of several parameters,
including single-pool and equilibrated Kt/V val-
ues per treatment, urea volume, treatment dura-
tion (t), and any continuous urea clearance
present. Equilibrated Kt/V is derived from the
rate of dialysis, K/V, which in turn is derived by
dividing the single-pool Kt/V by t [74]. Standard
(i.e., continuous-equivalent) Kt/V is then deter-
mined from pre-HD BUN (as derived above),
normalized PCR, and urea volume. As discussed
in greater detail by Gotch [78, 79], this analysis
permits quantitative comparison of HD regi-
mens of varying duration and frequency to
CAPD, with inclusion of the contribution made
by RRF.
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Introduction

The use of chronic dialysis to sustain the lives of
children with end-stage renal disease (ESRD) has
been available in developed countries for more
than 30 years [1, 2]. During the past few decades,
advances in technology have made long-term
dialysis a viable treatment option for pediatric
ESRD patients of all ages, from newborns to ado-
lescents [3]. While a successful kidney transplant
remains the treatment of choice for all pediatric
ESRD 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].
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The pediatric dialysis population is remarkably
heterogeneous in many ways, as will be described
in this chapter. Pediatric dialysis centers must be
prepared to provide renal replacement therapy to
patients whose size alone may differ by more than
2000%. Unlike adult dialysis populations in which
the primary kidney disease diagnoses tend to clus-
ter within a narrow range of etiologies, pediatric
dialysis populations display a variety of different
primary kidney disorders, 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,
primary 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 sev-
eral large ESRD patient registries and a few
recently published reviews [5, 7-24]. Our objec-
tive is not to attempt a precise accounting of these
data, nor is it to systematically compare findings
from one pediatric ESRD registry to another.
While the methodology required for such rigorous
cross-registry analyses exists, it would require
access to data elements beyond the summaries
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published in available registry reports. Rather, we
have attempted to use and interpret available infor-
mation to provide a snapshot of pediatric chronic
dialysis as it has been practiced around the world
during the first decade 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 char-
acterize pediatric dialysis patient demographics
when compared to adult patients were first under-
stood as a result of the pioneering efforts of the
EDTA, which published an annual report con-
taining pediatric summary data from a group of
European countries for more than 15 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 ESRD patient registries,
some of which have focused on pediatric issues.
From its new coordinating center at The
University of Amsterdam, the EDTA resumed
publication of an annual report in 1998. The
ERA-EDTA 2007 Report, available on the
Internet at http://www.era-edta-reg.org/index.jsp,
contains summary data from 28 European coun-
tries on patients of all ages in which information
on children is largely reported in aggregate for
the age group 0-19 years. More complete and
age-specific pediatric data from a subset of 11
EDTA countries are also provided [25].

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 renal treatment centers in the
United States, Canada, Mexico, and Costa Rica.
Founded in 1987 to study renal transplantation,
the NAPRTCS expanded in 1992 to include
children receiving dialysis in participating
NAPRTCS transplant centers. Details of the orga-
nizational structure and study methods used by
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the NAPRTCS have been published elsewhere
[26].Itis important to point out that the 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 2008 Annual
Data Report [5].

The United States Renal Data System (USRDS):
The USRDS provides a different perspective on
pediatric dialysis in the United States from that
seen in the NAPRTCS. The USRDS pediatric
data are compiled from reports submitted to the
US government health-care funding agency on
all dialysis patients eligible for government sup-
port, which includes almost all pediatric patients.
Thus, while the NAPRTCS contains pediatric
data compiled only in specialized pediatric renal
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 pedi-
atric reports only if they initiated dialysis prior to
their 19th birthday. The 2009 USRDS Annual
Data Report is available on the Internet at http://
www.usrds.org/adr.htm. [10].

The Japanese National Registry (JNR): In 2002,
Hattori and associates reported the results of a
nationwide survey of over 3,300 Japanese physi-
cians who were members of national professional
societies devoted to ESRD patient care or who
were from pediatric departments in medical schools
or colleges where children received renal replace-
ment therapy [27]. The survey requested data on
all children with ESRD who had not reached their
20th birthday by January 1, 1998, and repre-
sented the initial report from what was intended
to become a national ESRD registry in Japan.
A follow-up report has not yet been published.

Italian Registry of Pediatric Chronic Peritoneal
Dialysis: This registry, which published its data
in early 2004, has collected information from all
hemodialysis (HD) and peritoneal dialysis (PD)
patients less than 15 years of age who initiated
renal replacement therapy between 1989 and
2000 [16]. The patients originated from all 23
active pediatric dialysis units in Italy and from
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eight adult centers treating pediatric patients. The
patients are followed until age 19 years.

Individual National Registries Accessible via
Internet: Data compiled by national ESRD patient
registries in several individual countries (including
the NAPRTCS and USRDS) are available online.
A convenient link to each of these individual
reports has been provided by the ERA-EDTA at
www.era-edta-reg.org/links.jsp. Of the 22 differ-
ent countries covered by individual websites,
only 12 countries provide reports in English
(Australia/New Zealand, Brazil, Canada, Denmark,
Finland, Italy, Norway, Scotland, Turkey, the
United Kingdom, and the United States). Of these,
Australia/New Zealand, Turkey, the United
Kingdom, the USRDS, and the NAPRTCS contain
specific pediatric data reports and analyses.

International  Pediatric  Peritoneal Dialysis
Network (IPPN): The IPPN is a global consor-
tium of pediatric nephrology centers dedicated to
the care of children on chronic PD. As of May
2010, 114 institutions from 42 countries partici-
pated in the network, and greater than 1,250
patients have been enrolled in the registry.
Participating centers have access to a wide array
of general, PD, clinical, laboratory, and medica-
tion statistics, and are able to compare their cen-
ter’s statistics to the international consortium.
Additional information about the IPPN can be
found at www.pedpd.org/index.php.

Incidence

ESRD is not a common pediatric disorder. The
incidence of treated ESRD in children is only a
small fraction of that seen in adults, as shown in
Fig. 3.1 from the USRDS 2009 Annual Data
Report. Note that the pediatric (age 0—19 years)
ESRD incidence rates per million population,
adjusted for age (i.e., adjusted to show incidence
per million population of the same age) are much
lower than all adult incidence rates and have
remained essentially unchanged for more than
two decades. Specifically, the incidence of ESRD
in patients 0—19 years of age (adjusted for gender
and race) was determined to be 15.1 per million
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Fig. 3.1 Incident counts and adjusted rates, by age and
year of analysis (Source: USRDS 2009 Annual Data
Report) [10]

population per year in 2007, with a range of
14.6-15.2 per million population since 1990
(Fig. 3.1).

Differences in age conventions, referral prac-
tice, and the economic conditions within each
country make direct comparisons of incidence
data in different countries difficult. Nevertheless,
the most recently reported incidence data for chil-
dren aged 0-19 years ranged from less than two
per million population in French-speaking
Belgium to almost 24 per million in Iceland. In
the majority of countries with reported data, the
incidence of ESRD ranged from 7 to 15 per mil-
lion population (Fig. 3.2). A recent study from
Vietnam reported on the hospitalizations from
2001 through 2005 for children less than 19 years
of age with chronic renal failure in Ho Chi Minh
City, where all pediatric nephrologic care occurs
for Southern Vietnam. Among the 310 patients
examined, 85% already had ESRD, and 53 were
from Ho Chi Minh City. Given that the mean pop-
ulation of Ho Chi Minh City younger than 19 years
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Fig. 3.2 Incidence of ESRD in 2005 per million popula-
tion in children 0-19 years of age (Source: Reprinted with
permission from the USRDS 2007 Annual Data Report,
p. 348) [28]

is 2,200,845, a rough estimate of the incidence of
ESRD in this population is 4.1 per million [20].

The USRDS registry has also provided inci-
dence data, including preemptive transplantation,
by age group within the pediatric population, as
well as by race, gender, and primary diagnosis.
The adjusted (for gender and race) pediatric
ESRD rates for age are greatest in patients 15-19
years of age (27.3 per million population), with
rates of 14.6 per million, 5.9 per million, and 10.4
per million population in the 10-14 year, 5-9
year, and 0—4 year age groups, respectively. There
has been little change in this data over the past 20
years. The data generated from 2007 represent a
total of only 1,304 patients <20 years of age. This
is a slight increase from the total number of inci-
dent patients in 1990 (1,087 patients) and 1980
(756 patients) when the incidence rates were 14.4
per million population and 9.3 per million popu-
lation, respectively (Fig. 3.1). Of the 1,304 pedi-
atric patients with incident ESRD in 2007, 1,096
were on dialysis and 208 received preemptive
transplantation [10].

The ESRD incidence rates are lowest in the
White population of children, as is the case in
adults. Based on data generated between 2005
and 2007, adjusted for gender, the incidence was
13 per million population in White patients <20
years of age compared to rates of 25, 22, and 21
per million for Native Americans, African
Americans, and Asians, respectively. At the same
time, the rates in males and females were 16 and
13 per million population, respectively [10]. It is
noteworthy that the incidence of ESRD second-
ary to hypertension over the 4 year period from
1999 to 2002 in the United States was 2.3 per
million population in African American children
and only 0.3 per million population in White chil-
dren. Similarly, the incidence of ESRD over the
same time period secondary to glomerulonephri-
tis was 8.1 per million population in African
American children versus 5.4, 4.2, and 3.0 per
million population for Native Americans, Asians,
and Whites, respectively [29]. Finally, the 2009
USRDS Annual Data Reports highlights that
since 2000, the rate of new pediatric ESRD cases
caused by glomerulonephritis, adjusted for age,
gender, and race, has fallen 12% (3.3 million per
population) and the rate secondary to cystic/
hereditary and congenital disease has risen by
almost 16% (5.0 per million population) [10].

Prevalence

The prevalence of treated ESRD in children has
shown a steady increase in recent years, although
the rates of increase have been lower than what has
been experienced in adults. In the United States
between 1990 and 2007, prevalent pediatric ESRD
patients increased only 36% compared to a 154%
increase seen in patients 6574 years of age [10].
In 2007, the adjusted prevalence rate, including
children on dialysis or with a functioning trans-
plant, was 84.5 per million population, compared
to rates of 75.9 per million population in 1990 and
29.6 per million population in 1980. The 2007 data
is representative of a total of 7,596 patients aged
0-19 years. Of these, 2,200 were on dialysis and
5,396 had a functioning transplant. As expected,
the prevalence rate from data generated from
2005 to 2007 was greater in African Americans
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86, and 175 per million population for the 04,
5-9, 10-14, and 15-19 age groups, respectively.
Recently reported pediatric ESRD prevalence
rates from other countries have been widely vari-
able, although differences in the reported age
range make direct comparisons between countries
difficult. For example, a prevalence of 55.0 per
million population, adjusted, was seen in the
United Kingdom in children aged 0-15 years,
whereas a prevalence of 110 per million was seen
in Finland in children aged 0-19 years [8, 9].
Similar to trends observed in the United States,
the most recent prevalence rate from the United
Kingdom of 55 per million is substantially greater
than the rate of 39 per million reported in 1992
(Fig. 3.3). In the United Kingdom, compared to
White children, a higher prevalence rate among
non-White children was observed in 2008
(Fig. 3.4). A study of Dutch children less than 16
years of age revealed a prevalence of 38.7 per mil-
lion population in 2001 [23]. The 2006
ERA-EDTA Registry presented prevalence data
collected from throughout Europe. The annual
report, compiling pediatric data from Austria,
Denmark, Finland, Greece, Iceland, Norway,
Romania, Spain, Sweden, The Netherlands, and
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Fig. 3.4 Incidence and prevalence of renal replacement
therapy in children less than 16 years of age in the United
Kingdom, by ethnicity (Source: Reprinted with permis-
sion from the Eleventh Annual Report (2008) of the UK
Renal Registry, p. 25) [9]

the United Kingdom/Scotland, showed an overall
prevalence of 55 per million age-related popula-
tion (0—19 year age group) [30]. In Jordan, as of
2005, the prevalence of ESRD was estimated to
be 14.5 per million population (ages 0—13 years)
[19]. Finland, Italy, and the United States have the
largest pediatric ESRD populations (Fig. 3.5).
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Primary Renal Disease Diagnosis

Data from Chile, India, Italy, Japan, Kuwait,
Nigeria, and the NAPRTCS (United States,
Canada, Mexico, Costa Rica) on selected primary
renal diagnoses are summarized in Table 3.1 [5,
13-17, 27]. Data from Chile, India, and Nigeria
represent children with advanced chronic kidney
disease and ESRD. The Kuwaiti, Italian, and
NAPRTCS data describe the primary renal disor-
ders of prevalent dialysis patients, whereas the
data from Japan are from all ESRD patients. The
Indian, Kuwaiti, and Nigerian data were obtained
from a single center in each country, although in
Kuwait at least, the center provides 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 renal 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.

The distribution of primary renal diagnoses is
also different depending on the age at time of
ESRD (or ERF) presentation, as shown in Fig. 3.6
from the United Kingdom’s Renal Registry [31].
The predominance 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 dis-
eases. It is interesting to note that ESRD due to
reflux nephropathy presents at all ages (Fig. 3.6).

Age of Pediatric Dialysis Population

ESRD and the provision of dialysis occurs across
the pediatric age range, but all registries reveal a
direct correlation between age and percentage of
the total dialysis population. Table 3.2 shows the
ages of children who received dialysis treatment
for ESRD in Japan (1998), the United Kingdom
(2008), and the United States (2007) [9, 10, 27].
Figure 3.7 demonstrates the prevalence of renal
replacement therapy (including preemptive
kidney transplantation) in children by age group
and time period, compiled from 12 European
registries [22].

Choice of Dialysis Modality

Following the introduction of continuous PD tech-
niques adapted to the needs of pediatric patients
more than 25 years ago, PD quickly gained popu-
larity among pediatric dialysis programs around
the world. However, HD is also commonly used.
USRDS data on percent distribution of incident
patients (<20 years of age) by initial treatment
modality in 2007 reveals that 50.6% (656 patients)
received HD, 33.4% (433 patients) PD, and 16.0%
(208) transplant [10]. Of the PD patients, only
10.9% were receiving continuous ambulatory
peritoneal dialysis (CAPD). A compilation of 12
European pediatric ESRD registries shows almost
identical statistics for the choice of renal replace-
ment therapy among incident patients between
1995 and 2000: 48% received HD, 34% PD,



3 The Demographics of Dialysis in Children 43

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

United
Diagnosis Chile India Italy Japan Kuwait Nigeria States
Aplasia/dysplasia’hypoplasia 20.7 4.9 23.8 28.9 18.7 - 14.0
Glomerulonephritis/FSGS 16.3 27.5 19.7 27.1 6.3 533 24.7
Obstructive uropathy/neurogenic bladder 22.0 36.3 13.8 1.7 16.6 28.9 12.9
Congenital nephrotic syndrome 0.004 - - 5.8 4.2 - 2.6
Polycystic kidney disease 7.5 - 22 2.5 8.3 - 2.9
Hemolytic uremic syndrome 7.5 1.6 5.2 22 2.1 4.4 3.0
Nephronophthisis 1.8 - 9.0 4.0 2.1 - 2.1
Reflux nephropathy 16.7 16.7 5.9 52 16.6 - 3.5
Percentage of each age cohort
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Fig.3.6 Distribution of pediatric patients in the United Kingdom by diagnostic group and age at presentation of ESRD
(Source: Reprinted with permission from the 2002 Report of the United Kingdom Renal Registry, p. 265) [31]

Table 3.2 Percent of prevalent pediatric dialysis patients by age group

Age group Japan United Kingdom United States
(years) N % N % N %

0-4 24 7 90 11 284 13
5-9 46 13 148 17 192 9
10-14 109 32 298 35 452 20
15-19 166 48 315 37 1,272 58

Total 345 100 851 100 2,200 100
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Fig. 3.8 First treatment modality among incident pediatric patients, by country, per million age-related population, for
period 1980-2000 (Source: Reprinted with permission from van der Heijden/Pediatric Nephrology) [22]

and 18% received preemptive transplantation.
Differences existed by registry, but HD tended to
predominate, with the exception of some
Scandinavian countries (Fig. 3.8) [22].

Recent data on modality choice in prevalent
patients are summarized for three areas of the
world in Table 3.3 [9, 10, 27]. United States’ data
are from the USRDS. Note that the majority of
pediatric ESRD patients are being maintained

with kidney transplants in the United States and
the United Kingdom, but not in Japan. However,
it should be noted that data from Japan is from
1998, and data from the United States and United
Kingdom are from 2007 and 2008, respectively.
The modality choices of pediatric ESRD patients
in the United States and United Kingdom have
remained stable over the past several years. The
proportion of ESRD patients with a functioning
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kidney transplant in the United States is also the
highest in children when compared to all US age
groups. The USRDS data represent 5,396 trans-
plant recipients, 1,263 patients on HD, and 877
patients on PD (and 60 patients with unclear dial-
ysis modality). Of the patients on HD, 1.4% were
receiving it at home.

Modality choice for two pediatric age groups
is shown in Table 3.4. PD predominates in the

Table 3.3 Modality choice as percent of total prevalent
pediatric ESRD patients

United United

Modality Kingdom Japan States
Hemodialysis 10.9 17.4 16.6
Peritoneal dialysis 14.5 41.6 11.5
APD 12.4 104
CAPD 2.1 1.1
Transplant 74.3 40.7 71.0

Table 3.4 Modality choice for two pediatric age groups
as percent of prevalent dialysis patients by age group

youngest dialysis patients across both registries,
but the use of HD is more common in the United
States versus Japan. Differences in renal replace-
ment therapy by age were also observed in the
United Kingdom in 2008 (Fig. 3.9).

Mortality Risk

Patient survival curves for a cohort of 2,867
North American pediatric dialysis patients are
shown in Fig. 3.10. Data collection was initiated
in 1992 [5]. Patient survival varies significantly
by age, with the youngest patients having the
lowest survival estimates.

The USRDS report has also revealed that the
5-year survival probability for children initiating
dialysis therapy between 1998 and 2002 was low-
est in the youngest patients, at 0.73 and 0.76 in
HD and PD patients aged 0-9 years, respectively,
compared to 0.82 and 0.85 in HD and PD patients
aged 10 and older, respectively (Fig. 3.11) [10].
Little change in the probability of survival

Modality Japan United States ] ]
Age 04 years between 199.3—1997 and 1998-2002 is also evi-
Peritoneal dialysis 9 75 dent. The adjusted annual death rate for the US
Hemodialysis 4 25 pediatric dialysis population based on 2007 data
Age 10-20 years is reported to be 52.9 deaths per 1,000 patient
Peritoneal dialysis 51 33 years at risk. USRDS data also reveals that
Hemodialysis 49 67 remarkably, the expected remaining lifetime in
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low-up (Source: Reprinted by permission from NAPRTCS
2008 Annual Report, Section 8-17) [5]

years of the prevalent pediatric dialysis popula-
tion is exceedingly poor, especially when com-
pared to the data of the general US population
and prevalent transplant recipients (Fig. 3.12).

The most common causes of death (mortality
rate per 1,000 patient years of risk) among preva-
lent pediatric dialysis patients listed in the
USRDS include cardiac arrest (8.3), septicemia
(3.3), cerebrovascular disease (1.5), withdrawal
from dialysis (1.4), other infection (1.2), and
acute myocardial infarction (1.1). Cardiac and
infectious causes of death also predominated in
European children with ESRD (Fig. 3.13) [22].

Fortunately, most children in the United States
terminate a course of dialysis due to transplanta-
tion, not death (Table 3.5). Complications associ-
ated with a dialysis modality, and patient/family
choice, lead to a switch in modality for almost
20% of pediatric dialysis patients.

Survival data for children on dialysis exists
from many areas of the world. Figure 3.14 exam-
ines the survival of children on HD and PD
treated in 23 dialysis centers participating in the
Italian Registry of Pediatric Chronic Peritoneal
Dialysis during the years 1989-2000 [16].
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Figure 3.15 shows the survival of 59 chronic PD
patients in Uruguay during the years 1983—-2004.
In Uruguay, one pediatric dialysis unit covers vir-
tually the entire population, and access to renal
replacement therapies is provided free of charge
[24]. Chronic PD was first prescribed to children
in Turkey in 1989. Twelve centers contributed
data to a survey regarding PD care from 1989
to 2002 to the Turkish Pediatric Peritoneal
Dialysis (TUPEPD) Study Group (Fig. 3.16)
[18]. A 5-year survival range of 69-91% for pedi-
atric patients receiving dialysis is observed in
these studies, but differences in study design and
data collection must be acknowledged.

Conclusion

We have briefly reviewed the most current demo-
graphic data available to describe pediatric dialy-
sis patients treated around the world. Similarities
and differences among patient populations have
been described. It must be stressed that compari-
sons between patient groups can at best be con-
sidered qualitative. Rigorous analysis of data
summaries reported by different registries 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 comparison efforts, unless
the approach to pediatric ESRD patient data
reporting and analysis is standardized.

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 ESRD and dialysis
population small in the context of the global
ESRD patient number, it is hoped that collabora-
tive efforts among national registries will be
encouraged and will in turn result in improved
patient outcomes.
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(Source: Reprinted with permission from van der Heijden/Pediatric Nephrology) [22]

Table 3.5 Reasons for termination of dialysis course and changing of dialysis modality in pediatric
US ESRD patients since 1992

All index courses All courses
N % N %
Terminated dialysis courses 4,407 100.0 5,612 100.0
Reason for termination
Patient transplanted 3,028 68.7 3,689 65.7
Change of modality 819 18.6 1,194 21.3
Death 112 2.5 149 2.7
Kidney function returned 131 3.0 142 25
Other/unknown 317 7.2 438 7.8
Courses changing modality 819 100.0 1,194 100.0
Reason for modality change
Excessive infection 251 30.6 336 28.1
Patient/family choice 167 20.4 275 23.0
Access failure 84 10.3 123 10.3
Inadequate ultrafiltration 45 5.5 62 5.2
Inadequate solute clearance 20 2.4 28 2.3
Excessive hospitalization (dialysis-related) 15 1.8 23 1.9
Other (medical) 108 13.1 171 14.4
Other (nonmedical) 32 3.9 39 3.3
Unknown 97 11.8 137 11.5

Source: Reprinted with permission from NAPRTCS 2008 Annual Report, Section 9-5
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Introduction

The organization and management of pediatric
dialysis facilities has undergone many changes
over the past decade. We continue to be in a rap-
idly changing environment with continual tech-
nological and treatment advancements. At the
same time, we are experiencing new challenges
with staffing shortages and government/econom-
ical restraints. Despite our rapidly changing envi-
ronment, the goal of meeting patient and family
needs and promoting the quality of care neces-
sary to maintain optimal patient outcomes
remains unchallenged and universal. The devel-
opment of a dialysis facility program must be
carefully planned and organized to meet this goal.
Essential program elements discussed in this
chapter include facility culture and organization,
physical design, materials management, and
facility operations, which includes staffing
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concerns, patient care services, transition, and
quality improvement.

Facility Culture and Organization

The operations of a dialysis facility are diverse
and complex. A caring organizational culture and
an innovative management philosophy related to
personnel, material management, and informa-
tion organization is necessary to foster the care
and services that we provide today [1, 2]. Every
organization has its own unique culture. The cul-
ture is, in turn, derived from the group’s shared
philosophical beliefs and values. Values direct
our actions and convey what we feel is commit-
ment to the organization. Historically, the work-
place was viewed as an environment dedicated
solely for work. Today we know that people are
happier and more productive if they can also
bring their souls to work, and the workplace is
seen as a place where they can grow spiritually
and emotionally as well as intellectually [3].
Therefore, it is important that we create a caring,
open, and positive culture. Administration must
not only support these values, but they must also
exhibit, encourage, and enforce them. The simple
value of treating all persons with respect and
dignity is the basis for caring behaviors. This
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Table 4.1 CMS facility requirements for ESRD coverage

Governing standards/conditions

Appropriate state and local licensure

Participation with ESRD networks

Governing body and appropriate affiliation agreements
Responsibilities of the medical director

Appropriate personnel policies, job descriptions, and emergency coverage

Compliance with other regulatory agencies
Personnel qualifications and competencies

Medical director: board certified in internal medicine or pediatrics, completed training program in nephrology, and

has 12 months experience providing care to dialysis patients

Nurse manager: full-time registered nurse with 12 months experience in patient care and 6 months experience in dialysis
Self-care and/or home dialysis training nurse: RN with 12 months experience in patient care and 3 months dialysis

experience

Technician: complete a training program specific for patient care and/or water treatment and be certified by either a

state or national certification program

Dietician: be registered with the Commission on Dietetic registration and have 12 months experience in clinical nutrition
Social worker: Master’s degree with specialization in clinical practice. Twenty-four months experience with 12
months experience in dialysis or transplant or who has a consultative relationship with a social worker who qualifies

Patient care issues

Patient informed of services and medical condition
Patient involved in planning for his own care

Care provided by interdisciplinary team

Receives emergency preparedness training

Rights, responsibilities, and grievance procedure addressed

Medical records present an adequate picture of care
Adequate staffing provided to meet patient needs
Infection control

Standard/universal precautions practiced

Surveillance for infections and other adverse events
Appropriate monitoring for water treatment
Serological testing and vaccination for hepatitis B virus

Data collected to reflect performance regarding quality of care delivered and compliance with requirements
Home dialysis services are at least equivalent to those provided to in-center patients

Environment
Adequate space for safety of treatment

Appropriate toxic/hazardous material procedures and precautions

Procedures and staff preparedness for emergencies

approach not only fosters creativity and innovative
ideas, but also allows for failures. Caring cul-
tures encourage flexibility and support new ideas
and change. This type of organizational culture
is necessary to support and provide positive
outcomes and satisfaction from patients and
staff [1, 3].

Standards provide the foundation for all activ-
ities within the facility. They describe the phi-
losophy and purpose of the facility, and define
the services provided. In the United States,
governing standards for each facility include the
“Conditions of Coverage” as mandated by the

Centers for Medicare and Medicaid Services
(CMS), facility specific structure standards, and
facility specific policies and procedures. The CMS
requirements for end-stage renal disease (ESRD)
coverage are quite detailed. Specific categories
addressed are summarized in Table 4.1 [4].
Structure standards are the specific guidelines
for each facility. Simply stated, they are the what,
where, when, why, and who questions about the
facility and the services that it provides. These
provide more specific direction to the staff. As
mentioned previously, standards should promote
a positive approach to providing health care
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Table 4.2 Components of facility structure standards
Facility description and purpose

Goals and objectives

Hours of operations

Fatient care criteria

Admission, transfer, discharge criteria
Care plans

Home treatments and training guidelines
Guidelines for medical follow-up
Guidelines for habilitation/rehabilitation and transition
Utilization of staff

Responsibilities of staff
Orientation/competencies

Levels/skill mix

Staffing plans and call policies

Governing rules of the unit
Safety/disaster/emergency procedures
Infection control guidelines
Confidentiality/patient rights
Supplies/equipment/medication guidelines
Visitors policy

Methods of unit communication
Interfacility communication

Staff/family communication

services. For these to be useful, they must be
concise and specific. In addition, they must also
promote patient and staff collaboration while
emphasizing mutual respect for all parties.
Common issues that are included in facility stan-
dards are summarized in Table 4.2.

The American Nephrology Nurses Association
(ANNA) has also developed Standards of Clinical
Practice which provide guidelines to promote
excellence in patient care [5]. These standards out-
line five basic care goals which should be incorpo-
rated into our basic care practice. Incorporating
these care goals into policies and procedures
would assure that the patient and family:

* Are knowledgeable about their disease and
treatment

* Receive safe and effective care

* Are free of preventable complications

* Participate as much as possible in their own care

e Attain maximal habilitation/rehabilitation

While the governing and facility structure
standards are important, specific procedures must
also be developed to direct clinical practice. This
can be accomplished through several formats.

Treatment procedures outline step-by-step
instructions necessary to complete a task. Critical
pathways or algorithms dictate the course of
action to take in response to specific clinical situ-
ations. Both procedures and critical pathways
promote the caregiver’s ability to provide effec-
tive, efficient, and safe care. There are available
materials that will assist with this endeavor. The
National Kidney Foundations sponsors a collab-
orative project known as the Kidney Dialysis
Outcomes Quality Initiative (KDOQI). After an
extensive literature review, this initiative has
resulted in the development of guidelines related
to the care of the chronic kidney disease (CKD)
and ESRD populations that are based on scien-
tific evidence and clinical expertise. The guide-
lines are quite comprehensive and address specific
issues related to dialysis treatment adequacy,
access management, anemia, bone care, and
nutritional management. With these guidelines
serving as background material, specific proce-
dures or protocols can be developed.

Physical Design

The basic components of a dialysis unit are estab-
lished through fairly standardized codes of con-
struction and CMS recommendations. The facility
must meet appropriate codes and standards for
safety and infection control. Equally as important,
the physical design of the facility must allow for
space that will meet current and future needs of
the facility. Flexibility and efficiency are two key
elements that will help accomplish this goal [6].
An effective facility design must meet the
needs of the staff, as well as the patient and fam-
ily. Therefore, it is important to design flow pat-
terns that work for everyone. Patients and families
must have easy access to the unit and should be
able to easily navigate through the unit. Floor
plans must be designed to ensure that all patients
can be visibly monitored with ease, and each
treatment area must be large enough to accom-
modate staff and equipment if emergencies should
occur. Equipment and supplies must be stored in
a fashion that facilitates easy access by the staff.
The nursing station must be large enough to allow
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for work space and use of computers so as not to
violate privacy laws and confidentiality. A sepa-
rate training room that is large enough to store
equipment, supplies, and training aids is also
essential. Special attention must be given to the
design of isolation rooms. There are many stig-
mas associated with isolation rooms. Even the
young patient understands that this area is differ-
ent from the other treatment stations. Therefore, it
is important that this room is as comfortable and
pleasing as possible. If the patient can control any
part of this environment, it is helpful. Installing
lighting devices or interactive activities that can
be changed and controlled by the patient is one
way to make this accommodation. Providing a
different décor in that room can also be helpful.

In pediatrics, there are additional environmen-
tal factors and considerations which must be
incorporated into the physical design. Play ther-
apy and music therapy have important roles. If
these services are available, adequate space
should be provided for these supplies and the
activities. Bright colors, pictures, and other deco-
rations are used to de-emphasize equipment and
create a comfortable, relaxed setting. While the
intent is to create a child-friendly environment,
the atmosphere should not become visually over-
whelming. It is also important to assure that the
décor is age appropriate for all patients. This is
challenging if the pediatric unit sees a wide age
range of patients. In addition to televisions and
computers, units might have exercise equipment,
library carts, or other equipment and appropriate
storage space, in an attempt to meet the needs of
all the patients. Younger patients enjoy arts and
crafts, and it is important that they be able to dis-
play their projects. Portable craft tables and rotat-
ing bulletin boards work well and can be adapted
for different age groups.

While the specific treatment areas need to be
esthetically pleasing, they must also be functional
for the staff and meet the needs of the patients.
Therefore, seating arrangements should be flexi-
ble enough to accommodate interactions, activi-
ties, and privacy as needed. Each treatment space
ideally needs comfortable seating for family or
visitors. Windows allow for diversion and help to
foster a welcoming environment. Patient surveys
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have indicated that dialysis patients would like
their treatment areas more “homey” and they want
distractions or activities that help occupy their
time. Simple things such as televisions, DVDs,
music or computers can significantly decrease the
boredom that arises during a treatment session,
however these do require space. To promote a
safe environment and reduce clutter, it is helpful
for patients to have their own lockers or at least a
space in which to keep their coats and personal
belongings. To meet these needs in the best pos-
sible manner, it is helpful to have input from staff,
patients, and family. Units that have gone through
this process can also provide helpful suggestions
and ideas to newly developed programs.

