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Foreword

Dialysis from its earliest days had its foundations in both science and clinical medicine. The 
Scottish chemist Thomas Graham, known as the “Father of Dialysis” provided a scientific 
description of solute diffusion. Georg Haas, at the University of Giessen near Frankfurt am 
Main, performed the first (albeit clinically unsuccessful) dialysis treatments involving humans. 
Later, Willem Kolff, working under extraordinary conditions in the Netherlands, pioneered the 
first clinically successful dialytic treatment of a patient with acute kidney injury. A half century 
ago, Belding Scribner and colleagues pioneered the wider application of dialysis as a therapy 
for irreversible kidney failure, by providing a means for repetitive access to the circulation 
without the destruction of blood vessels. In the past five decades, the use of dialysis as a life 
sustaining therapy has expanded both in the USA and globally, to a degree likely beyond the 
comprehension of the early pioneers. Today over 60 nations provide universal access to main-
tenance dialysis, and more than a million people receive dialysis each year worldwide. Truly 
clinical necessity has been the mother of dialysis invention and innovation.

There exist many tomes that comprehensively cover the technical aspects of delivering dial-
ysis therapy, along with the clinical care of patients on dialysis. Additionally, there are hand-
books on dialysis which now cover all of the “how-to” practical aspects needed for immediate 
management decisions. Yet there remains a gap in information that this book covers—namely 
this text fills a need for a succinct coverage of the core concepts around renal replacement 
therapy inclusive of hemodialysis, peritoneal dialysis, and continuous therapies. Moreover this 
book provides timely and authoritative reviews from leading experts in the field. It also brings 
an international flavor by recruiting authors from around the world, reflecting global issues and 
needs. The target audience? Nephrologists and informed generalists. I congratulate the editors 
and authors for covering the clinical art and techne of dialysis, and for a job well done.

 Jonathan Himmelfarb, MD
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1Epidemiology of End-Stage Renal 
Disease

Amanda K. Leonberg-Yoo and Daniel E. Weiner

D. E. Weiner () 
Tufts Medical Center, Tufts University School of Medicine, Boston,
MA, USA  
e-mail: dweiner@tuftsmedicalcenter.org 

A. K. Leonberg-Yoo
Division of Nephrology, Tufts Medical Center, Boston, MA, USA

1.1  Introduction/Impact on Global Care

End-stage renal disease (ESRD) represents the final stage 
of what often, although not always, is a gradual progression 
through the stages of chronic kidney disease (CKD). The 
operative definition of ESRD is based on receipt of kidney 
replacement therapy to supplant the function of an irrevers-
ibly failing kidney. Worldwide, particularly in developed 
countries, the most common kidney replacement modal-
ity is hemodialysis; however, ESRD also refers to other di-
alysis modalities, kidney transplantation, and, depending on 
the perspective, kidney failure in individuals who either by 
choice or by circumstance do not receive kidney replacement 
therapy.

The current prevalence and projected growth in the ESRD 
population worldwide reflects the increasing burden of CKD 
and the conditions that cause CKD. The Global Burden of 
Disease study ranked CKD as the 19th leading cause of 
global years of life lost in 2013, an increase from 36th in 
1990 [1]; notably, diabetic kidney disease saw the largest rise 
in age-standardized death rate of any of the 235 conditions 
classified in this study. Both improved survival associated 
with management of associated diseases, such as diabetes 
and cardiovascular disease, as well as increasing prevalence 
of CKD likely accounts for this concerning trend.

While the number of individuals treated with dialysis 
and kidney transplant is widely reported in many countries, 
limited patient access to kidney replacement therapy, par-
ticularly in developing countries, and a lack of systematic 
reporting of people with kidney failure who are not initiated 
on kidney replacement therapy likely results in a marked un-
derestimation of the true incidence of kidney failure. There 

is no systematic reporting of those with kidney failure who 
prefer to forgo kidney replacement therapies or for whom 
kidney replacement therapy is unavailable, thus highlighting 
a preference bias in truly interpreting epidemiologic trends 
and the impact of ESRD on health-care worldwide.

Potentially modifiable risk factors exist along the spec-
trum of CKD that, if identified and treated, could reduce the 
incidence and prevalence of kidney failure. For example, 
diabetes and hypertension remain the leading cause of CKD 
both in developed and in developing countries [2]. In 2008, 
the global prevalence of hypertension in the population over 
the age of 25 was 40 % with similar prevalence rates across 
different strata of income [3], while the prevalence of dia-
betes among men worldwide has risen from 6.4 % in 2000 
to 8.3 % in 2011 [4]. Other causes of CKD, such as IgA ne-
phropathy and Balkan nephropathy, may be more related to 
regional influences, including genetic predisposition and ex-
posure to nephrotoxic agents, respectively. With progressive 
global shifts toward urbanization, it is likely that diabetes, 
hypertension, and other lifestyle conditions like obesity will 
increasingly contribute to CKD development and progres-
sion. Concurrently, in developing countries, modifiable fac-
tors, such as infections, unregulated pharmaceutical admin-
istration, and other environmental factors, continue to con-
tribute to CKD and therefore ESRD prevalence [2].

1.2  Provision of Dialysis Care

In the USA, the development of a delivery system for care 
for people with ESRD was born out of a necessity of acute 
treatment of victims of acute kidney injury (AKI) during 
combat during the Korean War, with additional attempts to 
treat AKI at a handful of hospitals across the USA. Subse-
quently, following the development of the Scribner shunt, 
the first maintenance dialysis facility opened in 1962 and, 
within a few years, the US Veterans Administration intro-
duced a national, organized, population-based maintenance 
hemodialysis program. This was controversial at the time as 

© Springer Science+Business Media, LLC 2016
A. K. Singh et al. (eds.), Core Concepts in Dialysis and Continuous Therapies, DOI 10.1007/978-1-4899-7657-4_1
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dialysis was not thought to be the standard of care for in-
dividuals with chronic kidney failure. The explicit goal of 
these early maintenance dialysis programs was to save and 
rehabilitate individuals suffering from kidney failure, thus 
allowing these individuals to contribute to society [5]. Di-
alysis care was delivered in-center, typically 1–2 times per 
week either all day or all night. Demand for this therapy 
soon outgrew the capacity of these small programs. Inter-
estingly, there was a large emphasis on home hemodialysis 
in the 1970s with 40 % of the dialysis-dependent population 
performing home hemodialysis.

Reflecting the high demand for maintenance dialysis and 
the fact that the only limitation to successful living for many 
people with kidney failure was financial, the US government 
implemented the Medicare entitlement for ESRD in 1973, 
thus establishing a federal program to provide dialysis for all 
Medicare eligible people in the USA. The Medicare ESRD 
program established hemodialysis as a nonexperimental 
therapy, legitimizing maintenance dialysis therapies.

While many countries today fund dialysis largely through 
governmental programs, some countries have adopted pub-
lic–private partnerships and have emphasized the role of 
philanthropic organizations for providing dialysis care. 
These organizations play a role in the availability of kidney 
replacement therapy either by providing financial assistance 
with public and corporate donations or by organizing he-
modialysis centers independent from hospital-based dialy-
sis clinics. In particular, several Southeast Asian countries 
rely on these nongovernment organizations. For example, 
both Malaysia and Singapore who have ESRD prevalence 
rates of 980 and 1661 per million population, respectively, 
have experienced growth in their ESRD population over the 
past two decades, with a rate of change in prevalence rates 
in Malaysia of 51 % and in Singapore of 16 %. Growth in 
this population has occurred likely because of improved ac-
cess to dialysis or transplantation. For example, in Malay-
sia, kidney replacement was virtually inaccessible until the 
1980s, while, since the 1990s, hemodialysis treatment rates 
have increased eightfold [6]. This increase has occurred in a 
time of economic growth, increased partnership with non-
governmental organizations, and changes in health-care laws 
allowing such partnerships independent of government and 
hospitals to exist. The Malaysian government has also pro-
vided grant matching for all nongovernmental organizations 
performing subsidized treatments.

1.3  Prevalence of ESRD and ESRD Modalities

The prevalence of ESRD is rising rapidly, in large part re-
flecting aging populations in developed countries and an 
increase in the prevalence of comorbid conditions that lead 
to kidney disease, including diabetes, hypertension, and obe-

sity. Prevalence rates can be also correlated to access to kid-
ney replacement therapies, in part explaining recent rises in 
ESRD prevalence seen in lower income countries, although 
in many lower income countries availability of kidney re-
placement therapy remains limited due to a lack of financial 
resources. In both higher and lower income countries, re-
gardless of financial resources, there may also be a substan-
tial number of people who do not opt for kidney replacement 
therapy due to personal preference or cultural beliefs.

Prevalence rates are reported by multiple registries world-
wide. One of the most mature data collection systems is the 
United States Renal Data System (USRDS), which was es-
tablished in 1988 to characterize the US ESRD population 
and provide insights into patient care for individuals with 
kidney failure. In recent years, the USRDS data reports have 
been expanded to include international comparisons, with 
data from individual nations similarly drawn from local reg-
istries. Figure 1.1 presents worldwide prevalence data for 
treated ESRD patients in 2011, including those receiving di-
alysis therapies as well as kidney transplant. Prevalence rates 
of ESRD are consistently highest in Taiwan and Japan, with 
2584 and 2309 per million population, respectively. The USA 
prevalence rates in 2011 are 1924 per million population.

The preferred modality for kidney replacement therapy 
may differ by region, and, even within the hemodialysis 
subset, there are numerous strategies for providing therapy. 
In the USA, for example, most hemodialysis is provided in-
center at free-standing dialysis facilities. In contrast, the up-
take of home dialysis has been higher in Canada, Australia, 
and New Zealand, while Australia has experimented with 
novel delivery strategies such as independent community 
house hemodialysis. In Europe, hemodiafiltration is com-
mon. Utilization of peritoneal dialysis (PD) also varies tre-
mendously, likely reflecting economic incentives, national 
policies, availability of hemodialysis and PD, and experi-
ence with PD among providers. For example, Hong Kong 
has a PD first policy, such that nearly all patients with kidney 
failure initiate with PD and only transition to hemodialysis 
in the case of treatment failure. Even so, hemodialysis com-
prises the vast majority of kidney replacement therapy of-
fered worldwide (Fig. 1.2).

Worldwide, use of PD is below 20 % in almost all coun-
tries that provided data to the USRDS for their 2013 data 
report. Major exceptions to this trend are Hong Kong and 
Mexico (Jalisco). In Hong Kong, PD is the preferred method 
for initiation of kidney replacement therapy. The history of 
Hong Kong’s development of a dialysis program highlights 
an infrastructure that promotes a “PD first” policy. In the 
1980s, community-level experience with PD showed that it 
was a safe, feasible, and cost-effective modality. The Cen-
tral Renal Committee of Hong Kong devoted resources to 
expand continuous ambulatory PD across the city and im-
plemented their PD-first strategy in 1985. This resulted in a 
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robust infrastructure for care of PD patients, funded through 
government spending and charitable organizations. Cur-
rently, PD comprises approximately three quarters of main-
tenance dialysis in Hong Kong is PD, and hemodialysis is 
only pursued if there is a contraindication to PD [7].

Kidney transplantation is the other major kidney replace-
ment modality, and, on average, is associated with better 
clinical outcomes than dialysis. There are multiple barriers 
that impact kidney transplant rates, including health-related 
concerns for acceptance of living kidney donors, infection 
risks and other sequelae of life-long immunosuppression, 
costs associated with transplant and transplant medications, 
cultural preferences and religious beliefs, and national poli-
cies regarding donor payment as well as opt-in versus opt-out 
donation policies for deceased donors. For example, Japan, 

Fig. 1.1  Prevalence of ESRD worldwide in 2011, with a high-income 
countries and b low- and middle-income countries. Gross national in-
come values were derived from 2011 World Bank data. High-income 

economies are defined as GNI $12,746 or more. Prevalence for Taiwan, 
Japan, and the Philippines include only dialysis data

 

Fig. 1.2  Dialysis modality use worldwide among prevalent dialysis 
and in Hong Kong, where a peritoneal dialysis (PD) first policy is in 
place
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which has one of the highest prevalence rates of dialysis, has 
one of the lowest rates of transplantation. Less than 5 % of 
the population is registered for Japan’s Kidney Transplant 
Network, which may reflect a cultural bias against transplan-
tation of organs in general. Major variability exists in trans-
plant rates worldwide (Fig. 1.3).

Comprehensive care for individuals with end-stage kid-
ney disease is a large financial burden, and a higher prev-
alence of kidney failure leads to higher total cost of care. 
Nearly universal availability of treatments for end-stage kid-
ney disease remains in the realm of high-income countries, 
and the reduced prevalence in lower-income countries likely 
stems from challenges in initiating and sustaining kidney re-
placement therapy programs. International population differ-
ences may highlight financial factors that impact the acces-
sibility of kidney replacement therapy (Fig. 1.4). As outlined 
by White et al., in their publication discussing global equity 
in kidney replacement therapy availability, there is clearly 
a disparity between high-income countries versus low- and 

middle-income countries with regard to kidney replacement 
therapy prevalence [8]. This relates to the disease burden of 
dialysis equipment, associated support staff, and also access 
to care. Other factors including patient education and suit-
ability of living environment for dialysis (PD specifically) 
can lead to lower prevalence rates of dialysis.