Materials Management

Materials management is a critical component of
a dialysis unit and the responsibilities associated
with it should not be taken lightly. At least one
staff member should be trained in all concepts
and procedures related to materials management.
This includes receiving, storage, inventory con-
trol, replenishment of supplies [7], purchasing,
and documentation requirements for each of
these functions. Because of the variety of ser-
vices provided and the wide range of patient age
and sizes, the pediatric dialysis unit must main-
tain a large variety of equipment and supplies.
Procuring these is often challenging since con-
tracts with multiple suppliers may be needed and
may prove costly. Delivery systems must be care-
fully selected to assure that they can accommo-
date small peritoneal exchange volumes or small
extracorporeal circuits. And due to low demand,
manufacturers frequently decrease production of
pediatric-specific supplies.

All measures should be taken to minimize unit
costs while maintaining treatment excellence.
Unit managers must frequently reevaluate and
analyze vendor contracts to maintain quality
products and services in a cost-effective manner.
Careful planning and tight control of inventory is
important to maintain cost-efficient care. This is
best accomplished with computerized inventory
control systems.
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Management of Facility Operations

The operations of a dialysis facility are complex
and challenging. Status quo, if it ever existed, is
now a thing of the past. It is of interest that while
dialysis care and services have become more
complex, resources and reimbursement have
become more restricted. As mentioned earlier,
innovative leadership which builds peer relation-
ships and strengthens a caring culture is neces-
sary to provide excellent services and optimum
patient outcomes. While physicians direct and
participate in these activities, it is the unit manag-
ers who are directly responsible for managing the
day-to-day operations of the facility. The chal-
lenges facing them are often monumental and to
be successful they must have the appropriate
education and training for this position.
Frequently, this role is filled by a nurse with
excellent nursing skills but little management
training, who has been promoted into the posi-
tion. Assuming this expanded role and responsi-
bilities without adequate education, resources, or
support is a setup for failure. To be successful
and to meet the goals of the facility, managers
must have a good foundation in management
practice and a supportive mentor so they can con-
tinuously develop leadership skills. A study given
to 300 American Organization of Nurse
Executives identified the skills necessary to
accomplish the duties of a manager. The most
important skills identified were effective commu-
nication and decision making. Additional skills
that ranked high included: effective staffing strat-
egies, performance evaluation, counseling, team-
building, delegating, conflict resolutions, change
process, and problem solving [7]. Results from a
Gallup Organization report indicated that the
single most important variable in employee pro-
ductivity and loyalty is the quality of the relation-
ship between employees and their direct manager
[8]. This was more significant than pay, other
perks, or the workplace environment.

The manager alone cannot meet the multifac-
eted goals of the unit. To maintain fiscal respon-
sibility and yet provide high-quality patient care,
it is necessary to have a multidisciplinary team

that works together in a collaborative fashion.
Maintaining a trained team is one of the biggest
challenges today. Accordingly, recruitment and
retention efforts are crucial.

Recruiting the appropriate staff is essential.
Due to the diversity of technical, interpersonal,
and critical thinking skills required in a pediatric
dialysis program, a candidate with prior pediatric,
critical care or dialysis experience is helpful. The
necessary skills and behaviors required to per-
form the job should be defined prior to or during
the interview process. Besides experience, it is
important that the new hire demonstrate traits
compatible with the facility culture. If not pres-
ent, dissatisfaction quickly occurs resulting in a
downward spiral and employee discord.
Behavioral questions should be used to help
define attributes of the candidate. Some facilities
also incorporate personality testing to determine
if the candidate’s attributes are complimentary to
the existing personnel. Advocating for your facil-
ity and describing why it is the best place to work
is one of the most effective recruiting tools. Entice
candidates with your performance records such as
patient outcomes, research activities or other fac-
tors that favorably describe your workplace.
Involving a variety of staff in the interviewing
process fosters a team environment and will pro-
vide a variety of input. And although money is not
the key factor, you must be at least competitive
with salaries and benefits when offering a new
position if recruiting efforts are to be successful.

Nursing shortages and staff turnover are major
issues in health care today. To maintain high stan-
dards of patient care with increasing financial
limitations, staff retention is a critical issue. Many
studies have been conducted to identify key fac-
tors that influence retention. One important factor
is orientation and career development. Staff mem-
bers want to be successful in their jobs and want
growth opportunities to be available. This begins
with a detailed orientation program. Management
must assure time and staffing is adequate for
appropriate orientation and training of newly
hired staff. A willing preceptor who is knowl-
edgeable in established skill competencies should
be assigned to each new employee. The goal of
the orientation program is a gradual progression
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of the new employee’s independence with a
designated preceptor guiding the progress toward
acquisition of knowledge and mastery of skills.
Orientation to the specialty can take from 6 weeks
to 3 months depending on the new employee’s
prior experience and learning opportunities. In
pediatrics, the occurrence of some clinical situa-
tions may be episodic and an employee may not
complete the competency checklist by the end of
orientation. Thus, simulated clinical experiences
may be created to supplement learning. When the
infrequently encountered clinical situation does
occur, an experienced staff member should assist
the novice to enhance skill development and
confidence.

An ongoing staff development and education
program must be developed based on the learn-
ing needs of the staff with a continual reassess-
ment of high-risk procedures [2]. Quality
improvement and quality assurance data can
identify areas which warrant further review or
education. Once a learning need is identified,
educational material and periodic skill competen-
cies can be developed to advance clinical knowl-
edge and expertise.

Beyond clinical skills, nurses want custom-
ized professional development support. Managers
can accommodate this by periodically reviewing
educational opportunities and encouraging career
advancement. Recognizing certifications, paying
professional dues, and offering continuing edu-
cation classes are additional ways to support
career development.

Evidence supports that staff recognition is
another key factor influencing staff retention.
Employees want more than the established rou-
tine recognition programs that exist in hospitals
today. They want a 360° recognition program
with personalized acknowledgment of their con-
tribution to the success of the facility [9]. It is
important to remember that people work for peo-
ple — not organizations. As human beings, we
seek connection with others. People work hardest
for bosses who consistently recognize and reward
commitment [10-13].

The role between the nurse and physician is
crucial. Nurses want collaborative working rela-
tionships with physicians. They want physician
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feedback on protocols, dedicated time to discuss
issues, and mutual respect.

Finally, enhancing the quality of work life is
the final important ingredient for staff retention.
Employees today expect that the work climate
will be attractive and accommodate both profes-
sional and personal needs [10-12, 14]. They want
to be treated fairly and have input regarding job
duties and work schedules. Surveys indicate that
nursing turnover is twice as high in facilities
where there are no scheduling options [15]. Staff
wants to have pride in their job and organization.
They want to deliver high-quality care and know
that their provision of care results in optimal
patient outcomes. It is therefore important that
the manager procures appropriate resources and
support to accomplish this goal.

Staffing the Dialysis Unit

In the United States, individual states have the
authority to regulate dialysis clinics, which leads
to significant variation in staffing regulations
[16]. Some states regulate the ratio of licensed
staff, such as nurses, to unlicensed staff, such as
technicians. Other states have required patient-
to-nurse ratios. Various states have nurse practice
acts that limit the practice of patient care techni-
cians in the dialysis clinic. Each nurse must
determine what the regulations are in the state in
which he or she practices.

As aresult of the variation among states — not
to mention the added variation in practices out-
side the United States — there is no recognized
standard for how to staff a pediatric dialysis
clinic. However, some of the considerations about
how to staff a clinic have been studied recently.

Nurse-to-Patient Ratios: Do More
Nurses Improve Patient Outcomes?

Although there is a clear association between
higher numbers of registered nurses and decreased
rates of adverse events and mortality in the hospi-
tal setting [17], that association has yet to be shown
in the pediatric setting. Dialysis units with higher
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numbers of registered nurses do experience
decreased rates of skipped dialysis treatments [18],
as well as lower rates of hepatitis C seroconversion
rates [19]. A recent survey of chronic hemodialysis
nurses [20] found that high patient-to-nurse ratios
were associated with an increased likelihood of
intradialytic hypotension, skipped dialysis treat-
ments, and patient complaints. These studies pro-
vide the first empirical evidence that higher
numbers of registered nurses can decrease adverse
events in the adult dialysis program. It is unknown
whether these effects also hold true in the pediatric
dialysis program, where nurse-to-patient ratios are
typically lower than in the adult program.

Another consideration in staffing is whether
the length of the shift has an impact on safety.
When determining how to staff the dialysis pro-
gram, one must consider whether to staff 8-h,
10-h, or 12-h shifts. Many nurses, according to
the literature, desire 12-h shifts and report
increased job satisfaction, less emotional exhaus-
tion, and more satisfaction with their work sched-
ule. In addition, the units with nurses working
12-h shifts have lower vacancy rates. One of the
hazards of working a 12-h shift that does need to
be considered is that the shift often stretches lon-
ger than 12 h. A landmark study [21] of hospital
nurses found that the risk of making an error
increased significantly when the shift lasted lon-
ger than 12 h, when the nurse worked overtime,
or when the nurse had worked more than 40 h in
1 week. However, a recent review [22] of studies
examining the effect of shift length on the quality
of patient care and on health care provider out-
comes (such as job satisfaction and stress), found
equivocal results and further research is needed.
The implications for dialysis programs could be
significant, particularly smaller programs that
operate with fewer numbers of nurses.

Another consideration in staffing is managing
on-call issues. Most pediatric dialysis programs
must provide on-call coverage for home patients
and acute treatments. Providing coverage can be
challenging when the on-call nurse has already
worked a full day in the dialysis unit or is sched-
uled to work the next day. The question arises:
when does it become unsafe for the nurse to con-
tinue to provide patient care?

Physicians in residency training and nurses in
the perioperative setting face the same issue, and
research and guidelines from those disciplines
provide dialysis nurses with some recommenda-
tions. Physicians in residency training, who work
more than 24 h on-call, experience an increased
risk of sticking themselves with a sharp object
during a procedure, having a motor vehicle crash
while driving home, and of making a serious or
even fatal medical error [23]. Resident physicians
in the United States are currently restricted to
working no more than 30 consecutive hours in a
shift and their work weeks must average 80—88 h
per week [24]. Based on the safety data associ-
ated with shifts exceeding 24 h, the Institute of
Medicine (IOM) is advocating for resident physi-
cian shifts to decrease to 16 h, which has been the
practice in New Zealand since 1985. The
European Union limits its physician-trainees to
13-h shifts [24].

The Association of Operating Room Nurses
has developed guidelines for safe on-call prac-
tices [25]. They recommend implementing recu-
peration periods between regular shifts and
call-back shifts, as well as developing a perfor-
mance improvement system to track whether
there is a relationship among errors, adverse
events, and number of hours worked during call.
They do not provide definitive recommendations
about shift length or call length, but rather rec-
ommend that each unit should consider patient
volume, acuity, and how often call-back occurs
when determining on-call guidelines. Finally,
they recommend that a sleep room be provided at
the facility so that staff has the option to stay on
site during call or when called back in order to
alleviate sleep deprivation. This factor may be
especially important if the staff member is sched-
uled to work the next day and only has a few
hours left to sleep.

In summary, there are no published guidelines
about how to most effectively staff a pediatric
dialysis program. What little research we have to
guide us in the dialysis population comes from
the adult population, where the nurse-to-patient
ratio is typically much higher. This factor makes
it difficult to generalize those findings to the
pediatric setting. However, concerns about safety
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from shifts that last longer than 12 h and on-call
shifts that last longer than 24 h may be valid in
the pediatric setting as well, and deserve consid-
eration as we determine how to most effectively
staff our programs.

Patient Care Services

Patient care services focuses on meeting the
physical and psychosocial needs of the patient.
These services include modality selection, devel-
opment and implementation of care plans, patient
and family education, and delivery of patient
care. To adequately accomplish these tasks, we
must first take into account factors that impact
the family when their child has a chronic illness.

Family Adjustment

When parents learn that their child has chronic
kidney failure, the coping mechanisms of the
family are tested. Some families have had years
of interactions with the nephrology team and may
have had time to prepare for dialysis. Other fami-
lies may have received the diagnosis more sud-
denly and had little time to prepare. Either way,
families must adjust to a change in routine and
must learn how to care for their child’s new med-
ical needs.

As families adjust to having a child with kid-
ney failure, parents experience increased levels
of stress, anxiety, and depression [26-29].
Families with children receiving dialysis report
an increased disruption in their family life and
increased marital stress, but not increased marital
breakup [30]. The overall burden of dialysis is
stressful and is characterized by themes of uncer-
tainty [31], social isolation [32], and increased
vigilance, caretaking, and monitoring [32-34]. In
one study [31], mothers of children on peritoneal
dialysis described that they were often worried
about the possibility of illness or death of their
child, and they remained vigilant for complica-
tions by checking on their child at night. Fatigue,
frustration, and loss of friends were common
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results that led to increased anxiety and depres-
sion among these mothers.

Many nephrologists and nephrology nurses
might predict that dialysis modalities that are
delivered in the home environment would play a
role in how families adjust, since the burden of
care giving is significantly higher for these fami-
lies when compared with in-center modalities.
However, studies examining this issue have
yielded conflicting results. One study [26] found
that parents of children receiving in-center hemo-
dialysis had increased anxiety and depression
when compared to parents of children receiving
home hemodialysis or continuous ambulatory
peritoneal dialysis. However, another study [34]
found that home hemodialysis was more stressful
for parents than in-center hemodialysis. The rela-
tionship between where children receive dialysis
and how their families adjust is not fully under-
stood due to the small number of studies in the
literature and highlights the need for further
investigation [35].

Children themselves also have difficulty
adjusting to the burden of kidney disease and
dialysis, and studies indicate that there may be
both developmental and psychological conse-
quences to the disease process. A study [36] of 16
children who received peritoneal dialysis during
the first year of life found that although the chil-
dren had normal IQ scores, half had behavioral
and emotional difficulties. Similar psychological
challenges have been identified in another study
[37] of adolescent renal transplant recipients. In
the long term, young adults who received dialysis
as children have difficulty making the transition
to adulthood. These dialysis survivors tend to
live with their parents longer, have limited social
networks, and have difficulty forming relation-
ships with the opposite sex [38].

These studies confirm what we have always
known: having a child on dialysis is stressful for
both the child and the family. Perhaps the more
important question is: does this affect outcomes?
One study [27] found that poor adjustment to
dialysis was associated with decreased adherence
to therapy, which could affect the child’s outcome.
Another study [39] examined the likelihood of a
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patient being referred for transplant by a
nephrologist by creating scenarios of children
and families with varying characteristics. In this
study, the families who were less compliant with
therapy were less likely to be referred for trans-
plant. Therefore, there may be relationships
among adjustment, adherence, and transplant
referral. By paying attention to how families are
adjusting to the burden of dialysis, we may in
turn be able to ultimately improve the outcomes
of these children.

Modality Selection

All dialysis modalities should be reviewed with
the patient and family before the patient needs to
start dialysis. If this is not possible, modality
choices should be reviewed as soon as the patient
is medically stable. Specific criteria are necessary
if the patient/family is interested in a home
modality. The home care provider must be physi-
cally able to perform dialysis-related tasks, pos-
sess cognitive and psychomotor skills to manage
all aspects of the treatment, and be emotionally
stable [40—44]. A partner for the home care pro-
vider is desirable but may not be necessary
depending on the family situation. If a home part-
ner is not available, an emergency backup plan
needs to be established in the event of absence or
illness of the primary caregiver.

An assessment of the home environment
should be performed prior to the initiation of
training. A home visit is utilized to assess the
general cleanliness of the home, the availability
of appropriate electrical access, the water source,
telephone accessibility, and the presence of space
for storage of supplies [45]. The dialysis team
should problem solve with the family to make the
necessary environmental changes as needed
before home training begins. Burn-out has often
been described as one of the biggest pitfalls in
home therapy. Therefore, the patient and family
must understand and feel assured that they can
stop home treatments at any time and the medical
team will support their decision. This can be for a
short term if respite is needed, or on a continual

long-term basis, understanding that a modality
change may, in turn, be necessary.

Patient Care Plans

Care plans are developed to promote the mainte-
nance of or improvement in the patient’s physical
condition, growth, developmentally appropriate
activities, and appropriate coping skills for the
psychosocial adjustment to chronic illness [5].
Services provided are a continuum of care that
requires periodic review, evaluation, and adjust-
ment to meet the needs of the patient.
Considerable improvement in patient out-
comes, in both adult and pediatric chronic disease
patients, occurs when patients are encouraged to
participate in their own care [46]. This not only
improves medical outcomes, but encourages
independence and builds self-esteem. A care
model or plan that will promote these goals
should be utilized. Dorthea Orem introduced self-
care as a model of nursing practice which is based
on key success factors. Adaptations of this model
are valid for ESRD programs and should be
incorporated into the patient’s care or transition
plan. These self-care goals promote [46, 47]:
e Maintenance of the pre-ESRD level of involve-
ment in daily activities
e Progression in developmentally appropriate
activities
* Increasing involvement in self-care activities
While team input is necessary to develop mul-
tidisciplinary care plans, it is important to have
someone responsible for the coordination of ser-
vices. This task has been and continues to be the
responsibility of the registered nurse. One nurse
is usually assigned responsibility for a designated
group of patients. While many facilities refer to
the tasks associated with this as primary nursing,
today the job description more closely aligns
itself with a modified version of case manage-
ment. This model maintains that one nurse is
directly responsible for the ongoing coordination
of care for a specific patient and family. Continuity
of care and services is accomplished and main-
tained through this approach. Common duties of
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Table 4.3 Responsibilities/duties of the primary nurse or
care manager

Utilize the nursing process to assess, plan, implement,
and evaluate the patient’s care

Collaborate with team, patient, and family to develop
care plans

Provide support, and follow-up care through phone
contacts and clinic visits

Coordinate other health-related issues: i.e., dental visits,
immunizations, etc.

Promote age-appropriate activities and other habilitation
goals

Provide appropriate patient education

Promote school attendance and make school visits as
necessary

Support home therapy and make home visits as necessary
Act as an advocate for patient and family

Promotes self-care

the primary nurse or case manager are included
in Table 4.3.

Patient/Family Education

There are many considerations involved in estab-
lishing a pediatric dialysis training and education
program. Teaching and educating families is a
basic responsibility of pediatric health care pro-
viders [48]. When dealing with a chronic illness,
education becomes an ongoing process of
assessing, planning, teaching, and evaluation.
The dialysis team is responsible for the initial and
ongoing education and training needs of the
patient and family. Establishing a thorough and
consistent education/training program is critical
[48-50]. Considering health literacy, developing
the training materials, and creating a teaching plan
are all necessary components for patient education.

Health Literacy and Patient
Education Materials

When developing or evaluating the home train-
ing and patient education materials (PEMs), the
clinic staff must consider the readability of those
materials. Unfortunately, the average adult in the
United States reads at the eighth-grade level [51],
and most PEMs are written at the high school or
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even college reading level [52]. Since a significant
number of people — perhaps up to 40% [51] —
read below the fifth-grade level, PEMs should be
written at the fifth- to sixth-grade level [52]. It is
a waste of valuable nursing time to create materi-
als that are, in essence, unreadable. Therefore,
simple tools exist to help determine the grade
level that the PEMs are written on. These tools
are formulas that primarily take into account sen-
tence length and word length, since longer words
and sentences are more difficult for people with
poor reading skills to read and understand.
Ideally, this process should occur during the
development of the education materials but it can
be done retrospectively or during revisions.
Table 4.4 explains the process for determining
the readability of PEMs in electronic and non-
electronic formats.

As much as possible, simplify the reading lev-
els. Even adults who read well prefer materials
that are easy to read and understand. When
designing or rewriting PEMs, you must start by
focusing on the actual words and sentence struc-
ture. Strive to make the words short (less than
three syllables when possible) and easy to under-
stand. Sometimes, a long, dialysis-specific word
such as “effluent” may need two shorter words
such as “drain fluid” to adequately explain its
meaning [52]. Use a consistent word throughout
the document, such as “pills,” to mean medica-
tions or medicines. Define new words. Use the
thesaurus feature in your word processor to sug-
gest simpler words as well. Keep sentences less
than 10-15 words long, as longer sentences are
more difficult to read and understand. Commas
and semicolons serve as natural places to divide
up long sentences. Finally, write in the active
voice rather than the passive voice. We tend to
speak in the active voice but write in the passive
voice; the active voice is easier to understand. An
example of writing in the active voice is to say,
“Take your binders with food each time you eat”
rather than “your binders should be taken with
food each time you eat.”

Once the words and sentence structure are
written at the fifth- to sixth-grade level, it is time
to pay attention to the overall design of the PEMs.
The goal is to create something that is visually
appealing, uncluttered, and easy to follow.
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Table 4.4 Determining readability of patient education materials

If patient education material

is in electronic format

Nearly all word processing programs
will display readability statistics
Readability statistics can often be found
at the end of the spelling and grammar
check

Readability statistics change

as you make changes in your document

Instructions can be found by searching
for “readability” in the Help menu

If patient education material is not in electronic format
Use the SMOG formula [53]

Pick ten sentences in a row at the beginning, middle, and end of the
document (a total of 30 sentences)

Count every word in the sentences that has three or more syllables. Words
that repeat count each time they appear. Proper nouns and hyphenated
words of more than three syllables count also. Abbreviations are counted
as the whole word they represent

Determine the square root of the total number of words with three or
more syllables

Add three to the square root. This is the grade level of the document.
Example: Your 30 sentences have 44 words with three or more syllables.

The square root of 44 is 6.6. Add 3 to 6.6 to get 9.6, which is the grade
level of the document

A well-designed PEM will help the reader follow
along and pick out the most important points.
Highlight the most important things you want the
reader to remember with bold face, underlining,
or italics [52]. Set them off in boxes, or have the
reader fill in the information with a “fill in the
blank” style, since people tend to remember facts
better when they write the information. It is best
to use bulleted or numbered lists for procedures
and a limited number of fonts, as too many font
styles can be distracting or even difficult to read.
Make sure that the font size is at least 14-point in
order to ensure that it is large enough to be read-
able by those with poor vision. Be sure to repeat
critical information more than once so it is clear
that the information is important. Leave a lot of
white space on the page and finally, use graphics
and pictures to explain difficult concepts and to
help illustrate procedures.

Health Literacy, which is defined as the ability
to obtain, process, and understand health informa-
tion, has become an area of significant interest
since the IOM released their report on the health
literacy status in the United States in 2004. This
report noted that 90 million Americans have dif-
ficulty understanding and acting on health infor-
mation, and a growing body of research has
demonstrated that low levels of literacy are associ-
ated with worse outcomes in patients with chronic
diseases. Unfortunately, there has been little
research in the adult CKD population and no pub-
lished research in the pediatric CKD population in

this arena [54]. To date, a review of the research
[54] of four published studies reveals a mix of lit-
eracy levels among the adult dialysis and trans-
plant population. Once we fully understand the
literacy levels of our population, both in the adult
and pediatric world, the next step will be to deter-
mine whether there is a relationship between
health literacy and short- or long-term outcomes.

Development of Training Materials

Patient and family training materials are an essen-
tial component of any dialysis program. These
materials range from brief “hot topics” to detailed
training manuals for home families. Care must be
taken to assure that materials are developed for
the in-center patients as well as the home patient.
To help assure consistency of education, specific
information related to key issues regarding the
management of patient care must be addressed.
Examples of topics commonly addressed include:
e Normal kidney function

e Complications of ESRD

e Treatment modalities

e Complications of treatment

¢ Diet and nutrition

¢ Fluid balance and control

e Medications

e Laboratory tests and values

* Infection control

» Dialysis catheter and exit-site care
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A method of evaluating what the patient has
learned is essential [55]. Quizzes can be devel-
oped to test the learner’s knowledge. Compe-
tencies should be developed to evaluate the
learner’s ability to perform procedures. The quiz-
zes and skill competencies not only give the
teacher information about topics needing further
emphasis, but also provide the family with imme-
diate feedback and reinforcement of information.

Regardless of the therapy or population being
taught, the development of educational materials
requires the participation of all the members of
the multidisciplinary team. The team should also
be utilized to review and update education mate-
rials as needed.

Development of a Teaching Plan

Whether teaching a home dialysis family or a
patient dialyzing in the facility, an individual-
ized teaching plan should be developed by the
nurse responsible for dialysis training. A teach-
ing plan consists of an outline of the content to
be taught, measurable behavioral objectives,
learning activities, and teaching methods. The
individual nurse chooses the specific learning
activities and teaching methods to use. Learning
activities include reading, hands-on use of
equipment, demonstration and return demon-
stration of procedures, viewing different forms
of media, listening to audio tapes, and role play-
ing exercise. Teaching strategies may include

Table 4.5 Styles of

Looks at you with blank stare

learning Learning style
Visual Talks fast
Talks in half sentences
Talks with hands
Needs descriptive words
Auditory Speaks slower
Has a full voice
Wants all the facts
Kinesthetic Cannot be rushed

Touchers/feelers

Characteristics of the learner
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lecture, discussion, demonstration, and learning
labs [41].

Learning Needs Assessment

In order to develop a teaching plan, a careful
assessment of the individuals who are training
must first be performed. The family’s readiness
and ability to learn is examined. Language skills,
previous experience and knowledge, coping mech-
anisms, religions, and cultural beliefs all impact
each family member’s ability to learn. Barriers to
learning such as learning impairments (dyslexia,
Attention Deficit Disorder), illiteracy, physical
impairments (visual, auditory, speech), illness, and
stressors must be considered when developing an
individualized teaching plan [41, 48, 49, 55].
These barriers will influence the methods used to
teach. It is desirable to provide some education to
each member of the family. Even young siblings
can benefit from brief education activities.

Although there are many theories, it is not
known exactly how people learn. We do know,
however, that people learn in various ways. Three
basic styles of learning are visual, auditory, and
kinesthetic. Once a learner’s style is determined,
appropriate teaching methods can be incorpo-
rated into an individualized teaching plan
(Table 4.5) [48, 49].

When teaching a group of people, it is desir-
able to use a variety of teaching tools which cater
to all three learning styles.

Supportive learning methods
used by the teacher or learner

Writes key words

Underlines or highlights key points
Draws pictures of words

Draws diagrams

Learner takes notes

Speaks just loud enough to be heard
Discusses with others

Makes “sounds like” associations
Makes rhymes

Behavior modeling

Hands on involvement
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The Nurse as Teacher

Being able to teach others effectively is a skill,
and many nurses lack formal training in how to
teach [56]. Thus, it is critical for nurses who teach
children and families about ESRD and dialysis
modalities to have a basic knowledge of teaching
methods in order to be able to teach effectively
and to be able to evaluate whether the child and
family understand the information that has been
taught.

Nurses can be most successful as teachers
when clear objectives are used as a guideline for
the content being taught [56]. If not already pres-
ent in the teaching materials, the nurse should ask
what the patient should know or be able to do at
the conclusion of the teaching. This information
is then used to write specific objectives. For
example, if a nurse was teaching a family about
the signs of peritonitis, an objective for that con-
tent might be: “List three ways you would know
if your child has peritonitis.” Notice that objec-
tives are limited to one concept and are written in
a language that people without medical training
can understand. The next objective might read:
“Describe what you should do if you think your
child has peritonitis.” This approach accom-
plishes two things. First, it keeps the nurse who is
doing the teaching on track and ensures that the
critical content (the “need to know” rather than
the “nice to know”) is covered. Second, it allows
the nurse to evaluate whether the family under-
stands the information that is presented.

Many nurses approach teaching on an indi-
vidual or small-group basis. In this venue, teach-
ing by discussion rather than lecture is more
effective. By asking questions of the family, the
nurse has a good idea of their comprehension of
the material presented. In addition, this approach
makes the session active rather than passive,
which allows for more effective learning.

There are several methods to ask questions in
a way that meets the needs of the learner as well
as the teacher [57]. Only ask one question at a
time, and allow at least 10 s for the learner to
respond to the question. Although 10 s seems like
a long time, many learners need that much time to
process the question and formulate an answer.

Avoid saying, “Any questions?”, as this approach
usually does not prompt the learner to ask ques-
tions. Instead, tell the person or group that you
expect them to have questions. And you can rein-
force this message by making statements such as:
“There were a lot of steps in that procedure. I'm
sure you have some questions about what I dem-
onstrated.” Asking the learner to choose between
a few possibilities can also help the nurse assess
knowledge. For example, a question about one
sign of peritonitis might be, “If your child has
peritonitis, would the effluent be clear or cloudy?”
Although this sort of question does not invite dis-
cussion, the family’s answer quickly lets the nurse
know if they understand the concept and whether
additional teaching is needed. Questions can also
be used to help families apply the information
that has been presented. For example, after dis-
cussing how to assess their child for signs of
proper fluid balance, the nurse could ask, “What
would a weight gain of 2 1b and a blood pressure
of 130/90 mmHg tell you about your child’s fluid
balance?” This question mimics the data that the
parents would have at home and allows the nurse
to see whether the family can determine that the
child is hypertensive and fluid overloaded.

Additional methods have proven beneficial
when teaching children and families. Trivia
games have been used successfully when teach-
ing peritoneal dialysis to adults [58]. Patients
believed that the games were a fun, active way to
learn and the educator found that the game rein-
forced content covered in the initial training ses-
sions. Hands-on demonstration is an extremely
important method for any skill-based content.
The nurse should demonstrate the correct order
of steps and avoid demonstrating incorrect tech-
niques to the family. Many families also benefit
from visual aids that show them the correct order
of steps and a picture of someone performing that
step of the procedure.

After teaching a concept, the nurse should
evaluate whether the family understands the con-
tent and can apply the information. Some units
prefer to have a written test to document a score.
However, a high score on a test does not guaran-
tee that a family can use and apply the informa-
tion they were taught. It is also very difficult to



66

Table 4.6 Learning principles of children

Child learning principle ~ How to apply the principle

Need to know rules
and limits

Need for consistency
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Children have to be told, sometimes shown how, and then told again, especially in new
situations. The key is patience

Staff members must work together to provide consistency in what is taught. Inconsistency

can make the child feel confused and insecure or can encourage manipulative behaviors

Need for self-esteem

Belittling or shaming a child is a poor way to discourage a behavior and should be

avoided. More effective is to show approval or encouragement of what the child is
demonstrating or verbalizing correctly. Refrain from labeling a child as a slow learner

Need to have choices

The child needs to feel that he has some control over the learning situation. Give the child

a choice when you can, such as when or where the teaching should occur

Need for play

write valid test questions unless the nurse has had
specific training in measurement and evaluation
techniques. Thus, another evaluation method to
use is a checklist that is derived from the teaching
objectives. The evaluation of whether a family
understands these objectives can either occur at
the end of each training session or at the end of
the entire training and involves the nurse talking
with the family to ensure that they met the objec-
tives. As objectives are met, they are documented
and this checklist can then be placed in the
patient’s chart as evidence of successful training.
When teaching content that involves skills, it
is important for the nurse to observe that the fam-
ily can perform the skills correctly. These obser-
vations can also be documented on the evaluation
checklist. Ideally, it is also helpful to try to simu-
late how the family will use the skill in the home
environment. For example, after all the training
objectives have been met by a family who is
learning to perform peritoneal dialysis at home,
the nurse could ask the family to set up the perito-
neal dialysis machine and connect the child inde-
pendently without the nurse in the room. Although
the nurse is still available for questions, the fam-
ily will perform the setup without assistance or
observation, which simulates what will take place
at home. If they are able to successfully complete
this task at the end of training, the family feels
confident that they can accomplish the same task
at home without the nurse’s presence. At the same
time, the nurse feels confident that the family
understands and can apply the information that
has been taught during the training. This form of
evaluation is very meaningful and provides more
information than a score on a written exam.

Play is a child’s work. By using medical play, the child will develop needed skills for his care

Teaching Considerations in Children

When teaching children, the level of develop-
ment must be evaluated. It is not uncommon for a
chronically ill child to regress. This regression
may be exacerbated by an acute illness or hospi-
talization. The teaching style and content should
be based on the developmental level rather than
the chronologic age of the child. In each develop-
mental stage, there are conflicts which cause
additional stress to the child. In order for optimal
learning to take place, these stressors need to be
minimized. Tables 4.6 and 4.7 provide methods
to maximize the child’s learning potential [12,
13, 48, 49, 59, 60].