Overall, the prevalence of ESRD mirrors the prevalence 
of other comorbid conditions. As discussed earlier, chronic 
diseases and comorbid conditions like diabetes, hyperten-
sion, and obesity, all predispose to kidney failure. Already 
common in wealthier nations, the prevalence of these risk 
factors is rising more rapidly in developing nations, such 
that diabetes prevalence and affluence are no longer synony-
mous. Diabetes is the cause of ESRD in approximately 60 % 
of patients in Singapore, Jalisco (Mexico), and Malaysia, 
while other countries, including the USA, Japan, New Zea-
land, and the Republic of Korea, name diabetes as a cause of 
ESRD in over 40 % of the ESRD population.

Fig. 1.3  Percentage of transplant relative to prevalence of ESRD worldwide. Values represent the rate per million population of transplant recipi-
ents relative to the prevalence rate per million population of ESRD. (Data are derived from the 2013 USRDS annual data report)
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1.4  Incidence of ESRD

CKD, including kidney failure, is a worldwide health con-
cern. Incidence rates have shown variable patterns of change 
over the past several years, with exponential growth in some 
countries such as Bangladesh and Mexico (Jalisco), whereas 
other countries like the USA and China (Hong Kong) have 
shown relative stability in incident ESRD cases over the 
past 5 years. In countries where mature financing systems 
for dialysis care are in place, changes in the availability of 
kidney replacement therapy are unlikely to drive changes in 
incidence rates, whereas in developing economies, greater 
funding and therefore availability of dialysis care may pro-
mote rising incidence rates. Review of country-specific data 
from 2006 to 2011 shows that the USA has experienced little 
change in the reported incidence rate of end-stage kidney 
disease (Table 1.1). Similar high-economic countries such 
as Canada and 14 out of 18 European countries have shown 
little growth in incident cases of end-stage kidney disease. 
Other countries, including Mexico (Jalisco), the Philip-
pines, Thailand, Malaysia, and Iceland have seen fairly large 
growth in incidence. In fact, 14 of 41 countries have shown 
a change greater than 10 % in incidence rates of end-stage 
kidney disease. In many of these countries, such as the Phil-
ippines and Malaysia, this may reflect increasing availability 
of dialysis related to changes in funding mechanisms as de-
scribed earlier. Countries with exponential increases in inci-

dent rates such as Bangladesh are likely inflated due to poor 
reporting mechanisms or unavailability of dialysis in earlier 
years.

The difference in rates of incident end-stage kidney dis-
ease can be explained by many mechanisms, such as eco-
nomic differences, cultural values, medical resource alloca-
tion, and medical knowledge among populations in general 
and health-care workers including knowledge about the 
progression of CKD. Many feel that the 2002 CKD staging 
system introduced by the Kidney Disease Outcomes Qual-
ity Initiative (KDOQI), by defining CKD as something more 
than just a kidney failure, provided an important framework 
for discussion of disease progression and risk factors for 
progression, facilitating implementation of strategies to slow 
progression of kidney disease and providing a timeframe for 
preparing for kidney failure. Interestingly, cost-effectiveness 
models show that population-based screening of CKD is not 
cost effective overall, although it may be beneficial in certain 
subgroups including people with hypertension or the elderly 
[9, 10]. This reflects the low incidence of kidney failure in 
people without risk factors as well as limited therapies be-
yond renin–angiotensin–aldosterone system blockade to re-
duce progression in many patients. Japan is one of the few 
countries that has routine screening of children and adults, 
using urine dipstick testing to evaluate for hematuria and 
proteinuria; given the very high prevalence of IgA nephropa-
thy, signs of which may be apparent at an early age, screening 
in this population may be cost-effective when the financial 
burden of dialysis care is incorporated into cost models [11].

1.5  Expansion of Kidney Replacement 
Therapy to the Elderly Populations

The elderly comprise a growing portion of the incident and 
prevalent ESRD population. The estimated lifetime risk 
based on models simulating kidney disease development 
shows a strong relationship between older age and incident 
CKD in the US population, independent of comorbid con-
ditions like diabetes and hypertension [12, 13]. The risk of 
progression is heightened by physiologic changes related to 
aging leading to a decline in kidney function, increased risk 
of AKI due to medication effects and episodes of hypovole-
mia and hypotension, and increased use of medications and 
medical interventions that can be harmful to kidneys. Not 
surprisingly, octogenarians and nonagenarians have increas-
ing incidence rates of treated ESRD while, in the USA, the 
population from 20 to 60 years old has remained relatively 
stable (Fig. 1.5).

Due to a higher burden of age-related comorbidity, the 
elderly may have a higher prevalence of associated comor-
bidities, including cardiovascular disease, cerebrovascular 
disease, and physical and cognitive impairment, to name a 

Fig. 1.4  Kidney replacement therapy rates in 2011 as a function of 
per capita gross domestic product (GDP). (Data on GDP per capita ob-
tained from World Bank, 2011. Data on kidney replacement therapy 
prevalence from the USRDS 2013 Annual Data Report (www.usrds.
org))
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few. This creates a complex subgroup of ESRD patients that 
requires additional advanced care planning and increased re-
sources. Certain regional movements, including the Choos-
ing Wisely campaign and the Renal Physicians Association 
in the USA, have started to address ethical issues surround-
ing the aging ESRD population, working to identify the op-

timal balance among aggressive medical care, quality of life 
and duration of life in this vulnerable population [14]. The 
decision to initiate or continue kidney replacement therapy 
in the elderly will need increasing attention given the aging 
ESRD population with an emphasis on balancing individu-
alized risks and benefits of dialysis therapy with patients’ 
values and goals.

Table 1.1  End-stage renal disease (ESRD) incidence rates in 2006 and 2011 (per million population). (Data are derived from the 2013 USRDS 
annual data report)

2006 2011 Percent change from 2006 to 2011
Argentina 141 156 10.6
Australia 118 110 − 6.8
Austria 160 137 − 14.4
Bangladesh 8 32 300.0
Belgium, Dutch speaking 192 182 − 5.2
Belgium, French speaking 187 188 0.5
Bosnia/Herzegovina 133 121 − 9.0
Brazil 185 176 − 4.9
Canada 166 161 − 3.0
Chile 141 197 39.7
Colombia 126 93 − 26.2
Croatia 142 119 − 16.2
Czech Republic 186 172 − 7.5
Denmark 119 111 − 6.7
Finland 87 85 − 2.3
France 144 149 3.5
Greece 198 203 2.5
Hong Kong 149 157 5.4
Iceland 69 103 49.3
Israel 192 188 − 2.1
Jalisco (Mexico) 346 527 52.3
Japan 275 295 7.3
Republic of Korea 185 205 10.8
Malaysia 138 209 51.4
Netherlands 113 117 3.5
New Zealand 119 108 − 9.2
Norway 100 102 2.0
Philippines 75 103 37.3
Portugal 232a 226 − 2.6
Romania 75 127 69.3
Russia 28 43 53.6
Scotland 116 97 − 16.4
Singapore 241 279 15.8
Spain 128 121 − 5.5
Sweden 130 122 − 6.2
Taiwan 418 361b − 13.6
Thailand 139 227 63.3
Turkey 192 238 24.0
UK 115 113 − 1.7
USA 366 362 − 1.1
Uruguay 138 177 28.3
a 2008 data
b 2010 data
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1.6  Outcomes Among ESRD Patients

The purpose of dialysis and kidney transplantation can be 
considered broadly as replacement of kidney function to 
permit sufficient health to engage in activities and achieve 
life goals. These goals differ from person to person, mak-
ing the decision to receive kidney replacement therapy and 

the choice of a specific modality very individualized. Across 
the ESRD spectrum, outcomes vary, based largely on pre-
existing comorbid conditions but perhaps also on treatment 
modality. Clinically relevant outcomes include readily mea-
sureable factors like mortality and hospitalization as well as 
outcomes that are more difficult to quantify, such as quality 
of life and symptom burden.

Fig. 1.5  CKD and ESRD. Incident (a) and prevalent (b) hemodialysis and peritoneal dialysis (PD) patients in the USA. (Data derived using data 
supplied by the USRDS RenDER)
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One of the best resources for evaluating outcomes in 
ESRD is the Dialysis Outcomes and Practice Patterns Study 
(DOPPS), an international, longitudinal observational cohort 
study of hemodialysis patients that has studied patient out-
comes and risk factors for outcomes, using differing prac-
tices among countries to highlight important clinical prac-
tices and risk factors [15]. DOPPS data suggest that there 
are substantial mortality differences as well as treatment 
and patient-specific differences across nations. In many of 
the DOPPS reports, outcome differences remain significant, 
even when adjusting for patient case mix [16]. Factors that 
vary internationally and may affect mortality include dialy-
sis adequacy (including dosage and duration), ultrafiltration 
rates and volume management, vascular access, and anemia 
and bone mineral disorder management. In DOPPS data 
from 2002 to 2004 and 2005 to 2008, the overall mortality 
rate among DOPPS hemodialysis participants is 15 per 100 
patient-years, with the plurality of these deaths occurring in 
the early phase of initiation of dialysis (less than or equal to 
120 days after initiation (Fig. 1.6).

Mortality in ESRD has improved with time; however, 
mortality rates remain significantly higher than seen in many 
other chronic medical conditions. Unadjusted mortality rates 
for individuals in the USA with ESRD in 2011 were 246 per 
1000 patient-years, actually reflecting substantial improve-
ment (16 % decreased mortality rate) over the past decade 
[17]. In comparison, when looking at other chronic medical 
conditions such as all cancers, mortality rates are approxi-
mately 137 deaths per 1000 patient years with an average 
decline of annual death rates by 13 % per year from 2001 
to 2010 [18]. Similarly, for cardiovascular disease, im-
provements in mortality in the dialysis population have not 
matched improvements seen in the general population [19].

Diabetes, the leading cause of ESRD worldwide, with up 
to 60 % of kidney failure due to diabetes in countries like 

Singapore, Malaysia, and Mexico (Jalisco), remains an im-
portant predictor of poor outcomes in individuals receiving 
kidney replacement therapy. Five-year survival among indi-
viduals with diabetes receiving dialysis approximates 33 %, 
which is far lower than for dialysis patients with hyperten-
sion (42 %) and glomerulonephritis (53 %) as the primary 
cause of kidney failure [14, 20]. This likely reflects addi-
tional complications of diabetes including systemic vascu-
lar disease. This survival disparity lessens among patients 
treated with kidney transplantation, potentially reflecting 
that only the healthiest patients with kidney failure receive a 
kidney transplant. Individuals with diabetes who received a 
transplant have 5-year survival rates of 75–83 %, depending 
on cadaveric versus living donor kidney transplant [21].

Mortality rates are also affected by kidney replacement 
therapy modality. There are no generalizable clinical trials 
that compare outcomes associated with ESRD modalities, 
although data from cohort studies strongly suggest sur-
vival advantages with kidney transplant versus dialysis and 
likely similar survival among patients undergoing in-center 
hemodialysis versus PD. A systematic review of 110 stud-
ies showed that kidney transplantation was associated with 
lower mortality and other clinically relevant outcomes in-
cluding reduced cardiovascular events and improved quality 
of life compared with dialysis and that the mortality benefit 
appeared to increase in magnitude over time, a finding that 
likely reflects higher short-term risk of death in per-trans-
plant period [21]. Several studies also suggest that transplan-
tation earlier in kidney failure may be associated with longer 
allograft survival, providing some support for preemptive 
transplantation.

Reported mortality differences across dialysis modalities 
are inconsistent, possibly reflecting baseline differences in 
study populations that affect who receive specific therapies. 
For example, in the USA, patients treated with PD have his-
torically been younger and healthier than those treated with 
hemodialysis; additionally, socioeconomic status and educa-
tion may be higher among PD patients, reflecting both patient 
self-selection and provider biases about ability to perform 
self-care. Within the ESRD population, short-term mortal-
ity rates show an early survival advantage for PD compared 
to hemodialysis [22]; however, this survival advantage over 
time wanes, leaving them with similar long-term mortality 
risk (see Table 1.2 for a summary of major studies evaluating 
survival by modality). Factors influencing this early survival 
advantage associated with PD may include fewer comorbid 
conditions, including diabetes, as well as the type of vascular 
access used for hemodialysis. One recent study suggested 
that higher early mortality risk among hemodialysis patients 
was driven by use of central vascular catheters for incident 
vascular access and that, when PD was compared to patients 
initiating hemodialysis with a functioning arteriovenous fis-

Fig. 1.6  Mortality rate of ESRD after 365 days of dialysis compared 
with country specific death rates. ESRD mortality rates from 2002 to 
2004, 2005 to 2008 cohort (DOPPS data) and death rates from 2012 
(WHO Life Tables)
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tula, hemodialysis patients actually fared slightly better [23, 
24]. Studies suggest that patient quality of life may be better 
with PD. For example, a prospective cohort study involving 
37 dialysis centers in the USA showed that PD patients were 
1.5 times more likely to call their care excellent overall as 
compared to hemodialysis patients [25]. Given the lack of an 
obvious mortality difference, a practical approach to modal-
ity selection that incorporates resource availability, patient 
preference, and consideration of specific comorbid condi-
tions that may favor one modality should be accounted for 
when evaluating treatment options.