Teaching Considerations in Adults

The adult learner may be under a significant
amount of stress and feel overwhelmed with the
amount of information he/she must learn in order
to provide care for their child. All education and
training sessions should be done in a relaxed and
open setting where they can freely express their
feelings. While it is necessary to convey informa-
tion, it is also important to devote time to develop
a positive relationship between the nurse and
family. Table 4.8 outlines principles which
enhance adult learning [48, 49, 61].

Ongoing Education

The education and training needs of the patient
and family continue even after the initial training



Table 4.7 Developmental characteristics seen in dealing with children

Infancy/Toddler (0-30 months)

Stressors to child

Separation from parent

Fear of certain strangers (doctors, nurses, etc.), large objects or machines (scans, x-rays), and change of environment
(hospital, clinic)

Loss of control of their environment

Fear of injury

Minimization of stressors

Minimize number of caregivers

Actively involve child in treatment, when possible

Minimize intrusive procedures; do not involve parents as participants in intrusive procedures; rather, enable their presence to
comfort the child

Teaching tips

Involve parent in noninvasive cares

Provide choices in age-appropriate activities

Prepare child for procedures, through therapeutic plan and familiarity with medical equipment
Provide age-appropriate activities while waiting

Preschool (30 months—5 years)

Stressors to child

Separation from parents or caregivers

Fear of injury and death

Minimization of stressors

Enable parent to remain with child to provide emotional support
Ask questions of the preschooler and model honest communication
Teach planned coping strategies

Teaching tips

Encourage parental involvement in noninvasive care

Provide accurate preparatory information

Offer psychological preparation prior to and following procedures
Provide age-appropriate activities and play

School age (6—12 years)

Stressors to child

Separation from parent

Fear of staying alone, injury, or death

Forced in a dependent role in having their needs met and the anxiety of body control (i.e., catheter instead of voiding)
Minimization of stressors

Ensure preparation for and involvement in procedures

Involve patient in care

Help children recognize aspects of their effective coping

Teaching tips

Encourage choices among options if possible (i.e., IV in right or left hand)
Teach coping strategies

Provide age-appropriate activities

Adolescence

Stressors to child

Fear of being different from their peers and not fitting in

Fear of death

General lack of trust of anyone other than peer group

Minimization of stressors

Communicate honestly

Involve patient in care and decisions

Address long-term issues in follow-up

Teaching tips

Discuss potential psychological changes and physical responses
Provide opportunity for follow-up discussion and guidance as needed
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Table 4.8 Learning principles of adults

Learning is a self-activity

Learning requires active participation by the learner. Learners will learn faster and retain more when they are actively
involved in learning experiences

Learning is an interactive process

Hands-on learning experiences will maximize the amount of learning retained

Learning is unique to the learner

Learners are influenced by their past experiences, as well as by their physical environment. Provide for variable
interests, opinions, learning styles, and pace of instruction

Learning is influenced by the motivation of learners

Learning is more readily acquired and retained when learners have a strong and sustained desire to learn. Motivation
for learning is enhanced when learners can participate in identifying their own needs and planning to meet those needs

Learning is influenced by the readiness of the learner
Learners need to prepare for learning both physically and psychologically
Learning proceeds best when it is organized and clearly communicated

Select appropriate principles (easy to hard, known to unknown, first to last step). Have teaching aids ready when they
are needed

Learning is social

Learning is a shared responsibility of teachers and learners. Enhance the social climate for learning by getting to
know learners individually. This can be done by: engaging in informal discussions, communicating effectively, and
being available as a guide and support

Learning is influenced by the learning environment

The learning environment is both psychological and physical. Provide a comfortable, relaxed, nonjudgmental
atmosphere for learning

Learning is facilitated by immediate feedback

Timely rewarding of desired behavior tends to ensure that the behavior will recur. Be generous in dispensing positive
feedback. Any negative feedback must be given in a timely, constructive, and sensitive manner

Learning is integrated with knowledge

Learners vary in the speed and effectiveness with which they integrate new learning with old learning. Explaining
relationships between old and new concepts will assist learners in bridging these concepts

program has been successfully completed. Over
time, breaks in technique or bad habits may
develop. In addition, some skills not performed
frequently may be forgotten. A clinic or home
visit is a good opportunity to review or watch the
home care provider demonstrate dialysis-related
skills. Skills should be reviewed annually or
more often if a problem exists. As the patient
matures, they should take a more active role in
their care. Special training sessions may be war-
ranted to teach the patient a skill, or convey
detailed information that they were not ready to
receive during the initial training period.
Education and training of the patient and family
is a continual process of assessment, planning,
teaching, and evaluation.

Care Implementation

Expectations regarding the roles of staff and
patients, in relationship to care management,
should be clearly outlined and discussed when the
patient starts dialysis. Patients receiving treat-
ments in the unit are seen frequently, and so it is
easy for staff to assess their needs and provide
care. This is more difficult in the home setting
where we must rely on patient or family assess-
ments and information. Phone contacts are com-
monly usedtoshareinformation and problem-solve
situations. However, other means of communicat-
ing, such as e-mailing or phone texting, are effec-
tive. Contact with the family should occur at least
every 2 weeks, and more often if problems occur.
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At routine intervals, the patient/family need to
be seen in the clinic so the professional staff can
assess their current medical status. During this
visit, the patient and family meet individually
with members of the multidisciplinary team. In
this setting, the patient is assessed, medications,
diet, laboratory tests and home records are
reviewed, and any problems or concerns are
addressed. This is also a time when reeducation
can occur and transition goals can be updated.

It is important for the multidisciplinary team to
meet routinely to review patient data and assure
the delivery of consistent care [50, 62]. This care
conference allows the team to candidly discuss the
patient’s health status and update the plan of care.
In addition to this, the multidisciplinary team must
meet and conduct an in-depth review with the
patient and family at least annually. This family
conference allows everyone to review the patient’s
status for the past year and involves the patient
and family in establishing care goals. Additional
family conferences may be scheduled anytime the
family or medical team feels it is necessary.

Meeting with the patient and family outside of
the hospital setting can be advantageous. A home
visit provides an opportunity for the patient and
family to speak in a more relaxed and familiar
setting. Other activities such as camp, support
groups, and holiday parties take place outside the
clinic and provide a valuable opportunity for
patients and families to socialize and share com-
mon experience and concerns. These also provide
an opportunity for both the patients/families and
staff to interact with each other in a venue outside
of the medical setting.

Habilitation

Promoting normalcy and age-appropriate activi-
ties should be incorporated in all health care
activities in pediatrics. School attendance and par-
ticipation in activities is normal for children. In
order to support the philosophy of habilitation, the
multidisciplinary team must work with the school
and family to assure that the patient can participate
in as many school activities as possible. Teachers,
teacher aides, or volunteers should be utilized to
help hemodialysis patients with homework during

their treatments. All hemodialysis schedules
should be as flexible as possible to minimize time
missed from school or school activities. The
school teachers, principal, and school nurse need
to be aware of any physical limitations and the
need for excused absences for clinic visits. For
some patients, it is beneficial for hospital staff to
make a school visit to speak to the class about
dialysis and kidney failure. Young school-aged
children are especially receptive to this idea.
Absences from school can become a problem.
The child can quickly learn that if he voices a
physical complaint, he may be allowed to stay
home from school. If absences become a repeated
problem, the medical team can help evaluate the
validity of the situation and work with the family
to develop a plan to increase school attendance.

Transition

Transition from adolescence to adulthood is a
challenging yet important developmental pro-
gression for all children. Patients with CKD must
deal with not only the challenges of this transition
time, but are also forced to handle additional
challenges as we prepare to move them from a
health care setting that they are familiar with to a
very different adult health care system. As men-
tioned earlier, chronic illness during childhood
and adolescence can adversely affect normal mat-
uration. Missed school and extracurricular activi-
ties, over-protection from parents, frequent visits
to dialysis units or hospitals, and dependency on
dialysis equipment and health professionals all
compound to have a negative impact on our
patients. Recent quality-of-life studies indicate
that children on dialysis have lower self-esteem,
and an increased incidence of depression, behav-
ior disturbances, dependency on caregivers, poor
school performance, lack of higher education or
vocational training, cognitive delays, separation
anxiety disorders, and poor social adjustments
and peer relationships [63]. With this in mind, it
is crucial that pediatric dialysis facilities have a
detailed plan for transitioning their patients to an
adult facility. A variety of issues should be
addressed in such a plan (Table 4.9). An extensive
discussion of transition is in Chap. 35.
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Table 4.9 Transition topics for patient education
Patient-specific medical condition(s)

Medications including significance, doses
Laboratory tests — significance and interpretation
Dietary restrictions

Sexual health and high-risk behaviors
Educational/vocational plans

Medical complications — anemia, bone disease,
hypertension, etc.

Maintaining appropriate health coverage — insurance
Ownership of health care — self-care

Quality Improvement

All facilities must develop, implement, and main-
tain a data-driven continuous quality improve-
ment (CQI) program. The goal of a CQI program
is to continually improve both patient outcomes
and system efficiency. This is accomplished by
reviewing certain aspects of the care we provide
or evaluating the services that we provide. There
are numerous things that can be monitored.
Treatment adequacy, infections, access failures,
and morbidity and mortality rates are just a few
things that can be monitored in dialysis CQI pro-
grams. In the United States, there are also man-
dated regulatory requirements that must be
monitored. Patient/family complaints and satis-
faction should also be a part of your CQI plan.
Characteristics or attributes of “good patient
care” are viewed differently by professional staff
and patients/families. Reviewing patient surveys
can offer insight regarding the services you
provide.

Benchmarking is another way to review the
status of your program and can be a valuable tool
for your CQI program. Benchmarking databases
provide you with the ability to compare your out-
comes to those in other centers while also provid-
ing consensus information which can help you
establish appropriate target ranges for the out-
comes you are monitoring. The International
Pediatric Peritoneal Dialysis Network (IPPN)
allows participants to view benchmark data for
peritoneal dialysis care, and the North American
Pediatric Renal Trials and Collaborative Studies
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(NAPRTCS) offers pediatric benchmarking of
outcome data for all stages of CKD, transplant,
and dialysis. These two databases house a wealth
of information that can assist a program in the
identification of areas in need of improvement or
areas of high achievement.
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Dialysis in Developing Countries
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Introduction

It is difficult to estimate the number of children
requiring dialysis in the developing world. In
addition to the regional differences and the crite-
ria for diagnosis, an important reason is the lack
of adequate pediatric nephrology services across
most developing counties. Furthermore, there are
considerable differences in the number of patients
with end-stage renal disease (ESRD) who receive
any form of renal replacement therapy (RRT).
For example, less than 5-10% of children diag-
nosed with ESRD in India receive dialysis and/or
transplantation [1].

Kidney transplantation is considered the goal
for children with ESRD. The need for donors and
long-term treatment with immunosuppressive
medications, and lack of state funding are major
impediments toward an active transplant pro-
gram. In contrast to developed countries where
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dialysis is a satisfactory long-term alternative
form of therapy, most developing countries have
had problems in organizing satisfactory dialysis
services. Techniques of peritoneal dialysis (PD)
and hemodialysis (HD) have been available in
these regions for adult patients for more than four
decades, but their application for children has
lagged behind. The reduced accessibility to dial-
ysis in children has been attributed to lack of
expertise, experience and equipment, and rela-
tively high costs. Nevertheless, over the last two
decades, dedicated facilities for PD and more
recently HD are becoming increasingly available
for children.

Developing Countries

The World Bank [2] divides countries into three
income groups on the basis of their gross national
income (GNI) per capita: high (per capita GNI
equivalent to US$ 11,906 or more), middle
($976-$11,905), and low ($975 or less). The lat-
ter two, comprising almost 100 countries, are
collectively called “developing”. Almost 80% of
the world population of about 7 billion lives here.
More than 1.4 billion people subsist on less than
$1/day and almost half the population lives on
less than $2.50 a day.
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The economic, human, and technical resources
required for the treatment of ESRD make it a
major health challenge. While indigenous health-
care delivery systems are popular in rural Africa
and Asia, hospitals providing quality care are
located in big cities. A major proportion of health-
care budgets for children are focused toward com-
mon causes of morbidity and mortality, including
acute gastroenteritis, lower respiratory tract infec-
tions, and vaccine preventable diseases.

Patients attending government or public sector
hospitals do not have to pay for consultation and
basic management, but they need to bear the costs
of sophisticated investigations (e.g., nuclear
imaging, ultrasound, CT scan), medications, and
disposables required for dialysis or surgery. These
hospitals often lack infrastructure in terms of
manpower and resources for taking care of the
referred patients. The limited availability of high-
quality advanced care in government centers
results in patients seeking care through private
and corporate hospitals where the patients pay
for all services, either through “out of pocket”
expenses or medical insurance.

Attempts have been made to recruit the com-
munity for supporting ESRD management in
some geographic areas. For example, a major
dialysis and transplant center in Pakistan [3], the
Sindh Institute of Urology and Transplantation
(http://www.siut.org), is funded by philanthropic
individuals and corporate bodies, with the gov-
ernment providing limited funding. Similar sus-
tainable models exist elsewhere.

Lack of Trained Manpower

The burden of acute and chronic kidney disease
in children in the developing world is largely
unrecognized. Where available, most programs
focus on the problems of diabetes and hyperten-
sion in adults with chronic kidney disease.
Children have limited access to all forms of renal
replacement therapies. These limitations are fur-
ther compounded by very few opportunities for
advanced training of medical personnel in pedi-
atric nephrology and dialysis. Over the past
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years, pediatric academic societies in a number
of countries have assumed the responsibilities for
education, training, and certification in Pediatric
Nephrology. Recognizing the shortage of trained
professionals in developing countries, the
International Pediatric Nephrology Association
has taken unique initiatives for developing and
standardizing short-term training programs in
these regions. International collaborations,
through the IPNA, have resulted in specialty
training for pediatricians, at specialized centers
within their countries, in South and South East
Asia, Africa, and South America.

This chapter focuses on specific issues encoun-
tered during development and operation of pediat-
ric PD and HD services in developing countries.

Peritoneal Dialysis

The application and use of PD for children in
developing countries began in 1970-1980.
Because of its convenience, efficacy and safety,
these facilities are now available in most coun-
tries, and play an important role in the treatment
of childhood acute kidney injury (AKI). During
the late 1980s, application of PD for ESRD in
children in China was limited since a two-bag
system was unavailable, resulting in high inci-
dence of peritonitis and peritoneal membrane
failure. With better technologies and techniques,
and improved economic status, chronic ambula-
tory peritoneal dialysis (CAPD) is increasingly
being implemented in major cities, including
Shanghai, Guangzhou, and Beijing. The esti-
mated number of children currently treated by
chronic PD in China is 100. Similarly a database,
maintained by a leading dialysate provider in
India, shows 145 children on maintenance CAPD
in India. These data are an underestimate, since
there are more than one dialysis provider, and
many older children and adolescents are cared
for by “adult” nephrologists. Compared to the
number of children in chronic PD, facilities for
HD are even more limited. For example, the city
of New Delhi has two dedicated pediatric HD
units for a population of 8 million children.
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Acute Kidney Injury

Systemic infections (complicated by multiple
organ dysfunction), nephrotoxic medications, and
primary renal disorders (hemolytic uremic syn-
drome, acute glomerulonephritis) are the leading
causes of AKI in Chinese children. AKI is a com-
mon and serious complication following major
surgeries, including those for complex congenital
heart defects. Reports from other countries suggest
that the causes of AKI in children are, except for
some minor differences, similar across the world
[4]. The application of adequate PD, which effec-
tively corrects the fluid and electrolyte imbalance,
is life saving for children [5].

Techniques

The indications for acute PD include hyper-
kalemia (K>6-6.5 mEq/L), azotemia, and fluid
overload. For acute PD, stiff polyurethane cathe-
ters continue to be used in many centers. These
are convenient to insert and inexpensive, but
associated with risk of visceral trauma and infec-
tions. These catheters require removal after
48-72 h; prolonged stay is associated with a high
risk of peritonitis. Currently, the soft Tenckhoff
catheter with single cuff is most often used for
acute PD. Several models of Tenckhoff catheter
are available, with varying lengths of the intrap-
eritoneal segment, which can be used even in
neonates and young infants. Dialysates contain-
ing 1.5% glucose acetate or lactate are manufac-
tured in many countries; production of solutions
for CAPD is limited. Standard solutions (e.g.,
Baxter dialysis solutions) need to be imported
and are more expensive.

The dialysate fill volume is 30-50 mL/kg,
dwell time 45-60 min, and with 8—10 exchanges/
day. Generally, 1.5% and 2.5% dextrose dialysate
and, less commonly, 4.25% high-osmolarity peri-
toneal solution are used. The chief complications
of acute PD include peritonitis in 20-30%, and
dialysate leak or catheter blockage that requires
reinsertion of catheter. The duration of dialysis
depends on the severity of the illness, and gener-
ally lasts for 3—7 days, but might be longer in
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patients with severe acute tubular or cortical
necrosis or crescentic glomerulonephritis.

In developing countries, PD is widely used for
renal replacement in patients with AKI. However,
it has been supplanted in recent years by HD and,
recently, by hemofiltration. A randomized trial
compared acute PD with hemofiltration in
Vietnamese adult patients with acute renal failure,
related to falciparum malaria or sepsis. The rate
of resolution of acidosis and decline of creatinine
was faster, and the mortality rates significantly
lower in the group managed by hemofiltration [6].
While these results suggest that hemofiltration is
superior to PD in adults with infection-associated
acute renal failure, similar differences were not
found in other studies.

Data on current practices, in developing coun-
tries, for renal replacement therapy in patients with
AKT is unavailable. A survey in 2009, on 26 centers
in India, on modes of renal replacement therapy for
children with AKI found that a facility for acute
intermittent PD was available at all centers.
Facilities for intermittent HD and continuous renal
replacement therapy were available in 86% and
17% centers, respectively. PD was the predominant
modality (accounting for more than 80% of all dial-
ysis) in 14 of the 22 centers, while four centers used
HD more than PD. Dedicated facilities for pediatric
HD were available in two centers. Factors consid-
ered important in choosing the mode of RRT were:
patient size; presence or absence of hemodynamic
instability; duration of AKI; severity of metabolic
imbalance or fluid balance; and socioeconomic sta-
tus of the care receiver (Vasudevan, unpublished).

The outcome of patients with AKI depends on
its underlying etiology. Whereas the outcome of
PD in neonates and patients with septicemia,
multiple organ dysfunction and post-cardiac sur-
gery patients is unsatisfactory, outcomes of AKI
secondary to administration of nephrotoxic
agents, acute glomerulonephritis, and intravascu-
lar hemolysis are better.

End-Stage Renal Disease

PD has been available since the 1980s, and is cur-
rently the therapy of choice for children with ESRD
in the majority of developing countries [7, 8].
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Etiology

Data from Children’s Hospital of Fudan University
shows that the chief causes of chronic renal failure
include glomerulonephritis, IgA nephropathy,
focal segmental glomerulosclerosis (FSGS), renal
dysplasia, reflux nephropathy, and polycystic
kidney disease. A similar etiological profile, com-
prising obstructive uropathy, reflux nephropathy,
glomerulonephritis, FSGS, and renal hypoplasia/
dysplasia, is reported from other developing coun-
tries [1]. Prospective data from a National Registry
on Chronic Kidney Diseases in India [http:/www.
ckdri.org] shows that the chief causes of CKD in
children include obstructive uropathy (25%),
reflux nephropathy (20%), and chronic glomeru-
lonephritis (14%). The data from this Registry
represents the tip of the iceberg, as most patients
report to nephrologists beyond stage 4 CKD. More
than 70% of patients with CKD stage 5 patients
are not on any form of renal replacement therapy.

Initiating Dialysis

The indication for initiating renal replacement
therapy is GFR <10-15 mL/min/1.73 m? In
Children’s Hospital of Fudan University, only 30%
of dialysis patients had been followed up from the
early stage of chronic kidney disease. Most patients
presented for the first time with ESRD, often with
marked oliguria and symptoms of uremia.

Procedure

Straight Tenckhoff catheters with a double cuff
are commonly used. Although preferred, curled
catheters are not easily available. In view of its
simplicity and lower cost, CAPD is currently the
preferred dialysis mode for children with ESRD
in developing countries.

Training Professional Dialysis Nurses
and Parents

Appropriate training of dialysis nurses and par-
ents of patients is important to ensure quality of
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long-term PD. The centers should have the infra-
structure to enable continued practical training
for nursing staff and parents. Dialysis nurses
should carry out regular home visits, and exam-
ine the environment and condition of dialysis
at home.

Risk of Infections

Peritonitis is the most common complication of
chronic PD. Infection rates in patients followed
up at the Hospital of Fudan University are higher
(annualized rate of 0.96) than reported else-
where. Recurrent episodes of bacterial peritonitis
often require catheter removal and replacement.
A major challenge in developing countries is to
provide adequate opportunities for education
and training for nursing professionals and parents
of young children, emphasizing the importance
of sterile precautions and early recognition of
peritonitis.

Nutrition, Growth, and Development

Nutrition has an important impact on promoting
growth and development. In contrast to the indus-
trialized world where malnutrition is rare and
replaced by obesity as the primary nutritional
problem in children on PD, the role of malnutri-
tion in the developing world cannot be overem-
phasized. Chronic systemic illnesses and
prolonged PD result in anorexia, loss of protein
in the dialysate and hormonal imbalance, leading
to malnutrition and delayed development. These
biological mechanisms may combine with inad-
equate quantitative and qualitative food avail-
ability depending on economical constraints and
cultural habits.

Children on PD require assessment of dietary
intakes, and monitoring growth and development
and nutritional counseling. The importance of
ensuring adequate dialysis and improving intakes
through nasogastric or gastrostomy feedings can-
not be overemphasized. The use of amino acid—
containing dialysis solutions and administration
of recombinant human growth hormone is lim-
ited by their cost and availability.
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Development of Peritoneal Dialysis
Services

Constraints toward the development of an effec-
tive program for maintenance PD in developing
countries include [9]:

1. Delayed referral. Most patients with CKD
present late with oligoanuria and complica-
tions of renal failure, and require emergency
HD. Only a fraction of patients are diagnosed
early and provided with regular counseling
and follow-up. The lack of prior communica-
tion results in an unpreparedness in parents,
adversely affecting patients’ outcomes. A reg-
ular follow-up that begins in early stages of
CKD is likely to improve satisfaction, and
reduce fear and anxiety concerning long-term
dialysis, making families adhere to therapy.

2. Lack of education. Physicians, pediatricians,
and parents need to be provided with appro-
priate knowledge regarding the benefits, limi-
tations, and complications of maintenance
ambulatory PD. There is clearly a need to
enhance, among medical professions, the
understanding regarding the role of CPD in
patients with end-stage kidney disease.

3. Limited adherence to therapy. Adherence to
therapy affects the quality of PD, including
maintaining  sterility during procedure,
ensuring adequate numbers of cycles, and
compliance with advice on medications and
diet. While the lack of adherence is usually
attributed to unsatisfactory living conditions
and reduced exchanges to cut costs, dialysis
units must provide opportunities for education
and retraining, and follow-up care.

4. Costs of dialysis. Economic factors have an
important impact on the development of child-
hood PD. Lack of state insurance limits the
availability of CAPD for children in most
developing countries. The cost of managing a
patient on CAPD, in China and other develop-
ing countries, is far in excess of the family per
capita income. Since dialysate bags of 1 L
capacity are not available in many parts of the
world, standard “adult” bags (2 L capacity)
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are used, resulting in wastage of dialysis fluid

and increased cost.

The average cost of CAPD for children in
China and India varies between 350 and 400 USD/
month. Taking into consideration the cost of the
cycler and other consumables, APD is likely to
impose an additional cost of 300-550 USD/
month in these countries, making this therapy
unaffordable for most households. Initiatives by
local governments and nongovernmental organi-
zations aim to support the therapy of children
with chronic kidney diseases. Whereas most
dialysate fluid is imported, pharmaceutical com-
panies in India, China, and other countries are
increasingly involved in its indigenous manufac-
ture. However, these manufacturers need to invest
for stringent quality control of dialysate solu-
tions, manufacture compatible cyclers, and
develop a network of distribution centers with
trained technical and nursing staff.

Hemodialysis

Provision of pediatric HD requires a specialized
and integrated health-care team to manage the
medical, nursing, nutrition, development, and
psychosocial aspects of care for children with
ESRD. It is recommended that children be hemo-
dialyzed in dedicated pediatric dialysis units, with
a multidisciplinary support team, which supports
individualized and integrated therapy. Since the
expense and commitment in terms of manpower
and equipment required for such units is consid-
erable, with few exceptions, children in most
developing countries, especially in Asia, are dia-
lyzed in adult units. Most centers are located in
cities, are in the private sector, and have limited
accessibility to all sections of the society. Children
bear the brunt of lack of dedicated HD services.

Vascular Access

An effective vascular access is necessary for
chronic HD, through internal arteriovenous
fistulae (AVF), shunt (AVS), graft (AVG), or
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central venous catheter [10]. While creation of a
functional AVE, either at the wrist or elbow, is
the optimal vascular access for chronic HD, few
surgeons have expertise for vascular microsur-
gery in small children. The benefits of AVF
include lower rates of infection, thrombosis and
stenosis, and greater freedom with regards to
activity. Permanent vascular access of an AVF or
AVG can function for many years and is pre-
ferred over indwelling catheters in children and
adults. The central venous catheter is a subopti-
mal choice for vascular access and should be
considered as a bridge to a more permanent vas-
cular access.

The type of access used often depends on local
expertise and experience, patient age and size,
the time available before dialysis is planned to
begin, and the presumed waiting time before
transplantation [11]. In most centers, a central
venous, double lumen catheter is the initial choice,
particularly in AKI or chronic renal failure with
acute presentation, in small children, and in the
cases where an early transplantation or transition
to CAPD is planned. Although access through
internal jugular vein is preferred, the femoral
route is used in subjects requiring urgent dialysis.
Increasing experience, adherence to standard pro-
tocols, and the use of antibiotic lock therapy have
resulted in considerable decline in the risk of
infections, thrombosis, and other complications.

HD Machines and Dialyzers

While most centers in large cities use up-to-date
models of HD machines, economic constraints
force units to use outdated equipment, or have
refurbished machines received as donations.
Erratic power supply, insufficient funds for pre-
ventive maintenance, and lack of trained service
engineers result in repeated breakdowns. There is
limited availability of newer-generation dialyzers
made of biocompatible membranes such as poly-
sulfone and polymethylmethacrylate. The inci-
dence of anaphylactoid, complement-mediated
immediate membrane reactions is far lower with
the latter. Dialyzer reuse is routine, although
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reprocessing is done manually. These practices
result in inadequate dialysis, pyrogen reactions,
and repeated episodes of sepsis.

Dialysis Prescription

In view of delayed diagnosis and limited avail-
ability, the initiation of dialysis is usually delayed
until patients are in a state of advanced uremia
and have developed complications [12]. A major-
ity receive fewer than 12 h/week of dialysis [13].
While the prevalent practice in most adult HD
units is to give two 3—4-h sessions of dialysis
every week, children managed in pediatric units
usually receive three sessions a week. However,
the duration of dialysis is often cut short to
accommodate more patients.

Dialysis Cost

Compared to the developed world, maintenance
HD is less expensive in developing countries.
The annual costs for maintenance HD in the latter
are less than US$8,000-12,000, chiefly due to
lower staff salaries and cheaper consumables
[14]. Private hospitals charge a fixed amount
from the patient for each dialysis session, varying
between US$15 and $50. The cost of HD in
public-funded hospitals is a fraction of the above.
For patients with ESRD on maintenance HD,
approximately 30-50% of the total cost of treat-
ment is spent on medications and 40—-60% on the
dialysis procedures. In many public-funded hos-
pitals in India, HD is offered only to those planned
for renal transplantation. Except in a few coun-
tries, government- or insurance-funded HD facil-
ities for children continue to be limited.

Comorbidities on Dialysis

There is limited data on the morbidity and out-
comes of maintenance dialysis in children. Most
data in this regard is therefore based on informa-
tion from adults.
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Infections

Infections are an important cause of morbidity
and mortality in patients on maintenance dialy-
sis. A combination of unsatisfactory living con-
ditions, inadequate dialysis, malnutrition, and
frequent blood transfusions is responsible for the
high frequency of infections. Based on data in
adults, infections and cardiac diseases were the
chief causes of death in dialyzed patients [12,
15]. Infection rates are higher in government-
funded hospitals that cater to patients from the
lower socioeconomic groups. Staphylococcus
aureus and gram-negative bacilli are the com-
monest organisms. The incidence of catheter-
related S. aureus infection has risen in recent
years. Respiratory and urinary tracts are the
other common sites of infection. Patients often
present late with septicemia and/or multiple
organ failure.

Tuberculosis

Tuberculosis is endemic in several developing
countries. Impaired cell-mediated immunity fur-
ther increases the susceptibility to tuberculosis
among the dialysis population. The incidence of
tuberculosis in adult dialysis patients varies from
4% to 9% in developing countries in Asia [12,
16]. The usual sites of disease are pleuropulmo-
nary and lymph node. Demonstration of acid-fast
bacilli is difficult and the tuberculin test is not
helpful in making the diagnosis, because of its
high positivity in the general population and cuta-
neous anergy in patients with azotemia. Therapy
of patients with tuberculosis consists of a combi-
nation of isoniazid (INH), rifampicin, pyrazin-
amide, and ethambutol for the first 2 months,
followed by INH and rifampicin for next 7-10
months. INH and ethambutol are excreted by the
kidneys and require dose modifications in dia-
lyzed patients. The role of INH prophylaxis in
prevention of tuberculosis in patients on dialysis
is controversial. Children detected to be tubercu-
lin positive or with recent history of exposure to a
patient with sputum-positive tuberculosis should
receive prophylaxis with INH for 6 months.
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Hepatitis

Viral hepatitis is among the commonest viral
infections encountered in adult dialysis patients.
Lack of effective screening of patients and blood
products, unsatisfactory isolation practices, fre-
quent transfusions, and failure to vaccinate
patients against hepatitis B virus (HBV) are
responsible for the high incidence of hepatitis.
Because of their limited number, many units do
not have dedicated machines for HBV positive
individuals and even where machines are so des-
ignated, cross-contamination occurs through
inadequately trained staff and sharing of dispos-
ables. Widespread HBV vaccination as part of
their immunization schedules has resulted in a
marked decline of the risk of infection with this
agent.

Currently, hepatitis C virus (HCV) is the most
common cause of viral hepatitis among dialyzed
patients. Cross-contamination in the dialysis
units, rather than transfusion of infected blood
products, is the most important source of infec-
tion. HCV infection has greater significance than
HBYV because of the nonavailability of a vaccine
for the former. The prevalence of anti-HCV posi-
tivity in adult dialyzed patients ranges from 10%
to 80% [17, 18]. The genotypes reported include
la, 1b, 2a, 3a, and 4 [19, 20]. While the Centers
for Disease Control (US) does not recommend
isolation of anti-HCV positive patients in dialysis
units, many “adult” units in developing countries
with high rates of HCV positivity have dedicated
machines for exclusive use by HCV-positive
patients. This strategy has significantly reduced
seroconversion rates in adult dialysis units in
India from 36.2% to 2.8% [21].

Human Immunodeficiency Virus (HIV)

HIV infection is not a major problem in dialyzed
children in developing countries. There is also
limited data on the proportion of dialyzed patients
who are infected with HIV, in African countries
with high positivity rates. The reported preva-
lence of this infection in dialysis units varies
from 0.5% to 2% [22]. HIV-positive patients
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either discontinue dialysis on their own or are
refused further care by the dialysis units. Given
the threat of an exponential increase in the num-
bers of HIV-positive patients, including children,
it is anticipated that many such patients would
develop ESRD and require dialysis.

Nutrition

Malnutrition is an important cause for morbidity
and mortality in patients on maintenance dialy-
sis. Almost 75% of children with ESRD in India
show features of moderate-to-severe malnutrition
at presentation [1]. In a study in adult patients
from New Delhi, 77% of patients were hypoalbu-
minemic [23] with the average serum albumin
2.4 g/dL at initiation of dialysis program. Delay
in initiation and delivery of inadequate dialysis
play important roles, and patients often continue
on a low-protein diet for want of proper dietary
advice. Protein energy malnutrition leads to
decrease in cell-mediated immunity, increases
the incidence of infections, worsens metabolic
bone disease, and prevents development of ade-
quate antibody response to vaccines.

Conclusions

The choice of renal replacement therapy is chiefly
determined by its availability, local expertise,
and affordability. CPD provides an opportunity
to extend effective dialysis therapy to infants and
young children with ESRD. It also provides a
growth and nutrition advantage over HD, and
preserves residual renal function. The availabil-
ity of HD is often limited to urban tertiary care
centers. On the other hand, CPD being a simpler
technique has the potential to cater to a much
larger population including those staying far from
the urban health-care centers. The last few years
have witnessed significant technical advances in
CPD such as improved connecting systems and
provision of PD cyclers. For these reasons,
chronic PD is being increasingly utilized as a safe
and effective mode of renal replacement in chil-
dren. The major concerns limiting the widespread
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application of CPD for children in developing
countries include limited local production of
dialysate fluid, nonavailability of smaller
dialysate bags, and thus the high cost of therapy.
CPD also requires substantial commitment on the
part of the family and caretakers, compared to a
rather passive role of bringing the child to a HD
center.

Automated PD and HD machines with precise
control of ultrafiltration and continuous volume
monitoring, physiologically compatible dialysate,
and biocompatible dialyzers have ushered in a
technological revolution in management of chil-
dren with ESRD. Integrated care with emphasis
on nutrition, growth and development, and min-
eral bone disease, and the optimized use of eryth-
ropoietin and growth hormone have led to
improved somatic growth, better cardiac function
and quality of life for children. However, the
practice of these therapies for children in devel-
oping countries is determined by expertise and
experience of the physicians and prevailing
socioeconomic conditions. It is necessary that
pediatricians in developing countries acquire the
requisite knowledge and skills to meet the spe-
cific needs of children on renal replacement
therapy.
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Overview

The initiation of chronic dialysis in a child is a
dramatic event for the patient and family. Dialysis
begins a new and often frightening stage of the
child’s medical care. The urgent need to begin
dialysis is obvious in some instances, such as
after bilateral nephrectomy or in the child with
uremic pericarditis. These are absolute indica-
tions for initiating dialysis. In other patients the
timing of dialysis initiation is less clear. The
pediatric nephrologist integrates a great deal of
information — laboratory data, clinical impres-
sions, and psychosocial issues — in order to reach
a decision regarding the timing of dialysis initia-
tion. An assessment of renal function is usually a
critical part of this process. In addition, a variety
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of clinical and laboratory findings are relative
indications for commencing chronic dialysis.
Some of these relative indications can be man-
aged with medications and dietary counseling,
but this approach is not always successful, neces-
sitating the initiation of dialysis.

In the absence of absolute indications, there is
no consensus on the appropriate timing of dialy-
sis initiation. There is considerable debate regard-
ing the merits of “early” initiation of dialysis in
adults. The data needed to address this issue in
children is nonexistent and the debate is compli-
cated in children by issues such as growth, psy-
chosocial factors, an impending kidney transplant,
and the need for a lifetime of renal replacement
therapy.

Children need a systematic plan of monitoring
prior to dialysis initiation. Along with optimizing
medical care, this allows the early identification
of indications for dialysis. Some relative indica-
tions for dialysis may be amenable to medical
management. For the child who will soon need
dialysis, access and training needs can be antici-
pated, potentially avoiding unnecessary morbid-
ity and expense from emergency initiation of
dialysis.
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Methodology for Measuring
Renal Function

Assessment of a patient’s renal function is useful
for determining when to initiate dialysis. In this
context, renal function is usually defined as the
patient’s glomerular filtration rate (GFR). This
purposely ignores other aspects of kidney func-
tion, such as erythropoietin production and syn-
thesis of calcitriol, because dialysis does not
replace these functions. GFR provides an esti-
mate of functioning nephrons, but there are inher-
ent limitations. First, there is an increase in single
nephron GFR in chronic renal failure; this allows
GFR to be maintained at a higher level than the
reduction in functioning nephrons would dictate
[1]. GFR may therefore overestimate the func-
tional renal mass. However, for decisions about
dialysis initiation this is of limited importance
since it is GFR that dictates the need for dialysis.
The second issue is that GFR may be transiently
affected by a variety of factors other than the
intrinsic renal disease. For example, intravascular
volume depletion, nonsteroidal anti-inflamma-
tory drugs, and antihypertensive therapy, espe-
cially with  angiotensin-converting-enzyme
(ACE) inhibitors or angiotensin 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 the elimi-
nation of the 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 and is impractical
clinically. Inulin is ideal for measuring GFR
because it is freely filtered at the glomerulus and
there is no tubular reabsorption or secretion.

Alternatives to inulin for measuring GFR
include radioisotope markers, such as chromium
51-EDTA, iothalamate sodium I'*® and techne-
tium 99-DTPA [2], and the contrast agent iohexol
[3]. These techniques are expensive and require
multiple blood draws over 3—4 h, making them
less than ideal for frequent monitoring. There is
usually a good correlation between inulin
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clearance and the GFR estimated by radioiso-
topes, although some studies indicate that the
accuracy decreases at low GFR [4]. Single-
sample methods, while more convenient, are
especially problematic at low GFR [5].

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 prox-
imal tubule. This causes CrCl to overestimate
GFR. The effect of creatinine secretion is fairly
small at a normal GFR, causing a 5-10% overes-
timation of GFR. The relative impact of creatinine
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 inulin clearance
[6]. Further, a variety of factors influence creati-
nine secretion. Creatinine secretion is lower in
patients with polycystic kidney disease and higher
in patients with glomerular disease [7]. Some
medications, such as cimetidine, trimethoprim,
and some fibrates, decrease creatinine secretion.
Advanced liver disease may increase creatinine
secretion. Finally, a valid calculation of CrCl
requires an accurately timed urine collection. All
of these factors limit the accuracy of CrCl, espe-
cially 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 = U, xU, x1.73

—_— (6.1)
MinxS. xBSA

where CrCl=creatinine clearance (mL/min/1.73
m?), U ,=Urine volume (mL), U =urine creati-
nine concentration (mg/dL), Min=collection
period in minutes (1,440 for 24 h), SCr:serum cre-
atinine (mg/dL), BSA=body surface area in m

A CrCl requires a timed urine collection, usu-
ally 12 or 24 h, necessitating bladder catheteriza-
tion in the absence of urinary continence. This is
a significant impediment to repeat measurements
in children.

An alternative to a standard CrCl is to admin-
ister cimetidine to the patient prior to the study.
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Cimetidine, by decreasing tubular secretion of
creatinine, improves the accuracy of the CrCl in
predicting GFR. One study of 53 children showed
that a 2 h cimetidine protocol resulted in a CrCl
that closely approximated a simultaneous inulin
clearance [8].

Urea clearance underestimates GFR because
of tubular reabsorption of urea. The calculation
of urea clearance requires a timed urine collec-
tion and a serum urea concentration:

U xU, X173

" MinxS._ xBSA (6.2)

urea

Urea

where C  =Urea clearance (mL/min/1.73 m?),
U ,=Urine volume (mL), U __ =urine urea con-
centration (mg/dL), Min=collection period in
minutes (1,440 for 24 h), Sumz serum urea concen-
tration (mg/dL), BSA =body surface area in m>.

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 and
in adults is quite accurate at low levels of GFR
[9, 10].

In children, an estimate of GFR may be calcu-
lated from the serum creatinine using an equation
[11]. This equation uses patient height and a con-
stant, which may vary based on age and gender to
attempt to correct for differences in muscle mass:

Height (cm)xk

GFR = 6.3)

Cr

where GFR=glomerular filtration rate (mL/
min/1.73 m*) and S =serum creatinine concen-
tration (mg/dL). The traditional Schwartz equa-
tion uses the following constants: k=0.55 for
boys 2—12 and girls 2-18 years; k=0.70 for boys
13-18 years; k=0.45 for children <2 years;
k=0.33 for infants <2.5 kg.

More recently, a study of children with CKD
recommends a constant of 0.413 irrespective of
age and gender [12]. The decrease in the constant
is predominantly secondary to changes in the
methodology for measuring creatinine, with the
most recent constant based on the enzymatic
method for measuring creatinine. The older
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constant was derived using the Jaffe method.
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 [13-16]. The for-
mulas appear especially problematic in
malnourished children and at the low levels of
renal function where decisions regarding dialysis
initiation need to be made. There are a variety of
factors that decrease the accuracy of using formu-
las that depend on the serum creatinine concentra-
tion 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 and thus creatinine generation is proportional
to muscle mass, which varies greatly in children,
mostly related to size, but also due to gender, age,
and individual differences. In adults there are
racial differences in creatinine generation [17].

Children with uremia may lose muscle mass
due to malnutrition, possibly reducing the rise in
serum creatinine concentration. Spinal cord
injury or 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 renal insufficiency due to
phosphorus restriction and anorexia. Extrarenal
creatinine excretion increases in patients with
chronic renal failure [18]. Moreover, tubular cre-
atinine secretion increases as the GFR decreases
[6]. Extrarenal excretion and tubular secretion
blunt the increase in serum creatinine concentra-
tion that should occur as GFR decreases. As
stressed above, medications and the specific dis-
ease causing chronic renal failure can affect crea-
tinine secretion [7].

The serum protein cystatin C, an endogenous
protein, is an alternative to creatinine for estimat-
ing GFR [19]. It is unclear whether cystatin C is
superior to creatinine for estimating GFR in chil-
dren, although the combination of cystatin C and
creatinine may be used to create more accurate,
albeit more complex equations for estimating
GFR [12, 19, 20]. However, there is not a general
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agreement on the correct constants to utilize for
cystatin C estimates of GFR [12, 20, 21], perhaps
partially due to differences in methodologies for
measuring cystatin C. Additionally, cystatin C is
not readily available and is more expensive than
serum creatinine.

For adult patients, the Cockcroft-Gault for-
mula is widely used to estimate GFR [22]. An
alternative formula, based on data from the
Modification of Diet in Renal Disease (MDRD)
study, provides a more accurate method for esti-
mating GFR in adults, although it requires fairly
complex calculations [23]. These equations are
of limited utility in children [24].

Dialysis adequacy is conventionally measured
by calculating Kt/V for urea (Kt/V ) [25, 26].
Calculation of Kt/V___from residual kidney func-
tion is an alternative to estimates of GFR as a
way of determining the need for dialysis.
Calculation of Kt/V requires a 24-h urine col-
lection and serum urea concentration:

Uyo1 XUurea
Weekly Kt/ urea — mx7 (64)
where U  =urine volume (liters/day), U =urine

urea concentration (mg/dL), S __=serum urea
concentration (mg/dL), V__ is total body water
(liters). Multiplication of the daily urea clearance
by 7 calculates the weekly urea clearance. The
KDOQI guidelines recommend estimating TBW
using tables derived from a study of children
receiving peritoneal dialysis [26, 27].

Kt/V  may be misleading in patients with
malnutrition. Poor nutrition reduces patient
weight and hence V., leading to an increase in
Kt/V . and the impression that urea removal is
better than it appears. For patients on peritoneal
dialysis, the KDOQI guidelines recommend
calculation of V_ .. using ideal weight as
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opposed to actual weight [26]. This may be
especially important in using Kt/V__ as a guide
to the decision to initiate dialysis since it is
the patient with malnutrition who is postulated
to receive the most benefit from dialysis
initiation.

In predialysis patients the relationship
between Kt/V and CrCl is different than in
patients receiving dialysis. This is because of
tubular reabsorption of urea and the lower
clearance of creatinine than urea by dialysis.
Therefore, for the same CrCl, Kt/Vurea in
predialysis patients is lower than in patients on
dialysis [28]. In one study of adult predialysis
patients, Kt/Vum correlated better than CrCl with
protein intake, a surrogate marker of nutritional
status [28]. Yet, in another study in adults there
was a good correlation between CrCl and dietary
protein intake [29].

All of the different methodologies have draw-
backs. There is no consensus on the method that
best identifies the patient who needs to initiate
dialysis. Different decisions occur depending on
the method [30].

Predialysis Patient Monitoring

Systematic patient monitoring is necessary in
children with chronic renal failure to minimize
complications such as malnutrition, hyperten-
sion, renal osteodystrophy, 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 nonemergent placement of a
peritoneal dialysis catheter or creation of a vas-
cular access for hemodialysis or performance of
a preemptive kidney transplant. Table 6.1 outlines

Table 6.1 Evaluation schedule for children with chronic renal failure

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, hand X-ray, neurodevelopmental assessment in infants

Abbreviations: BUN, blood urea nitrogen; CBC, complete blood count; PTH, parathyroid hormone; ABPM, ambulatory

blood pressure monitoring
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the necessary components for monitoring chil-
dren with a GFR <30 mL/min/1.73 m?.

Indications for Initiating Dialysis

Absolute Indications for Initiating
Dialysis

A variety of signs and symptoms are absolute indi-
cations for dialysis initiation. These are manifesta-
tions of renal failure that cause significant morbidity
and mortality. There is usually a dramatic or
marked improvement with 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 produce
improvement.

Neurologic consequences of uremia that are
absolute indications for dialysis include enceph-
alopathy, 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.

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

Beyond anuria, there is debate regarding the
precise level of renal function, along with the
methodology for measuring renal function, that
is, an absolute indication for dialysis. In addition,
there are recommendations that the presence of
malnutrition lowers the threshold for dialysis ini-
tiation based on the level of renal function. Again,
there is no consensus regarding the measurement
of malnutrition, the degree of malnutrition that
must be present, or the role of alternative strate-
gies to alleviate malnutrition. We summarize in
Sects. “Relative Indications for Initiating Dialysis”
and “Timing of Elective Dialysis Initiation” the
data and opinions regarding the level of renal
function and the role of malnutrition as relative or
absolute indications for dialysis initiation.
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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, nausea,
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, espe-
cially 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 chronic renal failure [31]. As
GFR decreases, the remaining nephrons compen-
sate by increasing potassium excretion, but there
is a linear relationship between GFR and the abil-
ity to excrete a potassium load [32-36].
Hyperkalemia usually does not become problem-
atic until the GFR is less than 10-20 mL/min,
unless potassium intake is excessive or excretion
is reduced [33, 37]. Hyperkalemia develops at a
higher GFR in adults and children with
hyporeninemic hypoaldosteronism, which may
also cause a type IV renal tubular acidosis [35,
38, 39]. Similarly, other patients have a decreased
tubular responsiveness to aldosterone and this
pseudohypoaldosteronism may cause hyper-
kalemia at higher levels of GFR [40-43]. These
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patients may also have type IV renal tubular
acidosis. Medications, especially ACE inhibitors,
calcineurin inhibitors, and potassium sparing
diuretics, are another important cause of reduced
urinary potassium excretion.

Treatment of hyperkalemia in association with
chronic renal failure relies on decreasing dietary
potassium intake and increasing potassium excre-
tion. 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 standard infant
formula does not vary greatly, limiting the effec-
tiveness of formula selection. Low-potassium for-
mulas adapted to the needs of children with
advanced CKD are available in individual countries
(e.g., Nefea, MetaX in Germany). It should be
noted, that soy-based and elemental formulas are
especially high in potassium. Human milk has
lower potassium content than most formulas, while
cow’s milk has about twice the potassium content
of most infant formulas. A reduction in the potassium
delivery from infant formula is possible by fortify-
ing the formula with sugar (e.g., Polycose) and/or
fat. With a higher caloric content, less formula, and
hence less potassium, is needed to provide adequate
calories. Alternatively, preparing formula with deion-
ized water decreases the potassium content [44].

Increasing potassium excretion can help ame-
liorate the hyperkalemia of chronic renal failure.
Loop diuretics increase urinary potassium excre-
tion; adequate sodium intake is necessary for
maximum effectiveness. Discontinuation of
medications that decrease urinary potassium
excretion, such as ACE inhibitors, angiotensin 11
blockers, nonsteroidal anti-inflammatory drugs,
or potassium sparing diuretics, can have a signifi-
cant effect on the serum potassium level [45, 46].
Although not usually a significant mechanism of
potassium excretion, stool potassium losses
become more important as renal function declines
[47]. Constipation should be treated since it may
decrease stool potassium losses. Sodium polysty-
rene sulfonate (Kayexalate®), an exchange resin,
binds potassium in the gastrointestinal tract, sig-
nificantly increasing stool potassium losses [48].
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Typically given orally or via a G-tube, sodium
polystyrene sulfonate is very effective in treating
hyperkalemia in children with chronic renal fail-
ure. Pretreatment of formula with sodium poly-
styrene sulfonate is effective, but may cause
constipation and problems with other electro-
lytes, especially increased formula sodium con-
tent [44, 49, 50].

Because of the effectiveness of dietary and med-
ical intervention, initiation of chronic dialysis is
seldom necessary solely to manage hyperkalemia.
Nevertheless, repeated episodes of severe hyper-
kalemia may be considered an absolute indication
for dialysis. Poor adherence to dietary restriction or
medication usually contributes to refractory hyper-
kalemia. Hemodialysis and peritoneal dialysis are
quite effective at removing body potassium,
although dietary restriction, and occasionally med-
ical management, is usually still necessary.

Hyperphosphatemia

A decrease in filtered phosphate parallels the
decrease in GFR in chronic renal failure. With
mild to moderate renal insufficiency, an increase
in the fractional excretion of phosphate by the
remaining nephrons initially compensates, per-
mitting the serum phosphorus to remain normal
[51]. As the GFR falls, compensation is inade-
quate and hyperphosphatemia ensues, typically
at CKD stages 2 or 3 [52-54]. Hyperphosphatemia
causes secondary hyperparathyroidism by sup-
pressing 1,25-dihydroxyvitamin D production
and calcium levels and through direct stimula-
tion of PTH secretion [55-57]. Correction of
hyperphosphatemia is essential for controlling
secondary hyperparathyroidism. In addition,
hyperphosphatemia may elevate the serum cal-
cium-phosphorus product and contribute to vas-
cular calcifications [57-59]. In adult patients with
CKD, serum phosphate levels predict mortality
and progression of CKD [58-60].

The management of hyperphosphatemia in
chronic renal failure depends on a reduction in
phosphate intake by a combination of dietary phos-
phate restriction and the use of phosphate binders
[61]. Early in renal failure, before hyperphos-
phatemia develops, reduction in phosphate intake
helps to control secondary hyperparathyroidism
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[51, 54, 62-64]. For infants, dietary phosphate
restriction is facilitated by the availability of for-
mula with a low phosphate concentration (e.g.,
Similac PM 60/40). Liquid nutritional supplements
with a low phosphate content are also available
for older children. As renal function declines,
dietary restriction, because of nutritional con-
straints and limitations of food palatability, is often
inadequate to control hyperphosphatemia, neces-
sitating the use of phosphate binders. Calcium
carbonate is an effective phosphate binder in chil-
dren with chronic renal failure, although excessive
use may cause hypercalcemia and contribute to
systemic calcifications [65]. Sevelamer, a calcium-
free phosphate-binding agent, has been effec-
tively utilized to control hyperphosphatemia in
children [66], and has been shown to slow the rate
of vascular calcifications in adult patients [67].
However, all available phosphate binders must
be administered in large doses (several grams per
day) to be effective; 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 control
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 ini-
tiation of dialysis because of refractory hyper-
phosphatemia is seldom effective at controlling
hyperphosphatemia since the underlying prob-
lem, nonadherence 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 the control of hyperphosphatemia. The
presence of refractory hyperparathyroidism fur-
ther 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 [29,
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68—71]. In children, this may adversely affect
growth [43]. Further, studies in adult patients
show an association between malnutrition when
starting dialysis and decreased patient survival
[29, 72-81]. Nutritional parameters improve in
adult patients after initiation of dialysis [69, 71,
82-87]. When looking at body fat as an index of
nutritional status, poor nutritional status at the
start of dialysis was associated with a greater
increase in body fat [84]. In other studies, there
was a positive correlation between the nutritional
status at the start of dialysis and the follow-up
nutritional status, suggesting that dialysis may
not completely compensate for poor nutrition at
dialysis initiation [83, 87].

The improved survival with increased dialysis
dose, the mortality risk associated with malnutri-
tion, and the improvement in nutritional status
with dialysis are the basis for recommendations
to initiate dialysis therapy when a patient has
advanced chronic renal failure and malnutrition
[26, 88, 89]. Yet, there are no prospective studies
demonstrating that the early initiation of dialysis
improves outcome. An alternative solution to the
combination of malnutrition and advanced renal
failure is the initiation of aggressive dietary inter-
vention, which has proven successful in some
adult patients [90, 91]. This approach, using
severe restriction of dietary protein, is not uti-
lized in children due to concerns about the effects
of protein restriction on growth and development.
Alternatively, aggressive nutritional supplemen-
tation, possibly using a gastrostomy tube, may
reverse malnutrition in some children without the
need for dialysis [92, 93].

There is no one ideal marker of malnutrition.
Signs of poor nutrition in children with chronic
renal failure may include inadequate weight gain,
poor linear growth, and a low serum albumin.
A low serum albumin is misleading in the child
with nephrotic syndrome and significant urinary
protein losses. Other indications of malnutrition
include a low serum prealbumin, transferrin or
cholesterol, inadequate dietary protein, decreased
creatinine excretion, and a loss of muscle mass. If
indices of malnutrition cannot be improved by con-
servative interventions, then the child with advanced
chronic renal failure should begin dialysis.
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Growth Failure

Growth retardation is a common complication of
chronic renal failure in children [94]. The causes
of “uremic” growth failure include malnutrition
(most markedly in infants), electrolyte losses and
fluid losses (in children with hypo/dysplastic kid-
ney disorders), metabolic acidosis, osteodystro-
phy, anemia, and, most importantly beyond
infancy, impaired function of the somatotropic
hormone axis. Electrolyte and bicarbonate losses
can usually be managed conservatively, with
favorable effects on growth rates. Forced feeding
usually improves the nutritional status, but linear
growth may not respond to nutritional recovery
once growth failure is established [95]. In chil-
dren with stable predialytic chronic renal failure,
recombinant growth hormone therapy is indi-
cated. The efficacy of this therapy strongly
depends on residual renal function, mandating a
timely startoftreatment[96,97]. Unresponsiveness
to growth hormone may be considered as an
argument to start dialysis, although improved
growth rates are not consistently observed after
initiation of standard peritoneal or hemodialysis
[98]. Recently, short daily hemodiafiltration was
demonstrated to improve responsiveness to
growth hormone leading to remarkable, complete
catch-up growth [99]. Hence, the availability of
an intense hemodialysis program may be an argu-
ment to start dialysis in a child with growth hor-
mone resistant growth failure.

Timing of Elective Dialysis Initiation

The level of renal function that is an absolute indi-
cation for initiating dialysis in children is uncer-
tain. There is a paucity of pediatric data and the
adult literature is fraught with conflicting conclu-
sions and opinions [100-108]. The debate is com-
plicated by uncertainty regarding the best
methodology for evaluating residual renal func-
tion (see Sect. “Methodology for Measuring Renal
Function”). The IDEAL study directly addressed
this question in adults [109]. Patients were
randomized to dialysis initiation at an estimated
GFR of 10-15 mL/min/1.73 m? or at an esti-
mated GFR of 5-7 mL/min. The late-start group
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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 [109].

A European multicenter study reported the
estimated GFR at initiation of renal replacement
therapy (RRT) in a large cohort of pediatric
patients [110]. The median estimated GFR
was10.4 mL/min/1.73 m?, with the small percent-
age of the patients who received a preemptive
transplant having a significantly higher estimated
GFR at the time of transplant (13.5 mL/
min/1.73 m?). Variables associated with a lower
estimated GFR at onset of RRT included younger
age, female gender, and a short interval between
the first visit to a pediatric nephrologist and com-
mencement of RRT.

Consensus Statements Regarding
Dialysis Initiation

The National Kidney Foundation’s KDOQI
guidelines recommend considering the risks and
benefits of dialysis when a patient reaches stage 5
CKD (estimated GFR <15 mL/min/1.73 m?),
although dialysis at a higher GFR is an option if
a specific indication is present (e.g., malnutrition
or growth failure refractory to medical manage-
ment) [25, 26]. Caring for Australasians with
Renal Impairment (CARI) recommends starting
dialysis when the GFR is below 6 mL/
min/1.73 m?, although earlier initiation should be
considered if there is evidence of uremia or mal-
nutrition when the GFR is below 10 mL/
min/1.73 m? or even at higher GFRs if a specific
indication is present [89].

The European guidelines recommend a thresh-
old level of 6 mL/min/1.73 m?, but that dialysis
should be considered if the GFR is 8-10 mL/
min/1.73 m? to avoid starting at a level less than
6 mL/min/1.73 m? [111]. The Canadian Society
of Nephrology clinical practice guidelines rec-
ommend the initiation of dialysis when the GFR
is less than 12 mL/min/1.73 m? and there is evi-
dence of uremic symptoms or malnutrition [88].
A GFR less than 6 mL/min/1.73 m? is an absolute
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indication for dialysis. The principal rationale for
6 mL/min/1.73 m? is the high likelihood, given
the normal rate of loss of GFR in chronic renal
failure, that an unacceptably low GFR will be
present within 6 months [88].

Arguments for Early (“Timely”)
Initiation

This is based on the observation that adults who
start dialysis with a lower GFR have increased
morbidity and mortality [101, 112, 113]. This may
be secondary to the effects of malnutrition since
decreased residual renal function is associated
with poor nutrition and poor nutrition when start-
ing dialysis is associated with increased morbidity
and mortality (see Sect. “Malnutrition”). Moreover,
in the 1990s many adult patients initiated dialysis
at a lower GFR than was recommended [28, 114,
115]. This led to the argument that more timely
initiation of dialysis 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 [106, 116]. In the United States, the per-
centage of patients starting dialysis with a
GFR > 10 mL/min/1.73 m? increased from 25%
to 54% between 1996 and 2005 [106]. This has
been associated with observations suggesting
that early initiation of dialysis may be harmful,
with increasing mortality in patients who start
early [103, 117]. However, this detrimental
effect of early dialysis may be secondary to
increased age and comorbidity in the patients
who start early [104]. Older patients have had
the most dramatic increase in early initiation of
dialysis over the last decade [106]. Additionally,
a lower serum creatinine, which results in a
higher estimate of GFR, may also be explained
by decreased muscle mass and poor nutritional
status [117]. Hence, some patients with putative
early initiation of dialysis may have a falsely
elevated estimated GFR due to poor nutritional
status, a well-defined risk factor for morbidity
and mortality (see Sect. “Malnutrition”). This
would create additional bias suggesting that
early initiation of dialysis is harmful.
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While a number of studies have shown a worse
outcome in adults who have a lower GFR at dialy-
sis initiation, there are a variety of biases that
make interpretation difficult [101]. These include
lead-time bias, referral time bias, and patient
selection [88]. 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 [107, 118]. Moreover, early initiation of dial-
ysis may be associated with increased mortality
[100, 105]. In adult patients, late referral to a
nephrologist is a predictor of poor outcomes
[119-124]. Such patients are more likely to have a
lower GFR at dialysis initiation, again tending to
bias the outcome against late initiation of dialysis.
In addition, late referral patients are more likely to
have a history of noncompliance with follow-up
and more significant comorbid conditions [101].

Early initiation of dialysis exposes the patients
to risks of complications from dialysis therapy,
including peritonitis, irreversible loss of perito-
neal function, access infections, and loss of large
blood vessels for vascular access [125]. In one
study of early initiation of peritoneal dialysis in
adult patients, there were a significant number of
complications [126]. These issues are especially
important in children given the need for a life-
time of end-stage renal disease care. In addition,
especially in the case of peritoneal 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 children feel “washed out” after complet-
ing hemodialysis, limiting the ability to complete
homework or play with friends. Morning hypoten-
sion may prevent school attendance in children
receiving peritoneal dialysis.

Residual renal function is associated with bet-
ter outcomes in adults receiving dialysis [127,
128], and dialysis accelerates the loss of residual
renal function [129]. This is more significant with
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hemodialysis than continuous ambulatory perito-
neal dialysis, both in adults and children [130—
133]. The use of automated PD may [134, 135] or
may not provoke a more rapid decline than clas-
sical CAPD [131, 136]. Of particular relevance
to children, it appears that short, high-turnover
NIPD may exert similarly detrimental effects on
residual renal function as intermittent extracor-
poreal procedures.

While some children may bypass dialysis and
receive a preemptive transplant, this exposes the
child to the risks of long-term immunosuppres-
sion (infection and malignancy) and the growth
stunting effects of corticosteroids. Moreover, early
transplantation should, statistically, lead to earlier
graft failure. These factors argue against overly
aggressive use of preemptive 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 pos-
siblebenefitsofearlyinitiationarecounterbalanced
by other factors.

Choice of Mode of Dialysis

Kidney transplantation is the optimal therapy for
most adults and children with end-stage renal
disease [137]. In many instances transplantation
is not an immediate option because of the lack of
a suitable donor. For some patients, psychosocial
issues may need to be addressed before proceed-
ing with transplantation.

The majority of adult patients receive treat-
ment with hemodialysis. In pediatric patients,
peritoneal dialysis is the more frequently used
modality. There is debate in the adult literature
regarding the optimal form of therapy. There are
no randomized studies that properly address this
issue. A number of nonrandomized studies show
no difference in outcome, although other studies
suggest an advantage for either hemodialysis or
peritoneal dialysis [139-143]. Among adult
patients, technique failure is more common with
peritoneal dialysis [144, 145]. Selection bias has
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made it difficult to perform comparative studies of
morbidity and mortality between peritoneal dialy-
sis and hemodialysis in pediatric patients [146].

Peritoneal dialysis may be especially advanta-
geous during the first 2 years of therapy [141,
147]. This may be related to the improved preser-
vation of residual renal function with peritoneal
dialysis [132, 133, 144]. In addition, the inability
of peritoneal dialysis to match the weekly urea
clearance of hemodialysis may be less of a prob-
lem when the patient has residual renal 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 associated with increased mortality
[148, 149]. Moreover, a high transporter state in
children on peritoneal dialysis is associated with
poor growth [150]. The advantages of peritoneal
dialysis during the first 2 years are especially rel-
evant for children since they receive transplants
sooner than adult patients due to the availability
of living-related donors and 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 [142, 151, 152]. In children,
peritoneal dialysis has a number of advantages.
A home-based therapy is less disruptive with
school and social activities. In infants, the perfor-
mance of hemodialysis is associated with a sig-
nificant risk for morbidity and mortality,
especially if anuria is present [153]. Problems
include difficulties with vascular access, refrac-
tory anemia, inadequate urea removal, and the
risk of hemodynamic instability [153]. In addi-
tion, nutrition in infants is dependent on a high
fluid intake, making it very difficult for thrice
weekly hemodialysis to provide adequate fluid
removal.

The choice of dialysis modality is based on a
number of considerations. There are relative and
absolute contraindications for both modalities
(see Tables 6.2 and 6.3). Psychosocial consider-
ations are quite important given the family com-
mitment needed to make peritoneal dialysis
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Table 6.2 Contraindications to hemodialysis in children

Absolute Relative

Very small patients Poorly controlled

Lack of vascular access ~ hypertension or hypertensive
Contraindications to cardiomyopathy
anticoagulation

Cardiovascular Lack of proximity to a
instability pediatric hemodialysis center

Table 6.3 Contraindications to peritoneal dialysis in
children

Absolute Relative

Omphalocele or Impending abdominal
gastroschisis surgery

Bladder exstrophy Impending living-related
Diaphragmatic hernia transplant

Peritoneal membrane Lack of an appropriate
failure caregiver

successful. Unless there are contraindications,
peritoneal dialysis is the preferred modality for
the majority of children, although both the family
and the patient must be comfortable with the
decision.
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Introduction

Decisions concerning the initiation of dialysis
during infancy are complex and serve as a prime
example of why a pediatric dialysis healthcare
team must be comprised of a multidisciplinary
group of experts. Team members should include a
social worker, nutritionist/dietician, nurses with
experience in management of end-stage renal dis-
ease (ESRD) in infants, as well as the medical
staff. In addition, the views of the parents must be
seriously considered in the decision process. The
complexity of the medical and psychosocial issues
mitigates against care being provided by a single
individual, if results are to be optimized.
Additional input may be required from the dialy-
sis technologist or from home or community pro-
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viders. Finally, although dialysis in infants often
poses significant clinical and technical challenges,
it is frequently psychosocial and economic issues
that dominate the patient management decisions.