Comparisons across international samples show impor-
tant differences in patient outcomes, some of which reflect 
societal emphases, some of which represent population dif-
ferences, and some of which may reflect different financial 
incentives. Among a sample of seven European and North 
American countries, reimbursement varies quite dramati-
cally between modality of dialysis and inclusion of prod-
ucts or services in the reimbursement package (Table 1.3). 
In the majority of countries sampled, hospital/in-center he-
modialysis was most highly reimbursed, with the exception 
of Germany, where reimbursement was higher for PD, and 
the USA, where there is similar reimbursement regardless of 
dialysis modality. Inclusion of different products, including 
physician fees, within a reimbursement package also differs 
among countries, with most countries excluding ESA thera-
py and nephrologists fees from the dialysis payment bundle. 
There also is a differential payment scale for clinically com-
plex patients including individuals with certain infections, 
diabetes, or elderly age in Germany. Only two countries are 
reimbursed relative to clinical quality metrics of target he-
moglobin and dialysis adequacy. This practice may change 
as cost-effective strategies and quality improvement are em-
phasized within dialysis practice patterns [41].

1.7  Conclusion

The prevalence and incidence of ESRD continues to rise 
worldwide. Given the increasing burden of conditions that 
cause kidney failure, such as diabetes and hypertension, 
this pattern is likely to persist. In developing nations, where 
dialysis may become increasingly available, tremendous 
increases in the treated ESRD population are possible, and 
coping with the costs associated with ESRD therapies will 
be challenging. Mortality rates remain high among dialysis 
patients, although recent data suggest some improvement in 
outcomes. While transplant appears to be the optimal form of 
kidney replacement therapy for many younger patients with 
longer life expectancy, there appears to be little difference 
in survival between in-center hemodialysis and PD, making 
individualized patient preference paramount in deciding be-
tween these modalities. Future research is needed to evaluate 
the optimal role for more frequent hemodialysis modalities, 
fusion modalities (concurrent hemodialysis and PD) and 
newer hemodialysis strategies like hemodiafiltration. Out-
comes-based measures on a global perspective will be help-
ful in determining the focus of research and optimal clinical 
management to ensure best-practice for this population.
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2.1  Introduction

The goal of renal replacement therapy is primarily to restore 
the chemical and fluid balance in uremia (milieu interior). In 
hemodialysis (HD), the processes of diffusion and convec-
tion are combined to achieve solute exchange and water re-
moval across a semipermeable membrane to provide the nec-
essary blood purification. Diffusion takes place through ran-
dom movement of molecules that lead to a net solute transfer 
from higher to lower concentration between compartments 
separated by the semipermeable membrane. The diffusive 
capacity depends on the concentration gradient, the diffusive 
coefficient of the solute, and membrane properties [1]. Con-
vection involves transfer of fluid volumes accompanied by 
the removal of dissolved larger solutes across the dialysis 
membrane (ultrafiltration). This process is dependent on the 
ultrafiltration rate and the solute sieving coefficient for the 
membrane [2]. In a typical HD session, both these exchange 
processes occur simultaneously and their contribution to 
overall purification can be difficult to quantify separately. 
The HD system is comprised of the blood compartment, the 
dialysate compartment, and the membrane interface. These 
components of dialysis technology and their application to 
renal replacement therapy are discussed below.

2.2  The Extracorporeal Blood Circuit

The extracorporeal circuit provides the necessary conduit for 
transporting blood from the patient’s vascular system (via 
arteriovenous access) to the artificial kidney at a defined 
flow rate and then returning the dialyzed blood back to the 
patient. This must be achieved without damage to the blood 
cell components, coagulation of blood, or loss of integrity 
that can result in blood loss or contamination with microor-
ganisms from the external environment. The closed extra-
corporeal setup consists of a blood access device (needles or 
catheter) connected by tubing to the dialyzer or the artificial 
kidney. All the circuit components in contact with blood are 
made of inert or highly biocompatible material and sterilized 
prior to packaging [3–5]. An extracorporeal blood volume of 
approximately 80–250 ml circulates outside an adult patient 
at any one time [6]. During HD, blood from the patient’s vas-
cular access (arterial needle) flows into the dialyzer and then 
back to the patient’s access (venous needle). These afferent 
and efferent parts of the extracorporeal circuit are differenti-
ated by color coding of two sections of the blood tubing: 
arterial (pre-dialyzer, red) and venous (post-dialyzer, blue).

2.2.1  Pre-dialyzer (Arterial Limb)

This entire part of the blood circuit (pre-dialyzer) consti-
tutes the “arterial limb” of the circuit. The blood is propelled 
into the arterial tubing by a negative pressure (suction pres-
sure) mechanically generated and maintained by a peristaltic 
blood pump (to draw the blood and propel it through the cir-
cuit). The pump could deliver blood to the dialyzer at rates 
that can vary from 0 to 600 ml/min but typically set between 
300 and 550 ml/min, restricted by the pressures generated 
within the extracorporeal circuit. The machine displays the 
achieved blood flow rate (Qb, ml/min), calculated from the 
number of revolutions of the pump per minute and the vol-
ume of tubing segment within the pump [6]. The latter is 
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calculated from the predefined internal diameter of the blood 
pump segment. The arterial pump effect is measured as the 
“arterial pressure,” which is a negative value. As the arterial 
pressure becomes more negative the tubing insert becomes 
flatter and the tubing calculated Qb is higher than the ac-
tual flow rate. Some machines automatically correct the dis-
played blood flow on the machine for the measured arterial 
pressure to derive the effective or delivered Qb (or effective 
blood flow rate (EBFR)) [7]. At pressures  − 150 mmHg or 
lower, EBFR deviates significantly from calculated Qb and 
can lead to loss of treatment efficiency. Excessive negative 
pressures could indicate poor arterial inflow due to vascular 
access problems and should be avoided [6].

The arterial pump rollers press against the blood column 
to drive the blood through the circuit; hence, tight rollers can 
damage blood cells causing hemolysis. If the rollers are too 
loose this may reduce the EBFR. Modern rollers use springs 
to create occlusion, so the pump tubing segment must be 
inserted properly. In case of emergency, all machines are 
provided with a handle to rotate the pump manually (hand 
cranking) and at a rate just fast enough to keep venous pres-
sure in the distal circuit at the pre-alarm level.