The use of maintenance hemodialysis (HD)
for children was first described by Fine and col-
leagues in 1968 [1] and was limited to a small
group of adolescents. More than a decade later,
the use of continuous ambulatory peritoneal dial-
ysis (CAPD) was reported [2], and seemed to
provide an opportunity to extend dialysis to
younger children. Subsequent reports confirmed
that long-term peritoneal dialysis (PD) was pos-
sible for infants [3, 4], although concerns about
growth and development in this age group were
emphasized. Whereas improvements in technol-
ogy have permitted the successful use of HD for
infants with acute renal failure [5], the use of this
renal replacement modality for long-term care of
this population may be problematic. Nonetheless,
maintenance treatment of infants with both peri-
toneal and hemodialysis is possible, although
before starting, parents should be cautioned about
the demands of therapy, that desired outcomes
may not be achieved, and that the emotional cost
of treatment is considerable.

The ensuing discussion will review the
options that exist with respect to the provision of
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maintenance renal replacement therapy (RRT)
for infants, focusing on those factors unique to
this population. This chapter addresses issues
related to the initiation of dialysis, potential
complications, and ethical considerations with
this population. Lastly, the outcomes of infant
dialysis, as reported in the literature, will be
summarized.

Dialysis Options
Hemodialysis

HD is rarely the modality of choice for the initia-
tion of maintenance dialysis in infants [6].
Estimates of its use in infants have ranged from 3%
to 14% [7-9]; however, in most observational stud-
ies, HD was utilized only after PD failed [10, 11].
Mortality rates notwithstanding, the drawbacks of
infant HD include its special equipment needs and
the labor intensity. For successful HD, each
component of the equipment (machine, filters,
bloodlines, and vascular access) must be specifi-
cally adapted for infants. More frequent dialysis
(> thrice weekly) is also often required in younger
patients because of the difficulty that can occur
achieving consistent blood flow rates with this
equipment [12]. In addition, because the infant diet
is predominantly liquid-based, more frequent treat-
ments are often required to achieve appropriate
ultrafiltration and to allow for optimal nutrition,
especially in the oliguric infant. This increase in
dialysis frequency places great demands both on
the family and the dialysis staff.

Another potential drawback to infant HD has
been the need for blood priming for treatments
and the associated risk for increased antigen
exposure, all of which can have a negative impact
on subsequent transplant availability. However,
larger infants (>5 kg) have been treated chroni-
cally using albumin or saline priming with suc-
cess [11], potentially diminishing this drawback.
On a positive note, published experience does
provide evidence that it is possible to maintain
infants on chronic HD and achieve adequate
growth and development [10, 11].

R.G. VanDeVoorde lll and D. Geary
Peritoneal Dialysis

PD has long been the dialysis modality of choice
for infants, since the introduction of CAPD in the
late 1970s, in large part due to the lack of need for
vascular access and the excellent patient toler-
ance of the procedure. Its technical requirements
include a flexible catheter small enough for inser-
tion into an infant and a supply of dialysate in
small bags to allow for the infusion of appropri-
ately smaller volumes, compared to older children
and adults. The introduction of cycling machines
allowed for frequent, small volume exchanges and
overnight dialysis with less caregiver burnout.
Salusky et al. reported their successful clinical
experience with cycling PD in eight infants (aged
2.5-8.5 months) in the mid-1980s [13]. However,
these initial cycling machines had excessive dead
space in the tubing, such that the recirculated vol-
ume of dialysate in infants could be nearly 40% of
the exchange volume. The development of
machines with smaller tubing dead space and less
dialysate recirculation has further facilitated and
improved this dialysis modality in infants.

PD is, however, fairly rigorous for parents, as
it is most often performed nightly in infants.
Some have speculated that on occasion, the sud-
den death that may occur in an infant on PD may
actually be secondary to hyperkalemia from dial-
ysis not being performed in the prescribed man-
ner. However, the rigors on the family may be
less overall than with HD, which often requires a
constant parental presence during treatments, in
addition to regular travel to and from the dialysis
center, allowing less time to be spent at home.
For those situations in which care provision or
home scenarios are not acceptable for home dial-
ysis, PD may be provided in the hospital setting.

Timing of Dialysis Initiation

There are no scientific data stating exactly when
dialysis should be initiated during infancy, espe-
cially if all infants with impaired kidney function
are considered. For those who are oligo-anuric or
with life-threatening metabolic disturbances, the
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decision is straightforward as death will occur,
often within a few days, if dialysis is withheld.
However, for infants who are capable of main-
taining neutral fluid and metabolic balance, the
optimal time to start dialysis is much less clear.
There is frequent reticence on the part of parents
and staff to institute therapy, even in the absence
of potential ethical dilemmas, which may lead to
delays in dialysis initiation.

Renal Function Considerations

The guidelines presented by both the Kidney
Disease Outcomes Quality Initiative (KDOQI)
[14] and the European ad hoc committee for elec-
tive PD in pediatric patients [15], which recom-
mend the level of renal dysfunction at which
dialysis should be initiated, have no proven valid-
ity in infants in whom the glomerular filtration
rate (GFR) in the normal state is quite low. An
analysis of data from the North American
Pediatric Renal Transplant Cooperative Study
(NAPRTCS) derived from 300 infants who initi-
ated dialysis revealed that those less than 12
months of age at dialysis initiation had a median
GFR of 6 mL/min/1.73 m?, compared to 8—11 mL/
min/1.73 m? for those 12-24 months old [12].
These data, in turn, show that the estimated GFR
is not used as an absolute threshold for dialysis
initiation in this population.

Delays in the initiation of dialysis may be war-
ranted by the need for urologic surgical procedures,
for long-term preparation of the genitourinary sys-
tem and reduction of infection risk, and possibly
by preservation of renal function following surgi-
cal correction of severe, persistent upper tract
obstruction with severe hydronephrosis [16, 17].
Criteria for surgical intervention in pediatric
patients with upper tract obstruction have been
published and include renal failure and worsening
hydronephrosis; however, these indications are
also not absolute and will vary by surgeon [18].

Some reticence about early dialysis initiation
during infancy may also be secondary to the hopes,
of both staff and parents, that renal function will
improve as a result of postnatal maturation.
Whereas the GFR of a normal term newborn is
less than 10% of that in adults, it increases rapidly,

doubling within the first 2 weeks of life and con-
tinuing to increase up to 2 years of age [19]. This
rise in total GFR is secondary to increases in sin-
gle nephron GFR, paralleled by an increase in
renal plasma flow and individual glomerular
hypertrophy (increases in size, surface area, and
capillary permeability). Similarly, these changes
may also occur, although less pronounced, in
infants with renal dysplasia or acquired postnatal
hypoxic insults to the kidney. Studies looking at
the progression of renal dysplasia in children not
requiring RRT have shown that GFR may improve
in this population at an early age, but significant
improvement is less likely in those with a lower
initial GFR [20, 21]. Nevertheless, single-center
reports of infant dialysis populations have cited
their reason for terminating dialysis as recovery of
renal function in 10-15% of their subjects [10, 22]
and a NAPRTCS review by Carey et al. reported
that up to one-eighth of all neonates on dialysis
were able to discontinue dialysis because of recov-
ered renal function [23]. In contrast, Coulthard
et al. reported a much lower percentage (4.6%) of
patients experiencing recovery of function when
all infants with ESRD, including those not treated,
were considered [24]. Therefore, the prospect of
dialysis being only a temporary measure in infants
with severely impaired kidney function is not
great and likely should not be overemphasized in
discussions with most families about the prospect
of initiating long-term RRT.

Nutritional Considerations

Nutrition is a primary concern in all children with
chronic kidney disease (CKD), but its importance
is greatest during infancy. At this stage, statural
growth and increase in brain growth and head cir-
cumference is primarily driven by nutrition and
early deficits may be difficult to overcome later.
The recently published KDOQI guidelines for
nutrition in children with CKD recommend eval-
uation of nutritional parameters in infants, as fre-
quently as every 2 weeks [25], as shown in
Table 7.1 [25]. Additionally, most of the primary
indications for dialysis initiation, as cited by the
KDOQI guidelines, are conditions (acidosis,
hyperkalemia, hyperphosphatemia, growth fail-
ure, fluid overload, and neurologic sequelae of
uremia) which may be amenable to intense dietary
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and medication management [14]. Therefore,
early and frequent evaluation of both biochemical
and growth parameters are necessary to minimize
sequelae of malnutrition, but also to anticipate
potential nutritional needs once starting dialysis.

Precise documentation of dietary intake in
infants should be recorded, although this is some-
what more complex in breastfed infants. It is
mandatory to document intake accurately in ure-
mic infants so that any reduction below recom-
mended calorie and protein intakes for age can
be identified and corrected quickly. Similarly,
meticulous care is also required to ensure that
calcium and age specific phosphate values are
maintained in the normal range, the latter goal
often requiring the initiation of dialysis. Lastly,
though difficult to confirm, renal salt wasting
may occur in infants and a therapeutic trial of
sodium chloride supplementation in the infant
with advanced CKD may be advised to determine
any possible contribution to growth, especially
given that additional sodium loss will typically
occur with the initiation of PD [25].

Whereas the amelioration of uremia by dialysis
may improve appetite and reduce vomiting, this
does not frequently occur. In fact, the installation
of large dialysate volumes into the peritoneal cav-
ity may aggravate these symptoms. Therefore, the
introduction of enteral tube feeding, if possible,
prior to the initiation of dialysis is recommended
[26] and decisions to start dialysis should include
discussions about a long-term tube feeding strat-
egy. Adequate nutritional outcomes may be
achieved by either a nasogastric or gastrostomy
tube; however, the timing of their introduction is
often closely tied to the plan for dialysis initia-
tion. PD catheters and gastrostomy tubes may be
inserted as part of the same surgical procedure
[15]. When performed in this manner, dialysis
should be withheld for the first 48 h to ensure
there is no leakage from the gastrostomy tube
site. A gastrostomy tube may be added after PD
catheter insertion, but with increased risk of infec-
tion, particularly if inserted percutaneously [27].
Prophylactic antibiotics and antifungals have
been shown to reduce this risk [28]. Some would
also suggest the initial use of a nasogastric tube
when the patient is significantly malnourished to
enhance nutrition prior to surgery for gastrostomy
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placement as a means of decreasing the risk for
postoperative complications (e.g., infection, poor
wound healing).

Growth and Development Considerations
Although the precise cause of developmental
and growth delay in uremic infants has not been
clarified, one must consider the uremic milieu as
potentially harmful and as an important clinical
indicator for dialysis initiation. Improved devel-
opmental outcomes in uremic infants have been
noted over the past few decades, coinciding with
the elimination of aluminum containing phos-
phate binders, optimization of nutrition, use of
erythropoiesis-stimulating agents, and increas-
ing awareness of the potential benefits of earlier
and “adequate” dialysis. However, it is impossi-
ble to separate the individual contributions of
each of these factors on the observed improve-
ment in development; therefore, each (including
earlier dialysis) should be factored into the deci-
sion to initiate dialysis.

The most objective measure of the need to
start dialysis in infants may be growth impair-
ment. Growth delay, like developmental delay, is
most often multi-factorial and may require a
period of months rather than weeks to manifest
and, therefore, should not be the sole criterion
upon which the decision to initiate dialysis is
based. However, an inability to correct several of
the factors that contribute to growth delay (inad-
equate nutrition, persistent acidosis, and renal
osteodystrophy) through dietary and pharmaco-
logic measures alone should have a strong influ-
ence on the decision to initiate dialysis.

Ethical Considerations

The ethical and legal issues that need to be con-
sidered when deciding whether or not to proceed
with dialysis during infancy, have been debated
for many years. In 1987, Cohen reviewed these
issues and suggested that dialysis for infants
could be considered more of an experimental or
innovative intervention than an accepted therapy.
She concluded that “when parents elect conserva-
tive treatment for their very young infants who
are born with End-Stage Renal disease (ESRD),
rather than dialysis or transplantation, this is a
choice that is medically, ethically, and legally
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Table 7.2 Ethical decisions: Guidelines for practice

1. Always act in the child’s best interests

2. Never rush the decision; continue treatment until it
can be properly made

Assemble all the available evidence

Respect the opinions of everyone in the team

Discuss the issues with the whole family

Attempt a consensus whenever possible

Make sure everyone appreciates the burden of care

Try to avoid adding to the guilt of anyone involved

Consider the child’s palliative and terminal care

10. Offer support for all those affected, parents and
staff alike

11. Remember, we can only do the best we can and

sometimes there is no ideal solution

R Pl R Rl P

acceptable [29].” Nine years later, when consid-
ering the same issue, despite substantial improve-
ments in technology that had been achieved in the
interim, Bunchman concluded that “the decision
by the family or the medical team not to institute
dialytic therapy must be honored and offered as a
reasonable option [30].” Bunchman added that
“early intervention with aggressive management
of infants would be optimal, with the understand-
ing that discontinuation or withdrawal of care in
the future is an option.” He also drew attention to
the need for the healthcare team to objectively
outline the long-term care burden and outcomes
associated with dialysis to the patients’ families
and emphasized the difficulty of truly obtaining
“informed consent” at such a stressful time.
These issues were again discussed in 2000 by
Shooter and Watson [31] who stated that deci-
sion-making for pediatric patients should be in
the hands of the patient, the hospital team, and
the parents; since infants cannot speak for them-
selves, decisions must be made by proxy. They
pointed out that when there is disagreement
between family members about the course of
action to take, as well as potential conflicts
between hospital staff members, these very diffi-
cult decisions become even more complex. They
provided some guidelines, as outlined in Table 7.2
[31], on actions to consider when confronted with
such complex patient issues.

In an attempt to clarify the ethical dilemmas
that doctors face when deciding whether or not to
treat patients with ESRD, the Spanish Pediatric
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Nephrology Association also produced guide-
lines on this issue [32]. These authors also men-
tioned how difficult, but important it is to try to
obtain informed consent for procedures in young
children. They stated that information should be
provided to families that includes a discussion of
quality of life as a major consideration. Parents
should be counseled, advised, and supported
before, during, and after decision-making.
Withholding or withdrawing dialysis was consid-
ered a reasonable option in these guidelines if the
net benefit to the child would not justify the risks
and burdens of the treatment. These guidelines
are outlined in Table 7.3 [32].

It is of interest that the first guideline listed in
Table 7.3 states that “a patient must have real
possibilities for kidney transplantation.” Whereas
this has also historically been a consideration for
patients starting dialysis at The Hospital for Sick
Children in Toronto, it is no longer so. Provided
the expected quality of life for the child is consid-
ered satisfactory and members of the healthcare
team in conjunction with the family elect dialy-
sis, then it is considered reasonable to initiate this
treatment even for those in whom the likelihood
of transplantation is considered small.

The second guideline in this table suggests that
“patients with irreversible disease that makes sur-
vival extremely unlikely will not be considered as
candidates for dialysis.” Whereas we are in gen-
eral agreement with this philosophy for children,
dialysis may be offered to some children with a
terminal illness if the child’s quality of life is sat-
isfactory and the patient or the family do not want
to terminate life early because of a complication
resulting from non-treatment of renal failure.
However, given the intensity of care necessary
and the frequent medical interventions required of
infants on dialysis, it is difficult to envisage a situ-
ation in which an infant should be dialyzed when
the likelihood of survival is extremely poor.

The ethical and legal issues outlined above are
extremely useful to help guide decision-making
about initiating or withholding dialysis treatment
for infants with ESRD. However, it is also of
great value to understand what the attitudes are of
medical professionals with respect to this
decision-making process. In a survey published
in 1998, 93% of an international group of pediatric
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1. All pediatric patients receiving dialysis must meet the following criteria

(a) The patient must be diagnosed with ESRD

(b) Signed informed consent must be given by the parents/legal guardian
(c) The patient must have real possibilities for kidney transplantation
(d) There must be reasonable expectation that the patient will have an acceptable quality of life during dialysis

therapy and after kidney transplantation

(e) The patient and parent/guardian must demonstrate a willingness to participate in and cooperate with the

dialysis procedures and medical advice

2. Patients with irreversible diseases that make survival extremely unlikely will not be considered as candidates for

dialysis

3. Those patients meeting the criteria stated in guideline 1 will not be refused treatment for economic, social, or
psychological factors, nor in relation to age, sex, race, or a physical handicap

4. Dialysis treatment will not be withdrawn against the wishes of the patient and parents/guardian

5. The cessation of dialysis will be considered if therapeutic results are not satisfactory or will not be reasonably
achieved. A decision to stop treatment must always be made with the agreement of the responsible physician, the

patient, and the parents/guardian

nephrologists responded that they offered dialysis
treatment for ESRD to some infants aged<l
month and 41% reported that they offered RRT to
all infants in this age group; 53% offered RRT to
all such infants aged 1-12 months [33]. The pres-
ence of coexisting serious medical abnormalities
or anticipated morbidity for the child ranked as
the most important factors influencing their deci-
sion to withhold such treatment. The least influ-
ential factor concerning the decision to initiate or
withhold such treatment was consideration of
hospital or governmental budgetary issues. Most
importantly, more than 80% of pediatric neph-
rologists believed that it was sometimes ethically
acceptable for parents to refuse RRT for their
children <1 month of age, and 61% held this
belief concerning older (1-12 months) children.
Additional information about how nephrolo-
gists make decisions about life sustaining treat-
ment in children was obtained from interviews
with 46 French speaking pediatric nephrologists
[34]. This study was not restricted to infants in
early life, but nonetheless 97.8% answered that in
their opinion it is sometimes necessary to with-
draw or to withhold life sustaining treatment in
children and the quoted reasons for this were “to
avoid poor quality of life or to avoid artificial pro-
longation of life by medical means and to limit
suffering for children when there’s no hope for
improvement.” Interestingly, when asked if there
was a difference between withdrawal of treatment
or withholding of the same treatment, it was felt by

the great majority that withdrawal of life-sustain-
ing treatment is more difficult because this act may
provoke or accelerate death. It was also interesting
that in contrast to the survey by Geary, most doc-
tors in this French survey (85%) did not wish to
involve parents in the decision-making process.

Coulthard and Crosier reviewed the treatment
of infants aged less than 2 years with ESRD in the
UK and Ireland [24]. Of 192 such children, 177
(92%) were treated with dialysis or transplanta-
tion. Decisions not to treat were typically made by
mutual agreement between clinicians and fami-
lies. Although a relatively large number of chil-
dren aged <1 month (n=31) were treated, 45% of
these patients died. In addition to physician advice,
other influences on parental decision-making may
include religious authorities [11], depending on
the importance families place in their faith.

To determine if attitudes toward withholding
care from infants with ESRD had changed over a
10 year period, the survey published by Geary in
1998 was repeated in 2008. In recognition of the
fact that many of these decisions now often
involve interdisciplinary members of the pediat-
ric nephrology team, nurses and social workers
were also surveyed. Ninety-eight percent (98%)
of respondents stated that they offer RRT to some
infants less than 1 month of age, compared with
only 93% in 1998 (p<0.05). In contrast, only
30% of nephrologists surveyed in 2008 offered
RRT to all children <1 month of age compared to
the figure of 41% in the earlier study. This
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suggests that technology and patient outcomes
have not advanced sufficiently to make the provi-
sion of RRT mandatory or the expectation for all
young infants. As in 1998, 50% of nephrologists
recommended treatment for all children aged
1-12 months. It is noteworthy that nurses rated
the presence of oligo-anuria as an important fac-
tor influencing the decision to withhold RRT
more so than nephrologists. Also, nurses rated
the families’ right to decide about the initiation of
life sustaining therapy more highly than did
respondent nephrologists. These disagreements
of opinion between different members of the
health care team emphasize the need for open
discussion among team members when con-
fronted with an infant with ESRD to aim for a
consistent approach to treatment prior to speak-
ing to the family so that the parents are not fur-
ther confused during this stressful period of
time.

Economic Considerations

The survey of Spanish pediatric nephrologists
suggested that the economic cost of dialysis is the
least important criterion in a long list of potential
factors determining the advisability of starting
dialysis in infants [35]. Similarly, in the previously
mentioned international survey of pediatric neph-
rologists, hospital and governmental budget con-
straints ranked very low as considerations whether
or not to initiate RRT for ESRD in infants [33].
Nonetheless, it is appropriate to consider the costs
to the healthcare system of dialysis in infants.

In 1982, Baum at al. estimated the overall
annual costs of dialysis as US $19,600 and
$54,300 for pediatric CAPD and HD, respec-
tively [36]. This study was based on a review of
Medicare costs throughout the United States,
provided no information about laboratory or
medication costs, and was restricted to children
between the ages of 3 and 20 years. A more
detailed study by Coyte et al. found that the cost
of pediatric CAPD was US $36,000, continuous
cycling PD $37,000, and HD $57,000 annually
[37]. This study was based on the detailed analy-
sis of only a small number of patients older than
age 2 and greater than 20 kg of body weight.
Neither study addressed the added costs that
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characteristically occur in infants due to the
greater number of average hospital days per
annum [38] and the common need for more
frequent dialysis sessions per week when com-
pared to older children [12]. The common need
for supplemental enteral feeding inherently
increases direct costs in this population as well.

Both studies reflected only a healthcare sys-
tem perspective rather than a total societal per-
spective of costs. It is likely that the cost of
dialysis for infants, from both a societal and fam-
ily perspective, is much greater than the sample
values outlined above. The rigorous nature of
dialysis in infants may preclude a family member
from working full-time, unless other care arrange-
ments can be made. The family’s socioeconomic
status, although not ranked as a highly influential
factor by healthcare providers, must be consid-
ered. This is not to suggest that economically dis-
advantaged people should have less opportunities
for dialysis than others, but rather that the finan-
cial burden to be carried by the families should
be detailed in advance and discussed because of
the influence it may have on this decision. The
importance of the contribution from the social
service team members on this issue cannot be
overemphasized.

Unique Features of Infant Dialysis

As the infant with ESRD prepares to initiate dial-
ysis, a number of issues should be considered to
enhance the efficacy of the procedure and mini-
mize treatment related complications.

Infant Hemodialysis

More infant-specific HD equipment has become
available over the past two decades which has
facilitated the use of this modality. Smaller dialy-
sis circuits and tubing are available which may
avoid the need for blood priming of lines and
which requires less than 10% of the infant’s intra-
vascular blood volume to be in an extracorporeal
location. If blood priming is needed, diluting the
blood to a hematocrit of 30—40% may decrease
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its viscosity and the associated increased resis-
tance, while the use of leukopore blood may
decrease the white blood cell load and potential
antigen exposure. The infant’s vascular access
should also be characterized by low resistance to
help avoid thrombosis. Therefore, the access
should have a wide diameter and the shortest
length possible, while still permitting appropriate
surgical placement of the access tip in the atrial-
vena caval junction. The standard blood flow rate
for an infant’s HD treatments is [39]:

(body weight [kg ]+10)x2.5
= blood flow rate (mL/min)

which translates to a rate of <50 mL/min in
infants under 10 kg. Adequate anticoagulation is
especially important in the setting of these low
blood flow rates to decrease the risk of thrombo-
sis. Heparinization is best accomplished with a
heparin load of 10-20 units/kg and a maintenance
rate of 10-20 units/kg/h to achieve standard acti-
vated clotting times of 150-200 s [40].

The infant HD treatment requires great cir-
cumspection by the dialysis staff, as the infant is
at risk for complications throughout the session.
In the hypervolemic infant, there may be an
increased susceptibility to pulmonary edema and
the need for supplemental oxygen. At the same
time, ultrafiltration rates may be limited to
0.2 mL/kg/min as higher rates may cause hemo-
dynamic instability. Additionally, the ultrafiltra-
tion monitors on HD machines have an error rate
of +50 mL/h, so infants could theoretically have
an inadvertent excessive or reduced ultrafiltrate
of as much as 150-200 mL during a 3—4 h treat-
ment. This error rate may be minimized for a par-
ticular dialysis machine, once the variation rate is
known and its range can be tightened by the bio-
medical support team [40]. Strict attention to
maintaining accurate infant scales are also needed
to minimize the risk for volume related complica-
tions. Maintenance of the infant’s body tempera-
ture may be challenging with such large blood
volumes in an extracorporeal location. As such,
increased dialysate temperatures may be needed
to maintain normothermia. Lastly, the return of
blood to the infant must be performed slowly if it
represents more than 10% of the patient’s blood
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volume, as it may in essence represent a transfu-
sion to the patient with a risk of hemodynamic
compromise if performed rapidly.

Infant Peritoneal Dialysis

Specific technical details about performing PD in
infants are covered elsewhere in this book.
However, there are several issues which should
be considered at therapy initiation.

The frequency of peritonitis is higher in infants
under 1 year of age (once every 14.2 months)
than in all children (once every 18 months) [7]
and is a major cause of patient morbidity. One
related issue that is especially pertinent to the
infant initiating dialysis, but about which there is
conflicting evidence, is the impact of a gastros-
tomy tube/button on the peritonitis rate.
Ledermann et al. reported that the incidence of
peritonitis in their gastrostomy fed infants was
comparable to that reported for all children on PD
by the NAPRTCS registry [27]. However, the
peritonitis incidence in this study was twice as
great when gastrostomy tube insertion was con-
ducted after, compared to prior to dialysis initia-
tion. Ramage et al. similarly noted a markedly
increased incidence of peritonitis in children with
gastrostomy tubes, and that the organisms caus-
ing peritonitis were similar to those infecting gas-
trostomy tube exit-sites [26]. Therefore, the PD
catheter exit site should, if possible, be placed
contralateral to the stomach and any current/
potential gastrostomy site, as well as away from
any other ostomy openings, as shown in Fig. 7.1.
Additional recommendations regarding the gas-
trostomy placement strategy as it relates to peri-
tonitis risk, with particular reference to the timing
of placement, are noted above refer to the
Nutrition chapter. Downward pointing dialysis
catheter exit-sites have been associated with
lower peritonitis rates in older children, but this
has not been confirmed in infants. Concerns also
exist that a downward pointing site may be a risk
factor for infection in children with frequently
soiled diapers; therefore, the location of the exit-
site should be outside of the diaper region, and
occasionally on the chest wall.
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Fig. 7.1 Infant with PD catheter

Another potential factor that may contribute to
an increased frequency of peritonitis during
infancy may be a selective IgG deficiency associ-
ated with this therapy [41, 42]. While regular
infusions of intravenous immunoglobulin have
not yet been shown to decrease the risk of perito-
nitis in children, the subject has not been well
studied [43]. Relative immaturity of other parts
of the infant’s immune system may also contrib-
ute to this risk [44]. Since membrane failure is
associated with the number and severity of peri-
tonitis episodes in children, all possible steps to
minimize infections and, hence, preserve the
peritoneum should be undertaken [45].

Whereas the use of double-cuffed catheters is
recommended for pediatric PD [15], the possibil-
ity of erosion of the proximal cuff through the
skin is probably greater in infants than in older
children, particularly if the infant is malnour-
ished. No specific recommendation is therefore
possible regarding the number of cuffs that an
infant PD catheter should have. Although the
institution of dialysis in older children is often
delayed for several weeks to allow healing of the
exit-site, this may lead to more catheter occlusion
in infants and may not be desired or even possi-
ble, based on the urgency of the clinical situation.
If dialysis is started soon after catheter placement,
the frequency of dialysate leakage may be
increased, especially in the youngest infants [8],
which may require a reduction in fill volumes,
use of fibrin glue [46], or even temporary conver-
sion to HD to allow for healing. Occlusion of the

catheter by omentum may occur more frequently
in infants as well and partial omentectomy should
be considered at the time of catheter placement.
Lastly, the development of hernias in young
infants on PD is much more common than in
older children [8, 13]. Prophylactic surgery to
prevent hernia development is not mandated, but
identification and correction of hernias at the time
of catheter placement is recommended [38].
When PD is prescribed for infants, the exchange
volume should be scaled to body surface area
(BSA) and not weight, as a result of the age inde-
pendent relationship between peritoneal surface
area and BSA. In addition, the exchange volume at
dialysis initiation should be only 600-800 mL/m?
to optimize patient tolerance and minimize intra-
peritoneal pressure (IPP). It has been suggested
that PD may also be particularly suitable for
infants because of the potentially better preserva-
tion of residual renal function, or at least urine
volumes [47]. Whereas, this has been documented
in children on PD, in contrast to those on HD [48,
49], it has not been documented specifically in
infants. Noteworthy is the fact that the presence of
preserved renal function has been associated with
improved growth in children on PD [50].

Outcomes of Infant Dialysis

The pediatric nephrology team should be well
versed on the outcome of infants receiving dialy-
sis so that they can provide this important data to
families who are being asked to help make deci-
sions regarding the long-term care of their infant
with ESRD.

Growth and Development

Historically, growth and development have been
significantly impaired in most infants requiring
dialysis, but advances in treating the sequelae of
ESRD have permitted normal or near normal
development and reasonable growth. Nearly a
decade ago, Warady et al. showed improved
developmental outcomes in patients who initiated
dialysis during infancy (<3 months old) with the
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avoidance of aluminum binders and the regular
use of supplemental feedings [51]. Of 28 sur-
viving infants followed long-term, nearly 80%
had normal developmental scores and only 4%
had significant developmental delay. Coulthard
et al. reported that 87% of their cohort was able
to attend school and be placed in regular class-
rooms [24] while Shroff et al. reported that none
of her 68 subjects without significant comorbidi-
ties were found to have learning difficulties [9].
Growth tends to be most severely impaired with
an earlier age of ESRD onset and with the coex-
istence of comorbid conditions [52]. However,
catch-up growth may occur in patients once on
dialysis, especially in the case of infants [9]. As
an example, Laakkonen et al. reported catch-up
growth in 64% of their infants on PD with early
dialysis initiation and aggressive nasogastric tube
feeding [38]. Much the same has been demon-
strated by the NAPRTCS. Most of the studies
that have addressed growth were conducted with-
out the use of recombinant growth hormone,
which has now been shown to produce catch-up
growth in treated infants (<1 year old) with CKD
[53], increasing the likelihood of achieving near
normal growth on dialysis.

Mortality

There is limited data available reporting long-
term (>5 years) outcomes of patients who initi-
ated maintenance RRT during infancy. However,
there is a growing body of evidence from single-
center observational experience and registry data
that does provide short-term outcomes and may
prove helpful when advising families. Early
reports on young children receiving dialysis gave
mortality rates of nearly 16% per year [40] and
infant PD mortality rates >40% [54]. However,
national registry data give a much less bleak
picture. Children less than 1 year of age when
initiating dialysis have had 5-year survival rates
reported as high as 73% in Australia and New
Zealand [55] and 66% in the United Kingdom
[56]. Laakkonen et al. reported a mortality rate of
only 9% in children <2 years old at the time of
PD initiation [38]; however, these subjects were

followed only during their time on dialysis
(14 months), limiting the availability of outcome
data. Similarly, the NAPRTCS found the 1-year
survival of infants <2 years of age at dialysis ini-
tiation in 2001-2006 to be 86.1%. A more recent
retrospective study by Wedekin et al. reported a
5-year survival of 82% for infants who received
PD [57]. Mortality rates of patients receiving HD
have seemingly been higher, with retrospective
single-center studies giving overall rates of
30-40% [10, 11] but data has been limited to a
very small numbers of patients.

Many feel that these studies and registry data
underestimate the improvement in the survival
rates of most infants who receive dialysis, as
younger infants and those with substantial comor-
bidities are currently being treated [45]. While
likely true, it should also be recognized that
nearly all of these studies and registries analyze a
selected population, those infants already deemed
worthy candidates for dialysis, and do not include
those to whom dialysis was not offered.