While the blood circulates through the extracorporeal 
circuit and the artificial kidney, its natural disposition is to 
coagulate. Anticoagulation is necessary to prevent formation 
of microthrombi, blood coagulation, and resulting loss of 
circuit. A heparin-infusion driver, positioned after the blood 
pump and prior to the dialyzer inlet, adds a measured dose 
of the anticoagulant via an infusion port into the circulat-
ing blood. The location of the port facilitates the heparin to 
be pushed towards the dialyzer inlet and avoid the negative 
force of the blood pump drawing up air from the heparin line.

There is often an additional port for saline infusion, locat-
ed on the arterial blood tubing in the pre-pump segment, so 
saline bags can be set up for priming or fluid infusions. If the 
saline infusion line is not clamped correctly, too much fluid 
or air can enter the extracorporeal blood circuit. Saline port 
connection errors between the arterial and venous part of the 
circuit can lead to potentially catastrophic consequences [8]. 
Traditionally, saline bags are set up to run fluid infusions. 
However, modern machines capable of producing ultrapure 
water enable the use of online-generated high-quality fluid 
to prime, rinse, and infuse a measured fluid bolus into the 
patient, obviating the need for saline bags.

The anticoagulated blood column is then propelled into 
the dialyzer via the mechanical force generated by the blood 
pump and a positive pressure inside the artificial kidney, 
which facilitates a hydrostatic gradient across the dialyzer 
membrane required for ultrafiltration.

Some machines can estimate the total blood volume pro-
cessed (liters) within the dialyzer for a single treatment by 
count of blood pump turns. It is not a measure of delivered 

dialysis dose but can be a useful tool for quality assurance 
especially if there are significant treatment interruptions for 
a single session.

2.2.2  Post-dialyzer Venous Limb

After the blood is subjected to the processes of diffusion and 
convection within the dialyzer, it enters the “venous limb” of 
the circuit, returning blood back into the patient. Although 
the pressure in the venous limb distal to the dialyzer gradu-
ally falls, it remains sufficiently positive in order to enable 
return of the blood to the body. The pressure within this part 
of the circuit is monitored by the venous blood pressure 
monitor, which is located typically just before the air bubble 
chamber. High venous pressures indicate an obstruction in 
the venous limb distal to this point, and an alarm window 
can be set up to bring this to the attention of the dialysis staff. 
High-pressure alarms warrant, at first, a check of the lines 
for kinks and clamps. Additionally, venous needle blow out 
or clots in the air trap ought to be excluded. In the absence 
of any obvious cause, often the needle position may need 
to be adjusted or rotated [6]. Persistently high venous pres-
sures, however, can be harmful and lead to potential loss of 
circuit. It could also indicate a stenosis within the vascular 
access [9]. Trends in such pressure changes can be employed 
as a screening tool for vascular access monitoring [10]. A 
low venous pressure is most commonly associated with low 
arterial pressure due to poor arterial flow or, alternatively, a 
wet venous isolator.

2.2.3  Air Trap (Bubble Chamber) and Air 
Detector

There is a distinct apparatus that sits in the venous limb be-
tween the dialyzer and the patient’s venous access and acts 
as a gateway for safe return of the blood back into the pa-
tient. The air detector, an ultrasonic device, continuously 
checks for air or foam in the blood pathway at this location 
throughout the dialysis treatment by detecting changes to ul-
trasonic signal induced by the presence of air bubbles. The 
air trap will prevent entry of large air bubbles into the return-
ing needle of the AV fistula.

An air detector’s alarm sensitivity limits are preset by 
the manufacture but can be recalibrated by qualified techni-
cians. When the air detector senses air, it will trigger audible 
and visual alarms, stop the blood pump, and clamp the ve-
nous blood tubing to stop return of the blood to the body 
and prevent air getting into the bloodstream. Of course, air 
leak beyond the detector can go undetected by this setup. 
The air detector and the venous line clamps must always be 
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checked prior to the start of every dialysis session, as per 
manufacturer’s instructions. The air trap chamber also serves 
to prevent blood clots (microthrombi) generated within the 
extracorporeal circuit from reaching the patient, by using a 
fine mesh screen.

Air in bloodlines and dialyzer typically occur due to un-
derfilled air trap chamber, inadequate priming, empty saline 
bag, loose connections, or dialysis needle removal/dislodge-
ment while blood pump is still running. Saline priming of the 
dialyzer and blood tubing and deaeration of the fluid path-
way are important preparatory steps prior to each dialysis 
session to effectively remove trapped air from the circuit.

Extracorporeal circuit can also generate microbubbles 
[11]. The current trapping mechanism fails to recognize or 
limit transfer of such microemboli. In such cases, air emboli 
may cross through the shunt from venous to systemic circu-
lation and cause varying degrees of damage to the brain and 
other organs (paradoxical embolism). Thus, it is reasonable 
to believe that a patient with a patent foramen ovale is at a 
higher risk for having neurologic morbidity as a result of 
recurrent venous air embolism during HD [12].

2.2.4  Transducer Protectors

Transducers are devices inside the machine that converts 
pressure into an electronic signal that can be displayed. They 
serve an important role in monitoring the pressures within 
arterial and venous circuit. Transducer protectors [13] act 
as a barrier between blood in the tube and the transducer in 
the machine. They connect to the machine’s venous and/or 
arterial ports via a small tubing segment on top of the drip 
chamber. Transducer protectors use membranes with a nomi-
nal pore size of 0.2 μm that are hydrophobic when wetted, to 
stop fluid from passing through. Moisture would damage the 
transducer. If these filters get wet, they prevent airflow. Wet 
or clamped transducer protectors cause pressure-reading er-
rors. On the other hand, a loose or damaged transducer pro-
tector on a pre-pump arterial drip chamber port could also 
allow air into the bloodline circuit. Wet transducer protectors 
must be changed immediately, and the machine side of the 
protector should be inspected for contamination or wetting 
[13]. If a fluid breakthrough is found on the removed trans-
ducer protector, the machine’s internal transducer protector 
(backup) must be inspected by a qualified technician, for 
safety, quality, and infection control purposes.

2.2.5  Pressures in the Extracorporeal Circuit

The extracorporeal circuit can be viewed as an extension of 
the patients own circulation during the HD process, and its 
monitoring, therefore, is essential for patient safety. Pressure 

in the extracorporeal circuit is dependent on the blood flow 
rate and the resistance to flow which is primarily exerted at 
the levels of the arteriovenous fistula or catheters, dialysis 
needles, the dialyzer, and the tubing. Some machines may 
also have a dialysate compartment pressure monitor. These 
are more common for flow control-based ultrafiltration man-
agement systems. The pressure in the dialysate compartment 
should not exceed that of the blood compartment to prevent 
high levels of backfiltration throughout the dialyzer and risk 
of dialyzer membrane rupture. An outline of the pressure 
profiles through the different components of the extracorpo-
real circuit is provided in Fig. 2.1.