There are several risk factors associated with
mortality in infants on dialysis that must be con-
sidered as part of the decision process regarding
dialysis initiation. Oligo-anuria has been associ-
ated with the worst outcomes [10, 54] in several
case series. Recently, Hijazi et al. found oligo-
anuria to be the greatest risk factor for mortality
in their analysis of 52 infants, with an odds ratio
of 41 [8]. Interestingly, the international survey of
pediatric nephrologists noted that the presence of
oligo-anuria was only a minor influence on their
decision-making regarding offering infant dialy-
sis [33], highlighting a potentially concerning
discrepancy between the clinical data that exists
and practice recommendations.

Additional risk factors for infant mortality
consist of anumber of comorbidities, [54] namely,
neurodevelopmental delay, congenital heart dis-
ease, malignancy, heritable metabolic disorders,
and syndromes with multisystem involvement.
Shroff et al. found the presence of other comor-
bidities to be associated with a relative mortality
risk of 7.5 [9] while Hijazi et al. calculated an
associated odds ratio of nearly 4.5 [8].
Unfortunately, the presence of other comorbidi-
ties is not always known at the time decisions are
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being made about dialysis initiation and their
presence has been cited as the leading reason for
treatment withdrawal in infants [24].

Finally, younger age at the time of dialysis ini-
tiation has been associated with higher mortality,
with neonates noted to have poor outcomes asso-
ciated with the provision of both HD and PD [11,
24]. Rheault et al. specifically analyzed this pop-
ulation and noted a 3-year survival rate of only
48% [22]. However, mortality was highest during
the initial hospitalization as 70% of those surviv-
ing to discharge went on to renal transplant. A
specific analysis of NAPRTCS data on neonatal
dialysis revealed an overall mortality of 24%,
comparable to that of young infants [23]. In this
analysis, however, a significantly better outcome
was found in the neonatal cohort dialyzing since
1999 when compared to those who received dial-
ysis prior to that time, suggesting that overall out-
comes in neonates seem to be improving with
advances in knowledge and technology.

Summary

The increasing number of reports of successful
dialysis during infancy have been encouraging,
such that no longer can RRT in infants be consid-
ered experimental [58]. However, this therapy
remains demanding for the healthcare team and
most importantly, for the family. Therefore, deci-
sion-making regarding the initiation of therapy in
infants can by complex and should involve the
multi-disciplinary team to address anticipated
problems with care and to give realistic expecta-
tions of outcome. Lastly, the socioeconomic and
ethical issues surrounding each individual case,
which have also evolved with advances in tech-
nology and will likely continue to do so, should
always be considered.
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Introduction

The prevalence of stage 5 chronic kidney disease
(CKD) in the pediatric population is approximately
50 cases per million. It has been noted to be
increasing in all age groups, but especially among
older children [1]. In contrast to adults where
glomerulopathy and vasculopathy are the major
causes of disease, at least 40% of the CKD in chil-
dren is due to congenital urological abnormalities
[2-6]. As a result of this predominance of urologi-
cal issues in the pediatric population, the urologist
is an essential member of any team tasked with the
management of pediatric CKD. Similarly, health
care providers dealing with these patients benefit
from understanding the urological management
principles for this patient population.

In this chapter, we outline the common uro-
logical conditions that cause renal failure; we
discuss their diagnosis, pathophysiology, and
provide an overview of management from a uro-
logical perspective. Where relevant, we have
highlighted any unique implications for the dial-
ysis patient and/or the transplant recipient.
Understanding that dialysis represents a treat-
ment phase between the development of stage 5
CKD and renal transplantation, it is important to
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discuss issues present prior to the initiation of
dialysis and following renal transplantation. In
addition to this, we will look at the indications for
nephrectomy in the CKD patient and the urology
specific pre-transplant workup.

Urological Causes of Chronic
Kidney Disease

As with most pediatric pathology, the causes of
CKD can be divided into congenital and acquired
conditions [4, 7-16]. The causes have been listed
by anatomical location in Table 8.1. The most
important of these are highlighted and are the
conditions that we have chosen to focus on in the
chapter (Table 8.1).

Posterior Urethral Valves

Posterior urethral valves (PUVs) are abnormal
membranous folds unique to the male prostatic
urethra. While one must be aware of other causes
of congenital lower urinary tract (LUT) obstruc-
tion, such as urethral atresia and obstructive ure-
teroceles, PUVs are undoubtedly the most
common. They are encountered in 1 of 10,000—
25,000 births [17-19].

Advances in antenatal diagnosis, better perin-
atal medicine and early PUV management have
led to a decrease in the neonatal mortality rate

Table 8.1 Urological causes of chronic kidney disease in
children

Causes
Congenital Renal dysplasia
Ureteropelvic junction obstruction
Ureterovesical junction obstruction
Ureteroceles
Vesicoureteric reflux
Neuropathic bladder
Posterior urethral valves
Prune belly syndrome
Acquired Obstructing renal tract calculi
Obstructing neoplasms
Neuropathic bladder

Urethral strictures

A. Alexander et al.

associated with PUVs. In spite of these advances
and the introduction of antenatal interventions,
there has been little improvement in the propor-
tion of these patients ultimately developing CKD
[20]. Twenty to sixty percent of these boys will
manifest with evidence of CKD in childhood and
11-51% will eventually progress to stage 5 dis-
ease during long-term follow-up [21-24].

Increasingly, the diagnosis is being suspected
in the antenatal period with typical ultrasound
features that include oligohydramnios, bilateral
hydroureteronephrosis, a thick-walled bladder,
and a dilated posterior urethra (Fig. 8.1). Children
who escape prenatal diagnosis present at different
ages in the postnatal period with a variety of fea-
tures that include respiratory insufficiency, renal
insufficiency, urosepsis, failure to thrive, poor uri-
nary stream, and urinary incontinence. This vari-
ety of presentations represents a spectrum of
disease, where lesser forms of obstruction are
often detected later in life and may be associated
with less impact on overall renal function.

In an attempt to prevent or attenuate renal dam-
age that occurs in utero, prenatal interventions
have sought to bypass the urethral obstruction
with open or percutaneous diversion of the fetal
urinary system. The decision to attempt antenatal
intervention is aided by the analysis of fetal uri-
nary markers (sodium, chloride, osmolality, and
B,-microglobulin). Currently the favored and most
common approach to the fetal lower tract obstruc-
tion is percutaneous placement of a vesicoamni-
otic shunt. This achieves the required supra-urethral
diversion while being minimally invasive, obviat-
ing the need for a maternal hysterotomy and fetal
vesicostomy. Although technically feasible, ante-
natal interventions have failed to reliably prevent
renal insufficiency and are associated with a fetal
mortality rate that ranges from 33% to 43%. Not
all the reported deaths are directly related to the
intervention, however, as many of the series
include deaths that the intervention failed to pre-
vent (pulmonary hypoplasia). These procedures
are also associated with significant morbidity in
the form of urinary ascites, visceral herniation,
shunt malfunction, and migration [25-28].

Regardless of the timing of the postnatal pre-
sentation, an ultrasound of the kidneys, ureter,
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Fig. 8.1 Sonographic features suggestive of PUVs detected during antenatal evaluation: (a) thick-walled bladder with
prominent posterior urethra, the “key-hole” sign; (b) high-grade hydronephrosis

and bladder is often the first imaging study
requested, and will often demonstrate many of
the above-mentioned ultrasonographic features.
Following this, a voiding cysto-urethrogram
(VCUQ) is indicated to confirm the diagnosis.
Typical features on VCUG include a dilated pos-
terior urethra with a clear sharp transition to a
normal distal channel, an associated valve cusp,
thickened open bladder neck, and a trabeculated
bladder. Vesicoureteric reflux (VUR) is also often
present (Fig. 8.2). During the workup it is impor-
tant to look for features that may be associated
with a more favorable prognosis. Although not
always predictive of a good outcome, the pres-
ence of a “pop-off” has been reported to be pro-
tective in some children. These include unilateral
VUR into an ipsilateral dysplastic/nonfunction-
ing kidney, a perinephric urinoma, urinary ascites,
and a patent urachus [29-34].

Accepting that we cannot alter preexisting
renal dysplasia and understanding that many of
these children will eventually develop CKD, our
role in their management is to delay the onset of
renal failure by optimizing the function of the
ureters, bladder, and urethra. Management is ini-
tially directed at systemic stabilization and
decompression of the urinary tract. Initial uro-
logical instrumentation usually involves urethral

|

Fig. 8.2 Features of PUV on VCUG: prominent poste-
rior urethra (white arrow) with a change in caliber com-
pared with the anterior urethra at the site of the valves
(blue arrow). Associated bilateral vesicoureteral reflux
(asterisk)



118

A. Alexander et al.

Fig. 8.3 Appearance on physical examination of different forms of cutaneous urinary diversion: (a) vesicostomy,
(b) distal ureterostomy, and (c) bilateral pyelostomies (patient prone)

catheterization in the early neonatal period, even
before the diagnosis has been confirmed. This
simple intervention temporarily bypasses the
obstruction, allows accurate monitoring of urine
output, and helps avoid emergent surgical inter-
vention while associated abnormalities are iden-
tified and their management optimized. Following
this, a VCUG can be obtained by instilling con-
trast through the catheter. Subsequent definitive
urethroscopic valve ablation can be attempted in
all but the smallest infants. Premature or small
infants whose urethras will not accommodate a
scope are candidates for alternative forms of
decompression. Similarly, in the occasional sce-
nario where valve ablation does not achieve
decompression of the upper tracts surgical diver-
sion above the bladder outlet warrants consider-
ation. This may be in part due to a functional
ureterovesical junction (UVJ) obstruction as the
ureter passes through a markedly thickened detru-
sor muscle. In such situations, segments of the
urinary tract can be temporarily brought to the
skin, in the form of a vesicostomy, ureterostomy,
or pyelostomy (Fig. 8.3).

Many institutions will perform a circumcision
at the time of the valve ablation or vesicostomy
in order to decrease the risk of urinary tract infec-
tions (UTIs). A recent study by Mukherjee
showed that there was an 83% reduction in the
incidence of UTI in those children with valves

who had been circumcised [35]. A more
conservative approach would be to perform a cir-
cumcision only in the event of demonstrated pre-
disposition to recurrent UTIs. This intervention is
often heavily influenced by cultural and religious
expectations.

Following valve ablation the obstructive pro-
cess is usually relieved, yet the functional conse-
quences are less predictably improved. Urodynamic
findings in these boys remain highly variable and
prone to change over time as renal function,
growth, and the acquisition of continence further
challenge the stability of the bladder [36, 37]. The
primary goal of the urological management in
PUVs is preservation of upper tract function. This
is achieved by ensuring an infection-free urinary
tract with a bladder that stores urine at low pres-
sure and empties efficiently. The secondary goals
would include continence and attaining an ade-
quate lower tract for the effective drainage of a
renal allograft in those that require it.

Lower tract dysfunction that is poorly con-
trolled can adversely affect existing renal function.
DeFoor and Ansari have demonstrated that resid-
ual bladder dysfunction is an independent risk fac-
tor for CKD [10, 22]. In 1980, Mitchell coined the
term “valve bladder syndrome” identifying delete-
rious features of lower tract dysfunction that could
reliably predict renal deterioration. The phrase
describes the development or persistence of
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Fig. 8.4 Issues to consider
in the monitoring of
patients with PUV.
Adequately addressing
these problems helps
prevent or slow renal
deterioration, and provides
a conceptual framework
upon which to consider
interventions and tailor
treatment

hydroureteronephrosis in the presence of a poorly
compliant, thick-walled bladder, incontinence,
and polyuria [38]. Koff further clarified the role of
the bladder in the deterioration of the upper tracts,
suggesting that polyuria, insensitivity to overdis-
tension, and high post void residual volumes were
the three key factors contributing to renal deterio-
ration in valve patients [39]. Looking at these three
factors in more detail gives us a very plausible
explanation for how an overwhelmed bladder,
with borderline function, can facilitate rather than
cause, upper tract damage: Polyuria, caused by
nephrogenic diabetes insipidis, has the potential to
overload the bladder of the most diligent voider.
Insensitivity to overdistension contributes to the
potential for bladder overload and injury. High
post void residual volumes decrease the func-
tional capacity of the bladder and are not neces-
sarily the result of myogenic failure [40].
Pseudoresidual volumes can be generated by
VUR when urine is refluxed into dilated ureters
during filling and voiding, only to be dumped

back into the bladder immediately post void. An
additional source of pseudoresidual volume is
found in the patients with a hypertrophied detru-
sor muscle. This hypertrophy creates a functional
UVIJ obstruction during bladder filling, an
obstruction that is relieved in the post void period
allowing for the retained urine to drain from the
dilated ureters (Fig. 8.4) [41].

As a result of a better understanding of the
condition, clinicians no longer accept hydroureter-
onephrosis as unavoidable in the upper tracts of
valve patients. Management has become proac-
tive and more aggressive, focused on achieving
complete urinary tract emptying (double voiding,
timed voiding, and clean intermittent catheteriza-
tion [CIC]), optimizing detrusor function (with
judicious use of anticholinergics) and the selec-
tive use of alpha-blockers to assist voiding. Where
polyuria and decreased functional capacity are an
issue, routine daytime interventions may be
unable to prevent hydronephrosis. Nocturnal CIC
or overnight indwelling catheterization have been
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shown to reduce diuresis, decrease the incidence
of UTIs, improve continence, and decrease upper
tract dilation [39, 42, 43].

VUR in PUYV children is found in 50-70% of
patients and is usually secondary to the obstructed
bladder outlet [44, 45]. Because of its association
with worse renal dysplasia, high-grade reflux can
predict higher morbidity and mortality [46, 47].
Adequate treatment of the valvular obstruction
will lead to spontaneous resolution of VUR in
most cases (62%), and, therefore, VUR should be
treated as conservatively as possible [45, 48].
Rarely, surgical intervention is indicated for
recurrent pyelonephritis in cases where LUT dys-
function has been ruled out or controlled.

The presence of persistent unilateral reflux
into a dysplastic nonfunctioning kidney in males
with PUVs has been associated with a better renal
functional prognosis than standard valve patients
[46, 49]. The reason for this is thought to be due
to the dysplastic kidney’s protective effect as the
renal pelvis and ureter absorb most of the abnor-
mal pressures generated by the bladder during
voiding. However, Narasimhan and colleagues
showed that while the syndrome did seem to favor
a better outcome, half of their patients had some
form of renal scarring, voiding dysfunction, UTTs,
diurnal incontinence, and hydroureteronephrosis
[49]. This data would support the contention that
every boy with PUYV, regardless of the presence of
“favorable prognostic features,” should have
close multidisciplinary team follow-up in order

to identify and appropriately treat potential threats
to the remaining renal function.

Vesicoureteric Reflux in the Pediatric
Dialysis Patient

Renal damage or abnormal development related to
VUR (reflux nephropathy) is often congenital,
representing renal dysplasia that is likely to coex-
ist with reflux rather than be directly caused by it
(Fig. 8.5). Subsequently, postnatal renal function
may be further threatened by pyelonephritis,
which is facilitated by reflux of infected urine into
the abnormal renal unit [S0-53]. As discussed in
the previous section, secondary reflux can be asso-
ciated with transmission of high bladder pressures
to the upper tracts, which can further compromise
the renal parenchyma. Differentiation between
primary and secondary reflux has important thera-
peutic implications. In this section, we concentrate
on primary VUR, while secondary reflux is dis-
cussed under the specific primary conditions.
Primary VUR accounts for 7-25% of pediat-
ric CKD cases [4, 54, 55]. Ardissino looked at
343 patients who had VUR and CKD and found
that almost 60% of his series required renal
replacement therapy prior to the age of 20. Given
this high incidence of end-stage renal disease, he
suggests that children with reflux-associated
CKD have a relatively poor renal prognosis and
deserve particular attention [56]. Neither medical

Fig. 8.5 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 renal moiety and photopenic defects
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nor surgical management can alter the function of
a dysplastic kidney and should therefore concen-
trate on preventing further damage by early
diagnosis and treatment of febrile UTIs (pyelone-
phritis) and the correction of bladder and bowel
dysfunction (increased fluid intake, prophylactic
antibiotics, treatment of constipation, biofeed-
back, and bladder training). By increasing fluid
intake, more urine is produced. This in turn
increases the volume and frequency of voiding,
effectively flushing the LUT and mechanically
clearing it of bacteria. Prophylactic antibiotics
have long been held as the cornerstone of conser-
vative management of VUR [57]. Recent large
series have begun to question this conventional
wisdom [58-60]. In the absence of more defini-
tive data on the topic it would seem prudent to
continue with the selective use of antibiotics
based on a holistic assessment of individual
patients and their parents.

Bladder training is aimed at those children
with an element of dysfunctional voiding. The
process involves the education and retraining of
the voiding process to achieve a volitional, regu-
lar, and complete void. Emphasis is placed on
awareness of the pelvic musculature and coordi-
nation 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 elimina-
tion of feces (bladder and bowel dysfunction).
Active management of constipation has been
shown to improve voiding dysfunction, inconti-
nence, enuresis, urgency, and UTIs [61-63].

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 that includes circumcision
in males, endoscopic sub-ureteric injection of a
bulking agent (such as dextronomer/hyaluronic
acid), and ureteric reimplantation. Although sur-
gical reimplantation is more invasive than endo-
scopic therapy, it carries a higher overall success
rate in terms of reflux correction. This is an impor-
tant distinction when considering the child with
borderline renal function and a predisposition to
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recurrent scarring UTIs. An argument can be
made for a more aggressive approach in these
patients, consisting of early prophylactic circum-
cision and surgical reimplantation of the ureter.
In regard to the reflux patient with CKD who
requires dialysis, the indications for medical
management or surgical intervention are usually
no different from those patients with normal renal
function. One must be aware that once trans-
planted these children will be immunosuppressed
and have an additional renal unit. Following renal
transplantation, UTIs occur commonly in chil-
dren with VUR; approximately 60% of these
patients experience at least one episode [64, 65].
The risk is highest in the first year posttransplan-
tation and then decreases over time [66]. Although
VUR has not been documented as an indepen-
dent risk factor for UTI in this population [67,
68], it has been associated with acute pyelone-
phritis in two pediatric studies [66, 68] and yet,
has not been convincingly linked to graft loss
[66, 68—70]. Thus, considering the potential for
increased morbidity in the setting of immunosup-
pression, due consideration should be giving to
addressing pre-transplant vesicoureteral reflux,
particularly in patients with a history of multiple
episodes of pyelonephritis. In cases with high-
grade reflux and an associated poorly functioning
kidney, performing a nephroureterectomy rather
than reimplantation should be considered.
Following renal transplantation, VUR into the
allograft is common and varies according to the
ureteral implantation procedure used [66, 67, 71,
72]. As a result, it is not common practice to
routinely “screen” for reflux posttransplant.
Nevertheless, in the setting of recurrent UTIs
posttransplant, a VCUG is warranted to exclude
reflux into the native or transplanted kidneys.
Treatment for posttransplant reflux—associated
UTIs is initially 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
renal unit. Recently, the sub-ureteric injection of
dextronomer/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
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rate of ureteric injection is lower and there is a
lack of long-term follow-up. Cloix and Williams
reported reflux resolution following ureteric
injection in only 29% and 44% of their patients,
respectively [73, 74]. Similarly, surgical reim-
plantation is not without problems in transplanted
patients. Neuhaus reported transient obstruction
and a persistent increase in serum creatinine in
60% of his reimplanted children [72]. Given the
above issues combined with the efficacy of con-
servative management and the concept that adult
donor kidneys are less susceptible to the effects of
refluxed bacteriuria, we believe surgical interven-
tion is rarely indicated in this patient population.

Neurogenic Voiding Dysfunction

Under normal circumstances the detrusor muscle
and the sphincter complex function in a coordi-
nated fashion that optimizes both storage and
emptying. During the filling phase, the detrusor
muscle is relaxed and said to be compliant as it
fills without an increase in pressure. As capacity
is reached, the compliance decreases. A full
bladder is detected by stretch receptors and per-
ceived centrally. If voiding is appropriate, the
sphincteric mechanism relaxes in anticipation of
a coordinated detrusor contraction, expelling
urine from the bladder. If voiding needs to be
delayed, afferent nerves stimulate sympathetic
and pudendal outflow activity, initiating the
guarding reflex which inhibits detrusor contrac-
tion and stimulates the rhabdosphincter to
increase outflow resistance [75]. Disrupted inner-
vation can lead to an alteration of this normal,
coordinated interaction.

Neurogenic voiding dysfunction is an all-
inclusive term that describes those 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 hyperreflexic bladders with sphincter
dyssynergia. Lower motor neuron lesions tend to
produce an areflexic bladder with variable sphinc-
ter function. Unfortunately, there is a huge range
of neurological lesions that variably affect the
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detrusor muscle, striated urethral sphincter, and
the smooth muscle of the bladder neck. This
highly variable situation makes classification dif-
ficult; as a result, popular classifications tend to
focus on the dysfunction rather than on the under-
lying cause [76]. Wein simplified the problem by
describing the voiding dysfunction in two broad
categories: a failure of storage and a failure of
emptying [77]. Adequate storage requires blad-
der compliance, capacity, and an outlet resistance
at the bladder neck. Efficient emptying requires a
coordinated interaction of detrusor contraction
and a lowering of the outlet resistance. Four
broad, simplified, scenarios exist: (1) a bladder
with adequate 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 resistance; and (4) a bladder with inad-
equate storage and an outlet with increased resis-
tance (Fig. 8.6). Based on this understanding one
can see how the neurogenic bladder may be
incontinent, continent, or hypercontinent.
Regardless of the detrusor compliance, poor
tone in the sphincter mechanism usually leads to
incontinence. Provided it is associated with low
leak point pressures, there should be no threat to
the functioning of the upper tracts. The “hostile
bladder” is found in situations where hyperre-
flexic, poorly compliant, small capacity bladders
are combined with high outlet resistance. This
resistance is caused by sphincter hypertonia and
detrusor-sphincter dyssynergia (DSD). In these
situations, high filling and voiding pressures are
transmitted to the kidney, leading to dysfunction
and, if not corrected, permanent damage [78].
Following the diagnosis of neurogenic voiding
dysfunction, initial management is directed at
maintaining acceptable bladder storage pressures,
ensuring efficient emptying and preventing UTIs
[79]. Early medical management and close moni-
toring are the cornerstones of a successful out-
come 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 manage-
ment are outlined in Table 8.2. The majority of
children with “hostile bladders” are managed
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A . B Small volume, poorly
Carnpliant bladder compliant bladder

Poor sphincter tone  ypper tracts protected by
low outlet resistance

Small volume, poorly
compliant bladder

: o\
high outlet resistance

Fig. 8.6 The four broad scenarios created by bladder and  poor sphincter tone, (¢) good bladder compliance with
sphincter neurology: (a) good bladder compliance with increased sphincter tone, (d) poor bladder compliance
poor sphincter tone, (b) poor bladder compliance with  with increased sphincter tone

Table 8.2 Basic concepts of management for neurogenic voiding dysfunction based on Wein classification

Bladder Outlet Bypass
Facilitate storage Decrease tone Increase resistance CIC
* Bladder muscle relaxants e o-Agonists Diversion

¢ Mechanical compression
Increase capacity
¢ Bladder augment

Facilitate emptying Increase bladder pressure Decrease resistance CIC
¢ Crede maneuver ¢ a-Blockade Diversion
* Trigger zones ¢ Sphincterotomy
e Bladder training ¢ Bladder neck disruption

e Urethral dilation
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with a combination of CIC (to ensure regular and
complete emptying) [80-82], anticholinergics (to
attenuate uninhibited detrusor contractions,
increase capacity and decrease tone) [83, 84],
a-Blockers (introduced to decrease the sphincter
muscle tone) [85, 86], and prophylactic antibiot-
ics (to prevent recurrent UTI).

Surveillance is a crucial component of the
management of the neurologically impaired child.
In myelodysplasia in particular, the neurological
consequences 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 regularly
for evidence of deterioration. Ultrasound of the
kidneys, ureter, and bladder is useful in detecting
renal growth failure, scarring, loss of cortico-
medullary differentiation, hydronephrosis, blad-
der wall thickening, and significant residual
volumes. In the patients who are able to void, uri-
nary flow rates demonstrate abnormal flow curves
and combined with electromyography may dem-
onstrate DSD. Urodynamic studies are useful in
monitoring bladder dynamics during the filling
and emptying phases. MRI is indicated for the ini-
tial workup of many of these patients and may be
indicated during the surveillance period when
changing clinical features suggest the develop-
ment of a potentially correctable cause, as would
be the case in a patient with a tethered cord.

In the event that the above medical manage-
ment is ineffective or not tolerated, treatment will
need to be escalated. Surgical strategies are
mainly aimed at addressing three different issues:
decreasing bladder outlet resistance, providing
alternative access for catheterization, and enhanc-
ing bladder capacity and compliance. For patients
in whom continence is not necessary, strategies
aimed at reducing outlet resistance include ure-
thral dilation [87, 88] and sphincterotomy (in
older male patients) [89]. Vesicostomy produces
an incontinent diversion, a safe and reliable
method of decompressing the upper tracts in
young children with neurogenic bladders [90].

When continence is a goal of treatment, blad-
der emptying aided by CIC through the urethra is
favored. In some children this is not feasible as

Fig. 8.7 Patient with an appendico-vesicostomy (Mitro-
fanoff channel), performing self-catheterization through
stoma located at the umbilicus

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 dexterity) [7].
These patients may benefit from a surgically con-
structed continent catheterizable channel, usually
fashioned with the appendix (Mitrofanoff chan-
nel) or reconfigured small bowel (Monti channel)
[91]. These conduits should be as short and
straight as possible to avoid intubation issues,
and run into the bladder from an easily accessi-
ble, cosmetically sensitive site. Accessibility is
the principal goal and is ideally determined pre-
operatively by the surgeon, patient, and a stoma
nurse. Cosmesis is a secondary concern to func-
tion, often best achieved with the stoma placed at
the umbilicus (Fig. 8.7).

When it comes to specific surgical interven-
tions for improving compliance, increasing
capacity and decreasing uninhibited detrusor con-
tractions there are a number of surgical options
that disrupt the detrusor muscle and augment the
bladder. Enterocystoplasty is the most commonly
used technique and it involves the use of a portion
of the intestine that has been detubularized, recon-
figured into a patch, and then sutured into the
defect of a widely incised bladder. The intestinal
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patch can be ileum, colon, or stomach but the
most commonly used segment appears to be the
ileum [92, 93]. Because of the absorptive and
secretory functions of the gastrointestinal epithe-
lium, metabolic abnormalities may develop over
time and become clinically relevant in children
with marginal renal function. In order to offset
the metabolic impact of the intestinal segments
the bladder can also be augmented using tissue
naturally lined by urothelium. With the exception
of ureterocystoplasty, the urodynamic results of
these procedures are less reliable and associated
with only a modest improvement in many cases.
Ureterocystoplasty is, on the other hand, very
effective and describes the use of the dilated tor-
tuous ureter of a poorly functioning renal unit to
augment the bladder [94, 95]. Auto-augmentation
effectively creates a diverticulum of bladder
mucosa that is allowed to protrude from a wide
surgical incision in the detrusor muscle, thereby
increasing compliance capacity.

A summary of the advantages and disadvan-
tages of common bladder augmentation proce-
dures is provided in Table 8.3

Bladder Augmentation
and End-Stage Renal Disease

It is reasonable to expect that if a severely dys-
functional bladder has caused or facilitated the
failure of the native kidneys then a kidney trans-
planted into the same environment will be
exposed to the same hostile forces and is there-
fore at risk. Initially severe bladder dysfunction
was a contraindication to transplantation, but
over time, effective reconstruction of the lower
tract allowed for the creation of a safe reservoir
for urine storage. This has allowed for successful
renal transplantation in children with stage 5
CKD and severe LUT dysfunction.

The safety and timing of bladder augmenta-
tion in the child with stage 5 CKD (ESRD) has
been the subject of a number of studies [96—-103].
The cumulative graft survival rates for the chil-
dren who underwent major LUT reconstruction
seem favorable but are difficult to accurately
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Table 8.3 A summary of the advantages and disadvan-
tages of common augmentation procedures

Auto-augmentation
e Lined by urothelium
No metabolic sequelae
No bowel harvesting
Extraperitoneal approach
Not reliable at increasing 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/ileo-colic
Large diameter
Reliable blood supply
Mobile segments
Ileocaecal 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 alkanization required if renal function
impaired
Mucus production +++
Bladder stone and UTI risks +++
? Higher perforation rate
? Tumor formation

Gastrocystoplasty
* Greater curvature of stomach
No absorption of urinary waste
Secretes acid ameliorating metabolic acidosis
Less mucus, stones, and infections
May facilitate emptying
Hematuria dysuria syndrome notable in sensate,
incontinent patients
Caution in defunctioned bladders: bleeding,
ulcers, and perforation
Less compliant
? turno formatio Less capacious

lleocystoplasty
e Preterminal ileum
Reliable blood supply and length
Most compliant bowel segment
Hyperchloremic metabolic acidosis
Mucus production ++
Stones and infection
Vitamin B, deficiency
? Tumor formation
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compare for a lack of standardized follow-up
period [98, 100, 101, 104]. Having established
the safety of transplantation in these patients, tim-
ing of the reconstruction in relation to the trans-
plantation became the next important question.
Basiri conducted a retrospective study looking at
three groups of patients: those who underwent
bladder augmentation prior to transplant, those
who had augmentation post transplant, and those
transplanted patients who did not require LUT
reconstruction. Graft survival and incidence of
symptomatic UTI were no different in the two
augmented groups but the group that did not
require augment did significantly better in both
outcomes. Basiri suggested that the increased
incidence of UTI could be the cause of lower
graft survival rates in the augmented groups [99].
In additional studies, DeFoor acknowledged the
high rate of posttransplant sepsis in the series by
Koo [104] and Hatch [101] and contrasted this to
his own report on a series of 20 patients who
underwent enterocystoplasty  pre-transplant.
DeFoor suggested that prophylactic antibiotics
and the predominance of gastrocystoplasty (85%)
were likely contributors to the unusually low rate
of UTI seen in his patients [98].

In summary major LUT reconstruction appears
safe prior to renal transplantation. It should be
remembered that these bladders are inherently
dysfunctional and the augmentation cannot be
expected to completely negate the consequences
of that dysfunction. In conjunction with this, the
reconstructive procedures carry with them inher-
ent metabolic, functional, and surgical risks that
often persist throughout life. It is unlikely, there-
fore, that graft survival can be expected to be as
good or better than it is in children with normal
bladders, but it is encouraging that results are sel-
dom shown to be significantly worse.

Prune Belly Syndrome

Three abnormalities define prune belly syndrome
(PBS): an absence or deficiency of abdominal
wall musculature, bilateral cryptorchidism, and
dilated uropathy involving the urethra, bladder,
and ureters (Fig. 8.8). PBS has an incidence of 1
in 29,000 to 1 in 40,000 live births. The precise
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Fig. 8.8 Characteristic abdominal wall appearance in a
newborn boy with prune belly syndrome

cause of PBS remains unknown [105, 106]. The
full-blown syndrome is unique to the male
patient; a “pseudoprune” disorder can occur in
both males and females and describes the identi-
cal pathology to the PBS but lacking the com-
plete triad of features [107-109]. Associated
pulmonary, cardiac, orthopedic, and gastrointes-
tinal abnormalities are relatively common and
contribute to overall morbidity and mortality
[110]. The underlying pathology and possible
clinical presentation is summarized in detail in
Table 8.4 [111, 112].

From a urological perspective, initial workup
aims to exclude obstruction, VUR, and renal dys-
plasia. The passage of urine in these diffusely
dilated urinary tracts is usually not obstructed but
is often inefficient, a consequence of gross dila-
tion. If obstruction is present, initial ultrasound
may reveal an unusually thickened bladder wall
or serial ultrasounds may reveal progressive dila-
tion of the upper tracts. Furosemide washout
studies are imperfect at diagnosing obstruction
and should be interpreted with caution in the set-
ting of gross distension. Thickening of the blad-
der 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
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Table 8.4 Clinical features of prune belly syndrome with pertinent urological issues highlighted

Anterior urethra

Testicles

Genital conduits

Prostate and prostatic urethra

Bladder

Ureters

Kidneys

Abdominal wall

Ranges from urethral atresia to fusiform megalourethra

Complete obstruction is lethal unless urachus is patent

Variably deficient corpora cavernosa and spongiosum

Bilaterally cryptorchid

Usually intra-abdominal location

Intrinsically abnormal testis with marked Leydig cell hyperplasia
Increased risk of malignancy

Decreased spermatagonia or azoospermia

Paternity may be possible with assisted reproductive techniques
Epididymal-testicular dissociation

Ectopic, thickened vas

Seminal vesicles are usually absent or atretic but may be ectatic in some cases
All contribute to infertility

Retrograde ejaculation

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 diverticulae common

Hypoplastic or absent verumontanum

Reflux into the vas can be seen

Obstructive prostatic urethral lesions are seen in 20% — poorer prognosis
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

Elongated, dilated, and tortuous

Lower third more severely affected

Peristalsis present but ineffective

True obstruction rare

VUR present in 85%

Variable renal dysplasia

Hydronephrosis

May have hydronephrosis without renal dysplasia

Uretero pelvic junction obstruction has been reported

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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Fig. 8.9 Imaging studies in a patient with prune belly
syndrome: (a and b) hydroureteronephrosis with dilated
and tortuous ureter; (¢) 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 renal differential function

Table 8.5 Outcomes of prune belly syndrome based on salient features and Woodard category

Category  Salient features

1 Severe renal dysplasia
Pulmonary hypoplasia

2 Mild to severe renal dysplasia
No pulmonary hypoplasia

3 No renal dysplasia

No pulmonary hypoplasia

there have been recurrent febrile UTIs, a nuclear
medicine scan is indicated (Fig. 8.9).

As with many syndromes, PBS represents a
spectrum of disease with a wide range of impair-
ment due to the underlying congenital abnormali-
ties. As a consequence, management has to be
individualized. It is useful to consider the child
with PBS as fitting into three broad categories as
outlined by Woodard [113] (Table 8.5). Category 1
children have severe pulmonary and renal dys-
plasia and have a very poor prognosis. Outcome
is largely determined by pulmonary function and

Outcome
Few survive beyond neonatal period

Survival with variably impaired renal function

Excellent prognosis provided upper tracts are
protected

possible associated cardiac defects. Urological
management should aim to identify obstructing
uropathy and, if present, may involve diverting
the upper tracts if appropriate for the individual
patient. Category 2 patients tend to have no
immediate threat to life but renal dysfunction is
significant. Baseline renal function has to be
monitored and optimized. Management should
involve a multidisciplinary team with active par-
ticipation of pediatric nephrologists and urolo-
gists. The structural integrity of the renal tracts
has to be regularly assessed and conditions that
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threaten the kidneys need to be identified and
treated early. Category 3 patients demonstrate
good renal function despite their grossly dilated
urinary tracts. They have a good prognosis,
because they lack renal dysplasia, but they still
require close monitoring for signs of deteriorat-
ing renal or urinary tract function.

Management of these complex patients is
aimed at delaying the onset of renal failure. It
should include prophylactic antibiotics because of
the potential for VUR and urinary stasis. Timed
voiding, double voiding, and CIC, when neces-
sary, are recomended to facilitate complete blad-
der emptying. Pyleostomies, ureterostomies, or
vesicostomies are unusual interventions that may
be required to divert the urinary stream above an
obstruction or poorly draining segment. Early
orchidopexies are indicated to optimize spermato-
genic potential and facilitate testicular examina-
tion. Abdominoplasty, where necessary, improves
psychosocial well-being and has recently been
shown to improve pulmonary function, defeca-
tion, and voiding efficiency [114, 115]. The tim-
ing of and indication for the above interventions
vary with each patient and institutional protocols.

There is debate on the best management of
children with PBS. Where the debate lingers is the
question of how aggressive to be when consider-
ing surgery. Aggressive reconstruction involves
simultaneous and early (3 months to 1 year of
age) resection, tapering and reimplantation of the
ureters, bilateral transabdominal orchidopexy,
abdominoplasty, and may include reduction cys-
toplasty or resection of the urachal diverticulum
[116]. With the lack of a clear benefit in bladder
capacity or voiding efficiency[117], reduction
cystoplasty is not recommended by all proponents
of the more aggressive approach [118]. Conversely,
the conservative approach argues that surgery
cannot improve baseline renal function and should
not be prophylactic but rather reserved for those
patients in whom obstruction, stasis, or reflux is
causing a problem [115, 119].

Regardless of how well we manage these chil-
dren, some will progress to stage 5 CKD. In this
event, PBS is not a contraindication to either
peritoneal dialysis (PD) or renal transplantation.
While PD does pose some unique challenges
with respect to anchoring the PD catheter to the
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attenuated abdominal wall [120], it is successful
at temporarily replacing renal function. Renal
transplantation in children with PBS has not
shown a statistically significant difference in
graft or patient survival [121, 122].

Urological Issues
in the Pre-transplant Workup

Unlike adult patients, pediatric transplant recipi-
ents often have urological issues that have caused
or contributed to their renal failure. It is therefore
imperative that the pediatric urologist is integrally
involved in the pre-transplant workup and optimi-
zation of these patients. The pre-transplant assess-
ment is aimed at identifying those factors that
may complicate transplant surgery, as well as
those factors that pose a potential threat to graft or
patient survival following transplantation. These
factors include previous surgeries and existing
stomas, a history of a hypercoagulable state or
inguinal vascular access (Fig. 8.10) and, in the
case of a living donor, the renal and vascular anat-
omy of the donor allograft. All this information is
necessary for planning the surgical approach,
including the side and site of the transplant vascu-
lar anastomosis. With particular relevance to
nephrectomy, the need for simultaneous or pre-
transplant procedures 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 is in contrast to
the dysfunctional bladder that could threaten the
survival of the allograft if not addressed prior to
surgery. In this regard, pre-transplant undiversion
or sham bladder cycling via urethral or suprapu-
bic catheter has been suggested as an important
diagnostic step in the workup of these patients.
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Fig.8.10 Imaging studies used to further evaluate abdom-
ino-pelvic vascular anatomy following abnormal Doppler
ultrasound screening: (a) Venogram demonstrating
occluded inferior vena cava (*) with prominent collaterals

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 [66, 69]. This
is especially true of patients with underlying
voiding dysfunction and those with high-grade
reflux (grade IV-V) [55, 69]. Basiri found that
preemptive ureteral reimplantation failed to
reduce the risk of infection in patients with VUR
who underwent transplantation. However, subset
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 pre-transplant, anti-reflux
surgery 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 relevant ana-
tomical or functional abnormalities. An ultrasound
of the kidneys, ureters, and bladder is a very com-
monly performed, noninvasive investigation that
will detect abnormalities in structure or position
of the kidneys. A VCUG is indicated in patients
with underlying urological abnormalities or where

A. Alexander et al.

into lumbar veins and the azygos system (arrows). (b) CT
scan reconstruction of arterial phase demonstrating
acceptable targets for transplantation at the level of com-
mon (c¢) and external (e) iliac arteries

VUR was suspected. Additionally, the VCUG is
able to assess bladder capacity, anatomy, and emp-
tying efficiency. Where voiding dysfunction is
suspected a urinary flow rate with or without elec-
tromyography can be done. Urodynamic studies
are indicated if abnormal bladder function is sus-
pected based on underlying pathology, preceding
surgical interventions, or present clinical evidence.
Computerized tomography would be indicated if
native renal tumors or stones were suspected.
Doppler ultrasound of the pelvic and abdominal
vasculature is performed to confirm normal vascu-
lar 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 transplan-
tation. Even poorly functioning kidneys can pro-
vide a valuable homeostatic adjunct to dialysis.
However, there are a number of situations in
which nephrectomy is indicated (Table 8.6).
Renin-dependent hypertension is common to
focal segmental glomerulosclerosis (FSGS),
hemolytic uremic syndrome, reflux nephropathy,
and cystinosis. Pre-transplant nephrectomy may be
indicated in these patients as steroid medication
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Table 8.6 Indications for pre-transplant nephrectomy

Pathology Systemic impact

Hypertension  + Lifelong antihypertensive
medication
* Potential for end-organ dysfunction
Proteinuria e Immunosuppression
e Hypercoagulable state
e Malnutrition
Infection e Urinary infections
* Renal parenchymal infections
(fungal infection)
Polyuria * Dehydration
* Electrolyte abnormalities
e Inefficient voiding
Renal calculi  * Pain
e Infections
Neoplastic .

potential

Recurrence after previous partial
nephrectomy
e Genetic predisposition to renal
malignancies (Beckwith
Wiedemann)
Mass effect * Lack of space for the allograft
e Lack of peritoneal domain for PD

Fig.8.11 A small atrophic kidney removed laparoscopi-
cally in a patient with stage 5 CKD and renin-mediated
hypertension. Procedure performed in preparation for
renal transplantation, with improvement in blood pressure
control

and fluid overload could precipitate malignant
hypertension in the postoperative period. In these
particular children, nephrectomy is often curative
and can obviate the need for long-term antihyper-
tensive therapy (Fig. 8.11). Additionally, the

vaso-active effects of hyperreninemia may
decrease perfusion of the grafted kidney in the
immediate postoperative period. Persistent pro-
teinuria can lead to malnutrition, hypercoagula-
ble states, and immune suppression. It can also
confound the significance of proteinuria in the
posttransplant urine. If the proteinuria is clini-
cally significant, bilateral nephrectomy is indi-
cated. Intractable polyuria can cause dehydration,
electrolyte abnormalities, and renal tract dys-
function and, if present, is an indication for neph-
rectomy [123]. Massive native VUR not only
predisposes to UTI, but can also cause bladder
dysfunction as refluxed urine drains into the blad-
der post void, causing high residual volumes and
decreasing functional bladder capacity. If this is
the case nephrectomy with ureterectomy is cura-
tive. Prior to excising the ureters, one should
exclude the need for a future bladder augmenta-
tion, as suitable ureters are an ideal material for
augmentation cystoplasty. Tuberculosis, xan-
thogranulomatous pyelonephritis, and fungal
infections are just some of the chronic or recur-
rent infections that are best treated with excision
of the entire renal unit ahead of immunosuppres-
sive therapy. The kidney that is predisposed to
symptomatic stone formation should be removed.
The risk of malignancy is an unusual indication
for unilateral or bilateral nephrectomy. It is
encountered in situations where genetic disorders
predispose to malignancy (e.g., Denys-Drash and
Beckwith Wiedemann Syndromes). Where a par-
tial nephrectomy has been performed for malig-
nancy, the remnant parenchyma should be
removed before transplantation. Nephrectomy is
further indicated in the case of multicystic dys-
plastic kidneys with significant parenchyma or
demonstrable growth of the remnant [124].
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. 8.12).
When nephrectomy is being considered in the
child with stage 5 CKD (ESRD) one has to take
many factors into account. In practice, the bal-
ance between the severity of native kidney dys-
function and the relative contribution of these
failing kidneys to the management of the patient
often dictates timing and staging of nephrectomy.
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Fig. 8.12 Large kidney removed from patient with
autosomal recessive polycystic kidney disease due to
inability to effectively carry out peritoneal dialysis.
Patient subsequently has been considered for deceased

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 [123, 125, 126].

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 following
nephrectomy, as have infections of incision sites.
Some kidneys are notoriously difficult to remove
(polycystic kidneys, chronic parenchymal infec-
tion/inflammation) and are often approached with
an open technique to avoid the higher than usual
complication rates that can be seen when mini-
mally invasive techniques are used [127, 128].
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donor renal 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)

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 [129].

The persistence of a patent processus vaginalis
is found in 90% of neonates and predisposes them
to the development of an indirect inguinal hernia
[130]. 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 hydrostatic pressure
within the peritoneal cavity. This pressure is
amplified in sitting or ambulatory patients and is
capable of exposing any weakness or potential
space that exists in previous incisions, the umbili-
cal 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 [131]. Management of the inguinal
hernia in the patient on PD depends on the surgi-
cal approach of the managing physicians.
Preemptive diagnosis and prophylactic ligation of
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the patent processus vaginalis is easily performed
at laparoscopic catheter insertion and safely elim-
inates 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,
ultrasound and peritoneography can be effective
at confirming the diagnosis prior to any surgical
intervention [132]. 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 hernias in
young children on PD, the internal ring should be
actively reinforced in addition to the standard
high ligation of the hernia sac. Bilateral hernioto-
mies should be performed in all cases because of
the relatively high risk of developing a contralat-
eral hernia [133, 134].

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 (horizontal
paramedian incision), hernia repair (inguinal/
umbilical incisions), ventriculo-peritoneal shunt
placement (horizontal upper quadrant), and renal
transplantation (Gibson/curved iliac fossa inci-
sion). In conjunction with this, they often require
stomas (colostomy or vesicostomy). Catheter-
izable channels for bladder drainage or bowel
irrigation are commonly placed in the iliac fossae

Fig. 8.13 The scarred lower abdomen of a patient with
CKD following multiple surgical interventions

or umbilicus (Fig. 8.13). Some children may have
gastrostomy tubes in the epigastrium. The issue
that arises from the multitude of possible surger-
ies that these patients undergo is the need for
careful preoperative planning and careful consid-
eration 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 signifi-
cant number of patients will have obliterated iliac
vasculature secondary to these interventions.
This can make the vascular anastomosis at the
time of transplant difficult or impossible, neces-
sitating an alternate site for the implantation of
the donor kidney.

Summary

Pediatric patients with CKD and underlying uro-
logical issues are uniquely challenging and are
ideally suited to management by a multidisci-
plinary team. It is unusual in modern practice to
find urological issues destroying normal kidneys.
It is far more common that renal dysfunction
preexists as part of, or secondary to, early fetal
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urological pathology. Despite fetal interventions,
we are unable to alter this congenital renal dys-
function and are therefore restricted to prolong-
ing native function by optimizing the drainage of
urine from these kidneys in order to prevent
infection and pressure from damaging them fur-
ther. Additionally, we must be cognizant of the
fact that many of these patients will require more
than one major surgical intervention, including
renal transplantation, during their lifetime and
decisions made in their early management will
have lifelong implications.
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Introduction

Chronic kidney disease (CKD) progresses at vari-
able rate toward end-stage renal disease (ESRD)
(Fig. 9.1) [1], and residual renal function (RRF)
continues to decrease gradually after initiation of
dialysis which is usually initiated when RRF has
underpassed 5—10 mL/min/1.73 m? of glomerular
filtration rate.

Once dialysis is commenced, most physicians
focus on optimal delivery of dialysis rather than
the native kidneys’ function, which seems to be
negligible and beyond control. However, evidence
is accumulating that preservation of RRF may be
more important than dialysis prescription to pre-
vent cardiac dysfunction and volume overload,
maintain nutritional status, growth, and quality of
life, and minimize mortality on dialysis [2, 3].
Hence, careful attention to RRF preservation
should be a key component to the management of
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dialyzed patients, especially when an extended
duration of dialysis dependence is expected [4].

Experimental and clinical investigations over
the past two decades have not only advanced our
understanding of the mechanisms underlying
CKD progression before and after dialysis initia-
tion, but also revealed the risk factors predispos-
ing to it. Based on these insights, interventional
strategies aimed at slowing the progression of
CKD and preserving RRF have been developed.
They promise to decelerate, halt, or even reverse
the disease progression at least in a subset 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

RRFis measured as a part of the dialysis adequacy
assessment (see chapter 11 and chapter 18). The
amount of urine volume, normalized to body sur-
face area, is a useful indicator of RRF. The most
practical and sufficiently accurate assessment of
residual GFR is the arithmetic mean of the uri-
nary creatinine and the urea clearances. The K/
DOQI guidelines recommend measurement of
RRF 1 month after start of dialysis and at least
every 3 months as long as RRF is maintained.
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Fig. 9.1 Natural course of renal function in children with renal hypodysplasia. Early postnatal GFR increase followed
by progressive deterioration after a stable interim period of variable duration (Source: Reproduced from Ref. [1])

Clinical Benefits of RRF

Most studies exploring the clinical value of
RREF in dialysis patients have focused on adults
receiving chronic peritoneal dialysis (PD). The
CANUSA study observed a correlation of dialysis
adequacy as defined by small molecule clearance
delivery with patient death while on PD [5].
However, later studies separating the effects of
renal and peritoneal clearance components
revealed that patient survival is correlated with
RRF or urine volume, and not with the dose of PD
[6-12]. Reanalysis of the CANUSA study also
confirmed that patient mortality was associated
with renal clearance and urine volume, and not
with dialytic clearance [13]. The mortality of adult
patients on hemodialysis has also been found to
depend on the presence of RRF [14].
Considerable evidence suggests that volume
control constitutes the primary link between loss
of RRF and mortality. The higher overall mortal-
ity rate in anuric adults on PD is almost com-
pletely attributable to cardiovascular reasons of
death [15]. Low urine output has been linked to
hypertension, left ventricular hypertrophy, and
valvular calcification in chronic PD [16, 17]. In
children on PD, RRF is the most important single
factor protecting from hypervolemia [18], and its
loss predicts diastolic dysfunction [19].
Hyperphosphatemia and hypercalcemia are
important mediators of the cardiovascular “toxic-
ity” of ESRD. RRF is an important determinant

of serum phosphate levels in PD [20]. As a conse-
quence, anuric PD patients show a high calcium—
phosphorus product [21] and may be more prone
to vascular calcifications. Also, the clearance of
middle molecules critically depends on RRF. In
pediatric hemodialysis patients, those with RRF
had significantly lower serum levels of beta2-
microglobulin [22]. In children on PD, beta2-
microglobulin, cystatin C, and inulin were shown
to be removed mainly by renal clearance [23].

Removal of uremic toxins insufficiently
cleared by dialysis may also help to preserve
growth and nutrition in dialyzed children. Statural
growth, expressed as change in height SDS over
time, was found to be related with RRF but not
with peritoneal solute removal [24]. In a large
cohort of PD patients, serum albumin levels cor-
related positively with RRF [11]. In a recent study
of children and adolescents on chronic hemodi-
alysis, RRF positively affected nutritional status
independently of dialysis efficacy and rhGH
treatment [25]. Also, erythropoietin serum levels
tend to be higher in children with RRF [26].

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.
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Fig. 9.2 Renal survival in children is associated with proteinuria and hypertension, but not dietary protein intake

(Source: Reproduced from Ref. [34])

Observational data unequivocally show an
association between the prevailing blood pres-
sure and the rate of CKD progression in adults
with CKD [27]. Observations in adults and chil-
dren suggest that hypertension remains associ-
ated with loss of RRF when ESRD is reached
[28-30]. Data from the NAPRTCS registry sug-
gested that systolic hypertension predicts CKD
progression also in pediatric nephropathies [31].
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 [32].

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 [32, 33]. The pre-
dictive role of proteinuria was also confirmed in
studies that included glomerular disorders [1] and
in a pediatric prospective multicenter cohort study
(Fig. 9.2) [34, 35]. The ESCAPE trial showed an
association of proteinuria at baseline, as well as of
residual proteinuria during ACE inhibition, with
progression [36, 37]. Observational studies in
adult patients suggest that the relationship between
proteinuria and the rate of loss of RRF persists
even after attainment of ESRD [29, 30, 38],

providing a rationale for continued antiproteinuric
treatment after initiation of dialysis.

The underlying kidney disorder is an impor-
tant predictor of CKD progression. Acquired kid-
ney diseases, usually affecting primarily the
glomerulus, generally tend to progress more rap-
idly than congenitally malformed kidneys [31,
39]. In adult ESRD patients on PD, the diagnosis
of a glomerulopathy is a predictor of rapid RRF
loss [40, 41], although this difference may not be
relevant when HD patients are included [29].

Moreover, progression of pre-end-stage CKD
is not linear but depends on the prevailing degree
of renal impairment: the lower the current GFR,
the higher the loss of GFR that can be expected
within a given time window. In different pediat-
ric studies, cutoff GFR levels predicting a faster
decline of renal function were 30, 40, or 50 mL/
min/1.73 m?, respectively [1, 31, 42]. In children
commencing dialysis, a daily urine volume of
less than 1,000 mL/m? was a risk factor for devel-
oping anuria [43], and in adult patients, an earlier
start of PD was associated with better subsequent
preservation of RRF [44]. Conversely, however,
other studies that have prospectively monitored
the evolution of RRF after start of dialysis sug-
gested faster RRF loss with higher baseline urine
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volume or GFR [30, 45]. The exponential decline
pattern of RRF observed in adult patients on PD
is consistent with these findings [46, 47].

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 CKD [48]. In a
recent randomized clinical trial, correction of
metabolic acidosis slowed CKD progression in
adults [49].

Furthermore, GFR declined more rapidly in
adolescent CKD patients with significant anemia
[50]. In a randomized controlled study in adults,
early administration of erythropoietin targeting at
a higher hemoglobin level significantly slowed
the progression of CKD [51]. Anemia and result-
ing tissue hypoxia may increase endothelial injury
and stimulate the release of pro-fibrotic cytok-
ines. While anemia is an apparent risk factor 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
[52]. The latter phenomenon is probably explained
by lower endogenous erythropoietin synthesis in
patients without RRF, as evidenced by the corre-
lation of erythropoietin serum levels with RRF
observed in pediatric HD patients [26].

In adults, dyslipidemia (hypertriglyceridemia
and low HDL cholesterol) appears to have a small
but significant effect on the relative risk of pro-
gression [53]. In children with renal malforma-
tions, the occurrence of more than two episodes
of febrile UTI was associated with a faster decline
of renal function [1]. GFR declined faster in
hypoalbuminemic patients, but this may reflect
the effect of proteinuria [42, 50].

The role of mineral metabolism in the pro-
gression of renal failure is not entirely clear.
Hypocalcemia and hyperphosphatemia were
associated with a rapid decline of renal function
in children [54]. High serum calcium was also
independently associated with a decreased risk of
RRF loss in adult dialysis patients [55]. In another
study, PD patients with no RRF showed a higher
calcium—phosphorus  product (CaxP) [17].
However, it was also reported that after adjust-
ment for baseline renal GFR, there was no sig-
nificant association between calcium and
phosphorus levels and the risk of anuria [56].

|.-S. Ha and F. Schaefer

The role of genetic factors in determining the
rate of renal failure progression still awaits full
exploration. Whereas no gender difference has
been noted in cohorts encompassing the pediatric
age range [31, 42], GFR appears to decline more
rapidly in adult and adolescent males [26, 50],
compatible with an adverse impact of androgens
(or a protective effect of female sex steroids) on
the conservation of RRF in CKD. In adult patients
on dialysis, the impact of gender is controversial:
Faster loss of RRF was found associated with
male [38], female [55], and independent of
gender [40, 57].

Furthermore, African American ethnicity is a
significant risk factor of progression in pediatric
CKD patients [31]. Nonwhite race also predicts
rapid loss of RRF in adults on dialysis [55].

The DD genotype, a common variant of the
ACE gene, was found overrepresented in pediatric
ESRD as compared to the general population [58].
This was confirmed in children with hypodyspla-
sia, obstructive uropathy, and reflux nephropathy,
but not in those with other congenital or hereditary
diseases or acquired glomerular disorders [59].
Other studies suggested an association of the DD
genotype with declining renal function also in
pediatric glomerular diseases with normal renal
function [60, 61]. Furthermore, polymorphisms in
the KLK1 and the TGF-betal genes were reported
as risk factors for renal deterioration in reflux
nephropathy [62]. Ongoing large-scale whole
genome association studies in large CKD cohorts
are hoped to establish the most relevant common
genetic variants related to CKD progression in
both adult and pediatric populations.

Rapid somatic growth and gain in body weight
is associated with accelerated deterioration of
renal function [32]. Patient age, reflecting body
growth, is a general risk factor for progression in
children [31, 32, 63]; 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 [64].
The physiological pubertal rise in blood pressure,
an increased metabolic load due to statural growth
which cannot be compensated by proportionate
renal growth, and vascular or tissue-specific
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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 [65].

Interestingly, in adult patients on long-term
dialysis obesity is associated with an accelerated
decline of RRF [38, 66, 67].

Specific Risk Factors for Loss of RRF
in Patients on Dialysis

RRF decreases with time on dialysis [55]. The
loss over time is exponential rather than linear
[46]. In a study in adult patients on hemodialysis
and PD, the decline of RRF was most prominent
during the first 3 months after the start of dialysis
[29]. Repetitive intravascular volume depletion
and hypotensive events are considered important
causes of a rapid loss of RRF [66]. Congestive
heart failure was also correlated with faster
decline of RRF in adults [38, 55, 66].

The choice of dialysis modality has a crucial
impact on RRF. There is ample evidence both in
adults and children that RRF is preserved better
in PD than with hemodialysis [43, 55, 68-70].
A more than two times faster decline of RRF was
observed in adult patients on HD compared to those
on CAPD [55, 68]. In children, a retrospective
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study revealed that daily urine volume less than
500 mL/m? in 50% of patients was reached sig-
nificantly earlier (within 175 days) after start of
HD than after commencement of PD (within 916
days) (Fig. 9.3) [43]. This difference is believed
to be mainly due to the rapid removal of large
amounts of fluid by intermittent extracorporeal
procedures, leading to acute hypotensive episodes,
generalized vasoconstriction, tissue hypoperfu-
sion, and lower preglomerular arterial pressure.
In addition, the contact of blood with artificial
bioincompatible membranes triggers activation
of complement system and circulating leukocytes
with subsequent release of nephrotoxic inflam-
matory mediators, which may cause a chronic
state of inflammation and acceleration of fibro-
genesis at the tissue level [68].

Several studies have suggested that the pres-
ervation of RRF may be affected by the PD
modality. A more rapid decline was observed in
some studies with the more intermittent fluid
removal obtained by automated PD than with
CAPD [71-73]; however this finding is not
unequivocal [40, 74, 75]. Automated PD was still
associated with better preservation of RRF than
observed even with hemodiafiltration, the hemo-
dynamically least challenging extracorporeal pro-
cedure [76]. However, usage of biocompatible
high-flux membranes, bicarbonate buffer, and
ultrapure water in hemodialysis have improved
the preservation of RRF in recent years [4, 77, 78].

100 T
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The tidal variant of APD was reported to preserve
RRF better than nontidal modalities [79].

Peritonitis frequency was associated with
RRF decline in adult patients on PD [38, 46].
This observation may be explained by hypoten-
sive episodes related to systemic infection, but
also to the common use of nephrotoxic antibiot-
ics such as vancomycin and aminoglycosides.
Whereas empirical use of aminoglycosides (usu-
ally terminated within 2-3 days) in peritonitis
has not been found to affect RRF in adult patients
[80], administration of aminoglycoside for at
least 3 days was correlated with more rapid
decline of RRF [81].

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.

Avoidance of Risk Factors

Half of the risk factors listed above are principally
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 hypertension, reduc-
tion of proteinuria (especially residual proteinuria
during RAS blockade), correction of anemia,
hypoalbuminemia, hyperlipidemia, hypocalce-
mia, and hyperphosphatemia, prevention and
adequate treatment of UTI, and avoidance of
nephrotoxic agents are generally recommended
in patients with CKD. In addition, some knowl-
edge of the individual profile of non-remediable
risk factors is also important, since patients at
high risk may benefit particularly from early
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renoprotective intervention and minimization of
remediable risk factors.

In patients in need of dialysis, continuous PD
modalities should be preferred to hemodialysis or
NIPD under the aspect of preserving RRF. If for
some reason an intermittent modality is chosen,
careful monitoring of the volume status and
avoidance of dehydration and hypotensive events,
as well as hypertension and congestive heart fail-
ure, 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 in a large number of chil-
dren that intensified blood pressure control, with
a target 24-h mean arterial pressure below the
50th percentile, confers a substantial long-term
benefit on renal function in childhood CKD
(Fig. 9.4) [36]. The risk of losing 50% GFR or
progressing to ESRD was reduced by 35% after
5 years in the children managed by strict blood
pressure control. The nephroprotective effect was
significant both in children with glomerulopa-
thies 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 [27]. In pediatric nephropathies, RAS
antagonists reliably lower blood pressure and
proteinuria [82], but uncontrolled studies in chil-
dren with congenital abnormalities of the kidney
and the urinary tract have yielded conflicting
results as to a specific renoprotective effect of
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renal survival in children with hypo/dysplastic and glom-
erular disorders receiving fixed-dose ACE inhibition. Red
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these agents [37, 83]. As in pre-end-stage CKD,
there are reports that ACE inhibitors may protect
RRF in adults on dialysis [55, 84]. In a random-
ized controlled trial in patients on PD, a time-
dependent effect of ACE inhibition was observed;
RRF declined faster and the risk of 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 [85].
This biphasic effect of ACE inhibition may be
explained by hemodynamic mechanisms reduc-
ing GFR effective early during treatment followed
by nephroprotective antifibrogenic effects pre-
vailing 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 [86]. 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 syn-
drome. However, in view of observations in adult
patients indicating increased loss of renal func-
tion, hypotension, and hyperkalemia with dual
blockade [87], close monitoring of these side
effects is necessary. In adults, an intensive ther-
apy combining ACE inhibitor, ARB, spironolac-
tone, and statin was reported to slow the
progression more effectively [88].

1
4 5

pressure target (<50th 24 h MAP percentile), blue lines
those with conventional target (50-95th 24 h MAP per-
centile) (Source: Reproduced from Ref. [36])

In a single report the use of calcium channel
blockers was associated with a decreased loss of
RRF [55].

Diuretics

There are controversies on the effect of loop
diuretics on RRF. It was reported that diuretics
can help maintain fluid balance but not RRF [89].
In another study in adults on hemodialysis,
patients on diuretics retained RRF after 1 year
[90]. In contrast, a study in adults on PD reported
that the use of diuretics was associated with more
rapid decline of RRF [66].

Biocompatible Dialysis

The 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 [91-93]. As GDP are readily
absorbed they may promote not only local but
also systemic formation of advanced glycosyla-
tion end products (AGE). It has been speculated
that the reduced systemic AGE load may be asso-
ciated with improved preservation of RRFE
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Preliminary results from controlled clinical trials
suggest that RRF is indeed better preserved when
PD is performed with low-GDP fluids employing
either glucose sterilized in multichamber bags or
the alternative osmotic agent icodextrin [91-96].
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 cel-
lulose or cuprophane membranes [55, 68, 97, 98].
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 [68, 99, 100]. It has also
been reported that the use of ultrapure water and
bicarbonate buffer may preserve RRF [4, 101].

Emerging Therapies

Experimental research supports a role for anti-
inflammatory and anti-fibrotic agents in pharma-
cological nephroprotection. Such approaches are
currently being tested in early clinical trials. In an
uncontrolled pilot study, mycophenolate mofetil
was reported to stabilize GFR in childhood CKD
due to congenital urinary tract anomalies [102]. In
adults, the carbonicadsorbent AST-120 (Kremezin)
was reported to suppress the plasma levels of
indoxyl sulfate, TGF-betal, and the progression
of CKD [103]. Pentoxifylline and bardoxolone
methyl were also reported to slow the decline of
GFR in CKD [104, 105].

Administration of erythropoietin in patients
without severe anemia was also reported to slow
CKD progression [51]. In an animal study a hema-
tologically subtherapeutic low dose of an erythro-
poietin analogue activated the Akt pathway and
reduced apoptotic cell death in glomerular cells
ameliorating the progressive renal injury [106].

Special Conditions

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

In patients returning to dialysis after failed
transplant, continued immunosuppression pre-
serves the residual allograft function for some
time [68]. Of course, side effects of the immuno-
suppressive medications have to be weighed
against the benefit of RRF in these patients.
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Peritoneal Dialysis Access

Peritoneal dialysis (PD) is the initial dialytic modal-
ity for many children with end-stage renal disease
(ESRD). This is especially true for children who
have acquired ESRD during their first decade of life
[1]. Data from the North American Pediatric Renal
Trials and Collaborative Studies (NAPRTCS)
reveals that of the 6,491 dialysis initiations entered
into the dialysis registry between 1992 and 2008,
more than 60% were for PD [2]. Reasons for the
preferential 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 abil-
ity of the child to attend school on a regular basis.
In order for there to be successful PD, there
must be a well functioning peritoneal catheter.