Minor changes in the geometry of tubing, for example, 
kinking can lead to very high pre-stenotic pressure leading 
to hemolysis [14]. This can be as a result of manufacturing or 
packing techniques. The site of kink determines which pres-
sure alarms are affected and whether hemolysis ensues.

2.2.6  Blood Volume Monitor

Blood volume monitors (BVM) are continuous sensors 
built into specific blood lines for noninvasive monitoring of 
plasma volumes [15]. They use either ultrasound to measure 
density of plasma or optical scattering to measure the hema-
tocrit. BVM can be used to guide ultrafiltration rates in indi-
viduals that are prone to intradialytic hypotension [16, 17]. 
Although BVM can be quite useful in some individuals with 
intradialytic blood pressure instability, its wider benefits in 
all types of patients including those with anemia and low 
serum albumin, require further clarification [15].

2.3  The Artificial Kidney (Dialyzer Membrane)

2.3.1  Structure and Setup

The artificial kidney (dialyzer) consists of a cylindrical rigid 
structure internally packed with the semipermeable mem-
brane configured as hollow fibers (cellulose, modified cel-
lulose, or synthetic polymers), which provide a blood chan-
nel and a separation barrier between the blood and dialysate 
compartment. They vary in size with a range of membrane 
surface area (0.8–2.2 m2) and internal compartmental vol-
umes [18]. There is a pair of inlet and outlet for each com-
partment.

Through its transit in the dialyzer, the blood comes in 
contact with the dialysate solution of a specified composition 
and experiences variable hydrostatic gradients. Typically for 
an average patient size of 70 kg with good vascular access, 
optimal performance of the dialyzer can be maintained with 
an EBFR of between 300 and 400 ml/min and a surface area 
of 1.8–2.0 (m2) [19]. The blood and dialysate fluid columns 
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can flow in the same direction within the dialyzer (concur-
rently) or in opposing directions (countercurrent). The latter 
provides a more uniform diffusive gradient across the whole 
length of the dialyzer compartment and is therefore preferred 
where less rapid shifts in toxins and electrolytes are required, 
for example, in those with extremely high urea levels, dur-
ing first dialysis session, or in children. The pressure in the 
dialyzer is monitored by a dialysate inflow pressure monitor. 
Very high inflow pressures could mean a clotted dialyzer. 
Transmembrane pressure alarms are a measure of the altered 
pressure inside the dialyzer and maybe due to kinked lines, 
incorrect ultrafiltration, high venous pressure, or clotting. 
Although the rate at which the blood and dialysate pumps 
operate is a controlled variable, the distribution of blood and 
dialysate through the dialyzer can be uneven which can im-
pact the efficiency of dialysis. The hollow fiber design offers 
the least resistance to the flow of both blood and dialysate, 
but the flow of blood tends to be higher in the centre of the 
cylindrical arrangement while that of dialysate higher in the 
periphery [20–22]. A more homogeneous flow distribution 
in the dialysate pathway has been achieved by using spacer 
yarns to separate the fibers or by the use of wave-patterned 
(Moiré structured) hollow fibers, which improve the fiber 
spacing within the device [22].

2.3.2  Dialyzer Efficiency

Dialyzer efficiency is denoted by its mass transfer coef-
ficient ( K0A) for urea at infinite blood and dialysate flow, 
where K0 is the transfer coefficient of the membrane and A is 
the surface area. K0A is equivalent to the maximal clearance 
of urea (ml/min) that can be achieved [19]. High-efficiency 
dialyzers [19] can achieve greater urea clearances than low-
efficiency dialyzers at comparable blood flow rates. Conven-
tional cellulose, with good diffusive properties, have poor 
biocompatibility and limited pore size [23]. Modified cel-
lulose and synthetic polymer microfibrils significantly en-
hance the efficiency and biocompatibility of the membrane. 
Ultrafiltration coefficient ( Kuf) of the membrane is used to 
denote its permeability (ml of ultrafitrate/hr/mmHg) and high 
flux dialyzers typically have a Kuf between 20 and 80 ml/hr/
mmHg [18, 24]. Factors such as entrapment of large nega-
tively charged particles within the dialyzer could change 
its properties (Gibbs–Donan effect) [1, 25]. In addition to 
dialyzer properties, several other factors such as solute char-
acteristics of the molecule, its charge, protein binding and 
patient hydration status, blood hematocrit, and viscosity may 
influence the overall performance of the system [1].

Super-high-flux and sorbent-coated membranes with very 
high cutoff (> 60 kDa) provide an opportunity for enhanced 

Fig. 2.1  Pressure profile within the extracorporeal circuit. The pressure profile is demonstrated at specified points in the circuit as indicated above 
the profile. The horizontal axis represents the direction of blood flow. The vertical axis represents the pressure generated within the circuit (mmHg 
millimetres of mercury)
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removal of the uremic profile, but their clinical benefit and 
safety remain largely unproven [26, 27].

2.3.3  Dialyzer Biocompatibility and Reactions

Membrane incompatibility can result in either complement 
activation or activation of the coagulation cascade and cel-
lular mediated pathways resulting in an acute phase reaction 
with pyrexia and hemodynamic instability or a chronic in-
flammatory state. The latter can lead to erythropoietin resis-
tance, increased production of β2 microglobulin, and failure 
to thrive. Poor biocompatibility can also lead to procoagula-
bility and clotting of both the dialyzer and blood circuit. Se-
vere anaphylactic reactions to the artificial kidney have been 
reported especially during first use, typically manifested by 
wheezing, breathlessness, back pain, chest pain, hemolysis, 
or even sudden death [28]. These can be caused either by 
residual sterilant or the membrane material itself [5]. The use 
of gamma irradiation, steam sterilization, or electron-beam 
radiation and the use of materials with higher biocompat-
ibility have reduced the incidence of anaphylactic reactions. 
A series of dialysis reactions, including deaths were reported 
due to heparin contaminated during the manufacturing pro-
cess with oversulfated chondroitin sulfate [29]. New dialyzer 
materials or processing methods ought to be investigated in 
unexplained allergic reactions.