B.A. Warady, MD (0<)

Department of Pediatrics, University of

Missouri - Kansas City School of Medicine,
Section of Pediatric Nephrology, Children’s Mercy
Hospitals and Clinics, Kansas City, MO, USA
e-mail: bwarady @cmbh.edu

W.S. Andrews, MD

Department of General Surgery, University of
Missouri - Kansas City School of Medicine, Children’s
Mercy Hospitals and Clinicsl, Kansas City, MO, USA

B.A. Warady et al. (eds.), Pediatric Dialysis, DOI 10.1007/978-1-4614-0721-8_10,

© Springer Science+Business Media, LLC 2004, 2012

Ideally, the catheter provides reliable, rapid
dialysate 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 con-
tinued 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 com-
plications in children. It is hoped that this infor-
mation 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
configurations (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
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Table 10.1 Peritoneal dialysis access characteristics

Catheter Cuffs Tunnel

Curled One Straight

Curled Two Swan necked/curved
Curled Two Straight

Straight One Straight

Curled Two Straight

Curled One Straight

Curled One Straight

Straight One Straight

Presternal Two Swan necked/curved
Straight One Straight

Curled Two Swan necked/curved
Curled Two Swan necked/curved
Straight One Swan necked/curved
Straight Two Straight

Straight One Straight

Curled One Straight

Curled One Swan necked/curved
Curled One Swan necked/curved
Curled Two Straight

Straight Two Straight

Straight Two Swan necked/curved
Curled Two Straight

All other combination (<1% each)

*Cases with missing elements are excluded

variable, more than 25 different combinations of
catheter characteristics are possible, as docu-
mented in the 2008 annual report of the NAPRTCS
(Table 10.1) [2]. As noted above, the most com-
mon catheter with these characteristics used by
pediatric patients is the Tenckhoff catheter.

A review of the 2008 NAPRTCS dialysis regis-
try catheter data reveals that most of the catheters
that were placed were of the Tenckhoff curled
(61.5%) or Tenckhoff straight (26.9%) variety [2]
(Table 10.2). The curled Tenckhoff catheter was
previously noted as being the most commonly
used pediatric catheter (88% usage) in the 1995
survey of the Pediatric Peritoneal Dialysis Study
Consortium (PPDSC) [7]. The presumed advan-
tages of the curled catheter over the original
straight catheter include: (1) better 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

Exit-site
Lateral
Down
Lateral
Lateral
Down
Down

Up

Up
Down
Unknown
Lateral
Unknown
Lateral
Lateral
Down
Unknown
Down
Lateral
Unknown
Up
Lateral
Up
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N @112)

593
385
313
301
270
256
194
135
128
122
117
107
104
101
99
74
73
63
56
50
43
42
486

Table 10.2 Peritoneal dialysis access

Peritoneal dialysis courses

Catheter
Tenckhoff straight
Tenckhoff curled
Toronto western
Presternal
Other
Unknown/missing
Cuffs
One
Two
Unknown/missing
Tunnel
Swan neck/curved
Straight
Unknown/missing
Exit-site orientation
Up
Down
Lateral
Unknown/missing

N
4352

1170
2677
26
272
88
119

2263
1951
138

1397
2801
154

535
1425
1735

657

14.4
9.4
7.6
7.3
6.6
6.2
4.7
33
3.1
3.0
2.8
2.6
2.5
2.5
2.4
1.8
1.8
1.5
1.4
1.2
1.0
1.0

11.8

% (100.0)

Yo
100.0

26.9
61.5

6.3
2.0
2.7

52.0
44.8
32

32.1
64.4
3.5

12.3
32.7
39.9
15.1



10 Peritoneal Access in Children Receiving Dialysis

omental wrapping, and (6) potentially less trauma
to bowel [5]. In contrast to the NAPRTCS data,
the Italian PD registry reflects a predominance of
straight catheters [4]. Currently, there is no defini-
tive data that supports using a curled catheter over
a straight catheter and there is some published
data to the contrary [4, 8, 9]. Noteworthy is the
fact that neither the NAPRTCS data nor a formal
review of the few available prospective studies
provides evidence for any association between the
intraperitoneal configuration and the development
of peritonitis or exit-site/tunnel infection [2, 10].
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 sec-
ond cuff was added as a means of securing the
catheter’s position and potentially helping prevent
bacterial migration, there were initial reports of
problems with cutaneous extrusion of the second
cuff [11, 12]. 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 portion 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]. Cuff
extrusion may lead to the development of an exit-
site/tunnel infection and the subsequent need for
shaving of the cuff off the catheter [13—15]. While
there are very few reports describing the incidence
of distal cuff extrusion with double-cuff catheters
in children, two series from 1986 to 2004 reported
outer cuff extrusion rates of 8% and 4.8%, respec-
tively [4, 16]. It may be, in part, for this reason
that 52% of the catheters in the NAPRTCS data-
base are single cuff [2]. There is, however, some
data to suggest that single-cuff catheters are asso-
ciated with a higher incidence of exit-site/tunnel
infections and peritonitis. Lewis et al. compared
the incidence of catheter-related infections in
children with single and double-cuff peritoneal
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Fig. 10.1 Comparison between one cuff and two cuff
catheters and the time to the first episode of peritonitis
(Source: Adapted from Ref. [2])

catheters and found a significantly lower inci-
dence of infections in the double-cuff group [17].
The National CAPD Registry also documented
that double-cuff catheters were less likely to
require removal secondary to an exit-site/tunnel
infection [18]. A similar conclusion can be drawn
from the NAPRTCS registry data that reports a
significantly lower incidence of peritonitis in
association with double-cuff catheters (1/21.0
patient months) compared to single-cuff catheters
(1/15.7 patient months) [2]. In addition, the
NAPRTCS data shows a longer time to first peri-
tonitis episode in the double-cuff catheter group
[2, 19] (Fig. 10.1). This information seems to have
made an impact worldwide, as recent (2005-2008)
data from the International Pediatric Peritonitis
Registry (IPPR) revealed that 86% of catheters
reported by participating centers were of the double-
cuffed variety. Unfortunately, there has only been a
single prospective randomized trial addressing the
issue of single versus double-cuff catheters, and this
study showed no significant difference in the risk of
peritonitis or exit-site/tunnel infection [19].

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-shape
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Fig. 10.2 Picture of a Tenckhoff, double-cuff curled
catheter with Swan neck bend

arc (170-180°) between the deep and the superfi-
cial cuffs (Fig. 10.2). The latter configuration was
originally described by Twardowski, et. al and
has been recommended by many pediatric pro-
grams as a significant improvement in catheter
design [20, 21]. While the cumulative NAPRTCS
data reports a swan neck/curved tunnel in only
32.1% of catheters (identical to the results of the
North American survey by Washburn et al.), data
collected by the IPPR and the International
Pediatric Peritoneal Dialysis Network (IPPN)
revealed that 53.5% and 74% of the catheters,
respectively, were of the “swan neck” variety [22,
23]. The purpose 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 condition (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 [24-26]. A modifica-
tion of this catheter type is the swan neck
presternal catheter. The major difference 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 utilized when it is
necessary to make the exit-site remote from the
abdomen, such as in patients with stomas.

B.A. Warady and W.S. Andrews

Recently, Crabtree et al. reported their experience
with remote exit-sites in adults [27]. They noted a
significantly longer time to first exit-site/tunnel
infection in the remote exit-site group compared to
a standard 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.

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 [28]. More recently, the 2008
NAPRTCS data revealed that a straight catheter
tunnel was associated with a peritonitis rate of
1/15.8 patient-months, while the rate associated
with a swan neck/curved tunnel was only 1/23.1
patient-months [2]. Likewise, the peritonitis rates
associated with an upward and downward ori-
ented exit-site were 1/14.2 patient-months and
1/21.6 patient-months, respectively [2]. A study
from Network 9 in the U.S. has also highlighted
a significantly lower peritonitis rate with perma-
nent bent catheters. With a downward pointing
exit-site, Golper et al. noted a 38% decrease in
the incidence of peritonitis associated with an
exit-site and/or tunnel infection [29]. Finally,
while some studies have found the use of the
swan neck catheter to be associated with less fre-
quent cuff extrusion, exit-site irritation, and exit-
site/tunnel infections, other studies have been
unable to confirm the results [30-32].

A recently reported alternative to the swan
neck catheter has been reported by several authors
from China [33-35]. They compared the efficacy
of using a preformed swan neck catheter to a
straight Tenckhoff catheter that was bent into a
swan neck configuration (using three surgical
incisions) so they would have a downward facing
exit-site. In all three studies, the performance of
the operatively bent Tenckhoff catheter was com-
parable to the swan neck catheter. The benefit of
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Fig. 10.3 Comparison between catheter with downward
facing exit-site, Swan Neck and two cuffs versus all other
strategies and the time to first episode of peritonitis
(Source: Adapted from Ref. [2])

the latter catheter is related to its significantly
lower cost than the swan neck catheter in China.
In summary, the lack of prospective studies
designed to evaluate PD catheter characteristics
makes it impossible to conclude that one catheter
characteristic is superior to another based upon
definitive evidence. However, quite convincing is
the NAPRTCS registry data which points out that
the time to first peritonitis episode is longer with
catheters characterized by two cuffs compared to
one, swan neck tunnels compared to straight tun-
nels, and downward exit-sites compared to lateral
and upward exit-sites. The benefit of this combi-
nation of characteristics on decreasing the inci-
dence of peritonitis is significant (Fig. 10.3) [2].
This information has prompted an increase in the
percentage of patients using the double-cuff/swan
neck /downward pointed exit-site configuration
from 5% in 1992-1995 (NAPRTCS) to 23.2% in
20052009 [2]. The continued collection of cath-
eter information in registries such as the NAPRTCS
and the IPPN, along with the performance of pro-
spective trials, is mandatory if the optimal catheter
characteristics are to be determined.
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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
the literature as being associated with an increased
risk for post placement PD catheter migration is
constipation [36]. 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 physical examination is required to
determine if the patient has any evidence of a her-
nia. In children who receive PD, the incidence of
hernias is inversely proportional to age, with an
overall frequency of 11.8-53.0% [37-39]. The
highest frequency of inguinal hernias occur within
the first year of life; they are often bilateral and
most 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 [40, 41].
If detected, the hernias can then be fixed at the
same time the PD catheter is inserted [42-44].
Forehand knowledge of the need for a hernia repair
will allow the surgeon to allot the appropriate oper-
ative 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, ureterostomy,
colostomy or gastrostomy will also influence the
exit-site location. The exit-site must be planned so
that it is either on the opposite side of the abdo-
men from the 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
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wall with a downward orientation has successfully
limited the number of infections in such high-risk
situations in children and adults [45-48].

Preoperative antibiotic usage has been shown,
in several studies, to decrease the incidence of
peritonitis after the placement of a PD catheter in
both children and adults. Interestingly, these stud-
ies have shown that any class of antibiotic will be
beneficial [10, 49-53]. Currently, we utilize a first
or second-generation cephalosporin unless the
patient is known to be colonized with methicillin-
resistant Staphylococcus aureus. This recommenda-
tion comes from the pediatric and adult guidelines
of the International Society for Peritoneal Dialysis
(ISPD), as well as from the European guidelines
[51,54-56]. Routine prophylaxis with Vancomycin
is not recommended in order to try to avoid the
development of Vancomycin resistant organisms,
despite the finding in an adult experience of supe-
rior results with prophylactic Vancomycin versus a
cephalosporin [57]. If the child has a lower gastro-
intestinal 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 catheter placement. If positive, a course
of intranasal mupirocin (twice daily for 5 days) is
recommended [56].

Omentectomy

The data recommending the performance of an
omentectomy/omentopexy at the time of catheter
placement to prevent PD catheter occlusion is
compelling [58, 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
[43, 60]. A survey conducted by the PPDSC found
that an omentectomy was routinely performed in
53% of pediatric centers at the time of catheter
placement, similar to the 59% figure derived from
a survey of North American surgeons [7, 22]. An
omentectomy was performed with the insertion
of 82.4% of catheters in the Italian PD registry
[4]. One group of investigators, however, inter-
preted their own data related to the issue of omen-
tectomy somewhat differently [60]. Even though
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they noted a 20% decrease in the incidence of
catheter blockage with omentectomy, they calcu-
lated 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 diffi-
cult, resulting in their conclusion that omentecto-
mies should only be carried out after a blockage
occurs. In practical terms, the omentectomy does
not have to be complete. Enough of the omentum
is removed so that its remnant will not reach to
the catheter which is positioned in the pelvis.

An omentopexy can be considered as an alter-
native to omentectomy. 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 complications and accomplishes
the same desired outcome. In our center, we
believe that either an omentectomy or, more
recently, an omentopexy is a fairly simple proce-
dure that can be carried out at the initial operation
with little morbidity and should be strongly con-
sidered 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 established leaks
and, when used at the time of catheter implanta-
tion, may help prevent the development of perito-
neal leaks around catheters that are used soon
after being placed [61-63]. Our experience with
fibrin glue would support both of these asser-
tions. Typically, the fibrin glue is applied around
the internal cuff and down the tunnel between the
inner and outer cuffs.

Surgical Technique

Since Moncrief and Popovich first reported on
the use of continuous ambulatory peritoneal dial-
ysis (CAPD), there have been a number of modi-
fications of the technique for the implantation of
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the PD catheter [22, 64, 65]. The complications
of dialysate leakage, dislocation of the catheter, ero-
sion/extrusion of the cuffs, exit-site/tunnel infections,
tunnel infections, and peritonitis have in one way or
another influenced the surgical technique. The two
most common PD catheter insertion techniques
are the open and laparoscopic techniques. Other
approaches include blind placement using the
Tenckhoff trocar, blind placement using a guide
wire (Seldinger technique), and the mini-trocar
peritoneoscopy placement technique [36].

Over the last few years, several authors have
reviewed their experience with peritoneal catheter
insertion and they have concluded that a laparo-
scopic approach is superior to the open approach
[66-68]. 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. In a recent review of the
literature, there was evidence presented on the
incidence of PD catheter flow dysfunction and its
relationship 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% [66]. The low incidence of cath-
eter flow problems in the laparoscopic group was
attributed to a combination of rectus sheath tun-
neling of the catheter (allowing the positioning of
the catheter in the pelvis) along with managing
the omentum with either omentopexy or oment-
ectomy. Crabtree et al. have also found that the
laparoscopic approach was not necessarily con-
traindicated when there has been previous surgery
or peritonitis [69]. At our institution, 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
[70]. 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
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potentially interfere with catheter performance
(adhesions, inguinal hernias), the problem can be
corrected at the time of catheter placement. We
currently use a modification of the technique first
described by Daschner et al. [71] and recently by
Crabtree et al. [66].

The catheter insertion site is chosen with con-
sideration of the patient’s size and the need for
the catheter to exit in a downward direction.
Consideration must also to 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 catheter on the left side of the
abdomen so that it is away from the future trans-
plant incision. The exit-site of the catheter in our
hands is typically positioned above the belt line
or diaper area. However, in very large children, it
may be necessary to locate the catheter below the
beltline so that the catheter will reach into the
pelvis. The catheter entrance- and exit-sites are
marked on the patient’s skin.

Under general anesthesia, a vertical incision is
made in the umbilicus and the umbilical fascia is
sharply incised. Using blunt dissection, the peri-
toneum is entered and depending on the size of
the child, either a 3 mm or a 5 mm port is placed.
A corresponding 3 mm or 5 mm laparoscope is
then inserted and the abdomen is insufflated. The
peritoneal entrance site is positioned so that the
inner catheter cuff will be located between both
sheaths of the rectus muscle and the tip of the
catheter will lie in the pelvis. At this point, a 3 mm
instrument is inserted through a stab wound at the
marked catheter exit-site. A second 3-5 mm port
is inserted at the marked entrance site of the cath-
eter. This port is then tunneled under the anterior
rectus sheath and along the posterior rectus sheath
for a distance of between 4 and 7 cm (depending
on the size of the patient) and then popped into
the abdomen. The omentum can then either be
partially removed with the use of electrocautery
or it can be plicated using a technique reported by
Crabtree et al. [66]. We feel that a complete omen-
tectomy is not necessary as long as the omentum
is prevented from entering the pelvis.

After the omentum has been addressed, a
guide wire is inserted into the abdomen via the



160

Fig. 10.4 A laparoscopic view of the 20 French peel-
away 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)

entrance site port. The port is then removed and
the skin incision is enlarged to approximately
1 cm. Using a peel-away sheath technique, a 20
French sheath is then inserted into the abdomen
over the guide wire (Fig. 10.4). The PD catheter
is then placed on a stiffener and inserted into the
pelvis under direct vision. The pneumoperito-
neum is maintained by pushing the proximal cuff
of the PD catheter into the sheath, thereby pre-
venting gas loss. Once the catheter has been posi-
tioned into the pelvis, the sheath is removed
(Fig. 10.5). 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. Care
is taken to make sure that the innermost portion
of the cuff does not project into the peritoneum
(Fig. 10.6). The peritoneum is also carefully
inspected for evidence of any inguinal hernias. If
a hernia is discovered, it is fixed after completion
of the PD catheter insertion. The camera and all
ports are then removed and the umbilical fascia is
repaired.

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 dilator
or a tendon passer. The catheter is then pulled
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Fig. 10.5 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)

Fig. 10.6 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)

through the tunnel, positioning the outer cuff so
that it is approximately 2.0 cm from the exit-site.
Shorter distances between the exit-site and outer
cuff predispose to cuff extrusion, while greater
distances lead to formation of a deep sinus tract,
granulation tissue formation, and an increased
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risk of a tunnel infection [36, 44]. At this point,
fibrin sealant may be injected in the subcutane-
ous tissue around the entrance site of the catheter
through the anterior rectus sheath and also down
the tunnel between the outer and inner cuffs. 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 infec-
tion and poor exit-site healing [51].

Open Technique

Catheter location is determined using the same
methods as noted with the laparoscopic approach.
The most frequent open technique utilizes an
incision over the mid portion of the rectus mus-
cle. The rectus muscle is split in the direction of
its fibers and the posterior sheath is then opened
longitudinally. The catheter is threaded over a
stiffening wire to allow its placement deep in the
pelvis, a few degrees to the right of 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 anterior sheath
is then closed tightly around the catheter with a
second purse string suture around the cuff of the
catheter at the level of the anterior rectus sheath.
The catheter is then tunneled out to the skin and
the outer cuff is situated 2.0 cm from the catheter
exit-site. 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 postop-
erative leakage [44]. However, the few prospec-
tive trials on incision location that have been
conducted in adults have not demonstrated a
superiority of the rectus sheath versus the mid-
line approach [10].

One advantage of the open technique is the
ability to directly visualize the placement of the
catheter into the pelvis. This can be beneficial in
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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
[56, 72]. 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
issue, Moncrief has 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 [73]. After this time
period, an exit-site is created over the subcutane-
ous pocket and the catheter is exteriorized. While
successful in its application, prospective trials
comparing initial exteriorization of the catheter
versus implantation and subcutaneous burying of
the catheter for 6 weeks have not demonstrated a
significant difference in the rate of either perito-
nitis or exit-site/tunnel infections or on long-term
catheter survival [53, 74, 75]. Twardowski, et al.,
on the other hand, has merely recommended that
initially, the exit-site should only be covered with
several layers of sterile gauze and should be kept
dry [76, 77]. 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
subsequent infection. Trauma to the exit-site,
usually from repeated catheter motion, needs to
be minimized. Therefore, the catheter must be
securely fixed with a dressing, and dressing
changes should not routinely occur more often
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than once per week until the exit-site is healed.
Ideally, specially trained staff should conduct the
dressing changes, which allows a consistent
aseptic technique to be followed which decreases
the risk for bacterial colonization [78, 79].
Submersion of the exit-site should be avoided to
prevent colonization 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 [78].

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 complications such as
leakage and infection. The 1998 ISPD catheter
guidelines recommended a dialysis free period of
10-15 days after catheter insertion, while the
European guidelines recommend at least 2 weeks,
whenever possible [5, 56]. This is supported by a
study conducted by Patel et al. in which immedi-
ate versus delayed (an average of 20 days) cathe-
ter use was compared [80]. The authors noted an
increased incidence of dialysate leakage in the
immediate use group, but a disconcerting increase
in exit-site/tunnel infections, 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 associated with an
increased risk of leakage, but that there was no
difference in the risk of infection [72]. Finally, the
Italian PD registry did not reveal any difference in
the incidence of leakage or catheter survival when
comparing catheters used early (<7 days) versus
late [4]. Accordingly, while the available data
might suggest a preference for delayed catheter
usage if possible, there is no definitive evidence
for any particular rest period and a prospective,
randomized trial is clearly needed to address this
issue [8]. Of course, when early usage is neces-
sary, efforts should be made to minimize any
increase in the intraperitoneal pressure by using
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small exchange volumes, possibly in the supine
position with a cycling device.

Chronic Exit-Site Care

The goal of chronic exit-site care is to prevent the
development of exit-site/tunnel infections. As sug-
gested by Twardowski and Prowant, exit-site care
consists of assessment of the exit-site, cleansing
the exit-site, immobilizing the catheter, and pro-
tecting the exit-site and tunnel from trauma [76,
77, 81]. In addition to the direct exit-site care, data
in children and adults support the use of prophy-
lactic antibiotic agents to decrease the incidence
of S. aureus carriage in patients and care givers.
Centers that have initiated a program to prophyla-
tically treat carriers have noted a decreased inci-
dence of catheter associated infections [52, 82—85].
It is, however, generally agreed upon that the use
of a non-cytotoxic cleansing agent (e.g. 20%
poloxamer 188, soap, sodium hypochlorite) and a
dressing is associated with fewer infections in the
pediatric patient [56, 86]. In addition, the applica-
tion of either mupirocin or gentamicin creams to
the catheter exit-sites has also been efficacious in
decreasing exit-site/tunnel infections [86-91].

Finally, a survey of exit-site care practices in
22 pediatric sites and 125 adults sites found that
significantly fewer pediatric programs conducted
daily care and used tap water or antibacterial soap,
while a greater percentage “air dried” the cleaned
exit-site and used a semi-permeable dressing over
an absorbent layer, compared to adult programs
(B. Warady, Personal Communication).

Mechanical Complications

Mechanical complications are generally felt to be
the second most common reason (after infection)
for catheter failure. The mechanical complica-
tions include obstruction of the catheter by omen-
tum, 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
previously reviewed and as mentioned above,
usually can be prevented by conducting a partial
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omentectomy or omentopexy at the time of
catheter insertion. When omental blockage does
occur, laparoscopic removal of the involved
omentum can be easily accomplished. Migration
of the catheter out of the pelvis can lead to poor
dialysate inflow or outflow, as well as increased
pain with dialysis. One approach to repositioning
the catheter is through the use of interventional
radiology techniques, in which a guide wire is
used to move the catheter back to a workable posi-
tion in the abdomen. Using this technique, Savader
et al. reported that they were able to obtain a dura-
ble patency rate of 50% in those patients who had
an early catheter malposition (less than 30 days)
and a durable patency rate of 82% with late mal-
positions (greater than 30 days) [92]. Migration of
the catheter can be lessened by the addition of rec-
tus tunneling at the time of catheter insertion.
Also, if there are recurrent problems with catheter
migration, the catheter can be secured laparoscop-
ically with a suture in the pelvis [67].

Our center has used a laparoscopic approach
to reposition catheters. In patients who have had
no previous abdominal procedures besides the
peritoneal catheter placement, we create a pneu-
moperitoneum by insufflating through the malpo-
sitioned PD catheter. Once a pneumoperitoneum
is achieved, a 3 mm port is placed in the left
upper 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 is then manipulated under direct
vision and is repositioned back into the pelvis.
Any adhesions that are encountered during the
repositioning of the catheter are lysed at the same
time. In addition, we have used this technique to
free catheters that have become encased in adhe-
sions or obstructed by omentum. This technique
avoids a large incision in the peritoneum, 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 recon-
stituted in 40 cm?® of normal saline and is instilled
in the catheter for 1 h. This has resulted in the res-
toration of patency in 57% of catheters [93-95].
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Exit-Site Infection, Tunnel Infection,
and Peritonitis

Catheter exit-site/tunnel infections, and peritoni-
tis are a significant cause of catheter failure. In a
review of the NAPRTCS data from 1992 to 1997,
the incidence of exit-site/tunnel infections
increased from 11% at 30 days post catheter
insertion to 30% by 1 year after catheter insertion
[28]. The Italian PD registry documented catheter
infections as the most common catheter-related
complication with a prevalence of 73.2% and an
incidence of 1 episode/27.4 patient months [4].
The goal in all cases should be the prevention of
infection by following published recommenda-
tions regarding catheter insertion and care, and by
regular exit-site monitoring with a scoring system
[55]. If, however, an infection does occur, medi-
cal management is typically successful [55, 96].
One approach to the treatment of exit-site/tunnel
infections in children is described in Table 10.3
[97]. In situations in which antibiotic therapy of
an exit-site/tunnel infection was unsuccessful,
surgical salvage by unroofing/cuff shaving has
been conducted [13-15]. Cuff shaving involves
removing (or shaving off) the infected subcutane-
ous cuff and then rerouting the catheter to a dif-
ferent exit-site remote from the infected site [98].
In another report, Wu et al. described a technique
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 [99]. This was accomplished by cutting
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 separate
tunnel. The infected external portion of the cath-
eter is then removed. They reported 26 catheter
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.
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Table 10.3 Management of exit-site/tunnel infections [97]
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Therapeutics
0 hour
Obtain Culture and Gram Stain of Exudate and/or Drainage

If clinical appearance mandates immediate therapy

prior to culture result, initiate empiric therapy with either

1st generation cephalosporin or ciprofloxacin PO

Gram positive organism

Penicillinase resistant penicillin PO
or 1st generation cephalosporin PO

Gram negative organism
Ciprofloxacin 20 mg/kg/day in divided
doses (>12 years; maximum 1.0 gm/day)
or
Ceftazidime load: 500 mg/L IP
Maintenance: 125 mg/L IP in each bag

48-72 hours

Adjust antibiotics to culture and sensitivity

If no improvement, add rifampin
10-20 mg/kg/day PO in divided doses
(maximum 600 mg/day)

Adjust antibiotics to culture and sensitivity
If Pseudomonas and receiving
ciprofloxacin without improvement, consider
adding ceftazidime load: 500 mg/LIP;
Maintenance: 125 mg/L IP in each bag

2 weeks

Re-evaluate

Infection resolved:
stop therapy

Infection improved: Continue therapy
for 2 weeks and re-evaluate

After adequate and prolonged
antibiotic treatment, if no
improvement: consider catheter
revision (cuff shaving) or removal

Glycopeptides (e.g., vancomycin or teicoplanin) should be avoided for the routine treatment of exit-site infections
secondary to staphylococcus species due to concerns of emerging bacterial resistance

The more standard surgical intervention for
infection would be complete removal of the cath-
eter when there is refractory peritonitis, fungal
peritonitis, or a refractory catheter exit-site/tun-
nel infection [4, 55]. Preservation of the perito-
neum 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/mm?, catheter removal and replacement
can occur as a single procedure under antibiotic
coverage [4, 100-102]. In contrast, fungal perito-
nitis 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

It has been recommended that dressing care occur
weekly during the post transplant period. In most
cases, catheters are removed 4-8 weeks following

successful renal transplantation. It is not neces-
sary to obtain routine PD cultures. While two
studies noted an absence of catheter infections
after kidney transplantation if the PD catheters
were left in place but not used, one of the studies
did find an increased incidence of catheter infec-
tions after the first post transplant month [103,
104]. They also noted that the majority of compli-
cations that would require the use of the catheter
occurred within the first month. For this reason,
they advocate 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
[105]. In their series of 40 catheter removals, ten
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(25%) of the procedures were associated with
complications, and eight of these required fur-
ther surgical intervention. Half of their compli-
cations were related to bleeding. Their usual
technique was to remove the PD catheter under
local anesthesia, which they felt contributed sig-
nificantly 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 rec-
ognize that the more complex the catheter design,
the more difficult the removal. In summary, the
removal of a PD catheter is a real operation that
requires strict attention to detail to prevent
annoying but potentially significant complica-
tions 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 selec-
tion of the best location for the exit-site to the pro-
phylactic measures used to prevent infectious
complications. The establishment of a catheter
“team” and the regular evaluation of treatment
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), a series of technological
improvements have been incorporated into the
peritoneal dialysis (PD) procedure. Important
improvements have been achieved in the safety
and ease of use of the mechanical devices
employed in the dialysis procedure, as well as in
the dialytic efficacy and biocompatibility of the
PD solutions. More recently, a revolution in the
fields of electronics and computer science has
generated a series of automated delivery systems
called “cyclers” that allow great prescription flex-
ibility, as well as the monitoring of therapy results
and of patient adherence to the dialysis prescrip-
tion. Unlike CAPD, in which treatment is truly
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continuous for 24 h of each day, in automated
peritoneal dialysis (APD), treatment is usually
limited to only a portion of the 24 h, usually over
night. 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 information
on how this equipment can be used to deliver the
desired PD therapy for pediatric patients of all
ages and sizes. Particular attention 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 CAPD Connection
Technology

In CAPD, 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 mak-
ing either the catheter-to-transfer set or the trans-
fer set-to-container connections.
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Catheter-to-Transfer Set Connectors

A special Luer-lock catheter adapter made of
titanium was developed to prevent cracking of
the plastic connector or accidental disconnection,
problems that had frequently occurred with
the old plastic plug-in connectors. Titanium
was chosen for its light weight and resistance
to electrolyte-containing PD solutions. More
recently, catheter-to-transfer set connectors
made of more durable plastics have also been
developed.

Transfer Set-to-Container Connection

The original transfer set-to-container connecting
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 container may be
difficult for many patients, and failure to mate
the spike with the port correctly can result in
contamination and subsequent peritonitis. This
has led to the development of a screw-type, or
Luer-lock connecting system, resulting in easier
insertion and a lower chance of accidental
dislodgement.

CAPD 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 on-line 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

E. Verrina and K. Perri

reduced the incidence of peritonitis in CAPD
patients. However, the major drawbacks of this
system were that the PD fluid was infused into
the abdominal cavity immediately after the con-
nection (and potential bacterial contamination),
and 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 to allow a flush-
before-fill phase after the connection. The prim-
ing of the tubing with a small amount of fresh
dialysis solution, followed by the discharge of
the spent dialysate 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]. However, care must be taken to flush the
antiseptic 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 trans-
fer set after the exchange, touch contamination
at disconnection may lead to significant growth of
bacteria before the following exchange; in this
case, the flush-before fill procedure could fail to
completely wash out the contaminating micro-
organisms, 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
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disconnect caps of these sets has the potential to be
a contributing factor to thyroid function changes
such as hypothyroidism. Patients potentially
affected are primarily limited to infants and chil-
dren with small peritoneal dialysate fill volumes,
where high dialysate concentrations of iodine may
result [5]. In such patients, thyroid function should
be monitored. In order to minimize iodine expo-
sure, 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 complete 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 posi-
tioned, the catheter has already been automati-
cally closed.

In a further development, a polyolefine-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 simplifying
and shortening patient and partner training, and
has been associated with a reduction of the rate of
peritonitis episodes due to touch contamination
both in adult [7, 8] and in pediatric patients [9].

Peritoneal Dialysis Prescription

The aim of the process of PD prescription for
pediatric patients with ESRD is tailoring the treat-
ment schedule to the needs of each individual
subject, according to a series of parameters includ-
ing patient’s age, body size, associated non-renal
diseases, residual renal function (RRF), clinical
conditions, blood pressure, nutritional status, and
peritoneal membrane (PM) transport characteris-
tics [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
burden of PD treatment should be compatible
with a satisfactory level of psychological and
social rehabilitation of the patient and of his/her
family. During the last 10-15 years several tech-
nical improvements in PD materials and devices,
the development of more biocompatible PD solu-
tions, and the increased use of computer technol-
ogy have provided