2.3.4  Dialyzer Reprocessing (Reuse) Systems

Dialyzer reuse over several treatment sessions for a partic-
ular patient has been a prevalent practice in some parts of 
the world for several years. Preparation of the dialyzer after 
each treatment session (dialyzer reprocessing) requires sys-
tems, which are effective and in good condition for optimum 
cleaning and maintenance of the dialyzer membrane surface 
area repeatedly used for HD. This optimizes the amount of 
useable membrane interface to come in contact with blood 
volume in order to provide adequate HD. Operational issues 
include scheduling and crucial quality-assurance procedures 
such as monitoring of applicable reuse chemicals, proce-
dures for flushing and testing dialyzers for residual chemi-
cals, rigorous monitoring on appropriate patient-specific dia-
lyzer usage, and verification procedures for “volume pass” 
and “reuse number pass” [30, 31].

2.4  Dialysis Fluid and Its Pathway

This section of the dialysis machine has been the focus of 
major technological progress over the past few decades. The 
principle function of the dialysis fluid pathway is to prepare 

dialysate (combining treated water, acid concentrate, and a 
buffer) and deliver this fluid to the dialyzer at a prescribed 
flow rate under optimal conditions. Additionally, the circuit 
is designed to remove a prescribed amount of fluid from the 
patient (ultrafiltration). The spent dialysate with the removed 
fluid (effluent) is then drained out. The majority of this path-
way is located inside the machine. The machine components 
that are reused and part of the fluid pathway must be steril-
ized as per manufacturer recommendations. The first step in 
the whole process, however, is dependent on treated water, 
prepared by water purification systems, being fed directly 
into the machine.

2.4.1  Water Treatment Systems

A single HD treatment can require upto 500 l of water. The 
water from the main supply goes through a series of steps 
of pre-filtration to remove particulate material, softening 
to remove calcium and magnesium, carbon filtration to re-
move chloramine, organic contaminants and chloride, and 
microfiltration followed by reverse osmosis. This involves 
the filtration of water through a membrane with pore size 
of 300 Da under high pressures. This could be done through 
single or a double reverse osmosis module and often coupled 
with electroionization or photoradiation treatment. The re-
sultant water is devoid of most microorganisms and 90 % 
of dissolved ions [32]. The water passes through cold ster-
ilizing ultrafilters prior to its entry into the dialysate fluid 
pathway.

A standard HD session of three times weekly for 4 h at 
500 ml/min dialysate flow could potentially expose a pa-
tient to 18,720 l of water contaminants per year. The quality 
of the water used for preparing the dialysate for HD must 
therefore meet recommended guidelines and standards 
[33–35]. Ultrapure water is defined as water with a bacte-
rial count below 0.1 colony-forming unit/ml and endotoxin 
below 0.03 endotoxin unit/ml and is recommended for use 
in high-flux HD and hemodiafiltration. Both chemical and 
microbiological qualities are mandatory and provide an 
essential quality assurance of the treatment. An adequate 
water treatment system combined with ultrafilters at the 
inlet of the dialysis fluid pathway and a robust monitoring 
and governance process can help maintain high standards of 
water purity in HD.

2.4.2  Preparation of the Dialysate

Treated water enters the dialysis circuit and is heated to a 
specified temperature. Any air trapped in the water is re-
moved by a deaerator unit where the water is submitted to 
negative pressures in a closed loop consisting of a pump, a 
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constricting valve, an air trap, and a vent. The proportioning 
chamber, at a specified ratio, mixes the purified water with 
the base and acid solutions. Although the pretreated water 
and acid component can be premixed to generate online 
dialysis fluid to be circulated in the main ring of the fluid 
distribution system in dialysis units, the base component (bi-
carbonate), supplied in powder cartridges, has to be freshly 
prepared and mixed at the point of treatment delivery to pre-
vent bacterial growth [36].

The dialysate then undergoes self-check through a series 
of monitors and then enters the dialyzer compartment where 
the pressures are regulated by an automated ultrafiltration 
control system (UFCS). The dialysate effluent then passes 
through a deaeration system and blood leak monitor before 
providing further feedback to the UFCS. Both parts of UFCS 

form closed loops and aim to maintain an equal inflow and 
outflow of dialysate with a specific ultrafiltrate (UF) volume 
removed from the loop, the rate of which is determined by 
the UF prescription and the UF pump. Figure 2.2 provides an 
overview of a typical machine circuit for the preparation of 
dialysate demonstrating the two different automated UFCSs.

Variations to standard dialysate preparation include the 
single-pass batch system (Genius®) where a fixed volume of 
premixed dialysate (75 L) is typically utilized for the whole 
treatment session. Lack of need for water purification, ultra-
pure dialysate, and convenience are major advantages, espe-
cially in the intensive care setting and for home patients, al-
though the fixed dialysate volume could limit HD efficiency 
for large patients.

Fig. 2.2  Machine circuit for dialysate preparation and ultrafiltration. Inset pictures a and b represent the two commonly used automated ultrafiltra-
tion control systems, flow control, and volumetric control. UF Ultrafiltration
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2.4.3  Ultrafiltration Control system

Precise and automated regulation of fluid removal has en-
abled the safe performance of convective treatments during 
HD (ultrafiltration, high-flux HD, and hemodiafiltration). 
The two UF mechanisms typically employed are either volu-
metric or flow sensor control systems.

2.4.3.1  Volumetric Ultrafiltration Control System
Volumetric control systems [6, 37] are the most widely used 
and utilize balancing chambers located inside the machine. 
Each balancing chamber is split in half by a membrane. One 
half of each chamber gets filled by fresh dialysate en route 
to the dialyzer while the other by spent dialysate en route to 
the drain. The inlet and outlet of the chamber are controlled 
by two valves. As one half of the chamber fills with spent 
dialysate, it pushes an equal amount of fresh dialysate out of 
the chamber. Inversely as one half of the chamber fills with 
fresh dialysate, it forces an equal amount of spent dialysate 
out and towards the drain. There are two pumps controlling 
the inflow and outflow from the balancing chambers. The ul-
trafiltration pump removes fluid from the spent dialysis prior 
to it entering the balancing chamber (Fig. 2.2).

2.4.3.2  Flow Sensor Ultrafiltration Control System
A flow control system [6, 37] is based on flow sensors lo-
cated on the inlet and outlet of the dialyzer to control the rate 
of inflow and outflow pumps to achieve balance. A separate 
analyzer system can guide an increase in the transmembrane 
pressure to act as a post-dialyzer ultrafiltration pump, which 
can remove excess fluid before the spent dialysate passes 
through the outflow sensor (Fig. 2.2). This system can limit 
the dialysate flow rates that can be applied.

2.4.4  Dialysate Composition

The dialysate is a combination of water mixed with specific 
portions of acid concentrate and a buffer solution to produce 
a near physiological solution to allow removal of soluble 
toxins and electrolytes form the bloodstream and replenish 
deficient electrolytes and buffer back into the circulation. 
The acid component, supplied directly to each machine 
from a central source or provided in individual containers, 
is a concentrate of acetate 5–6 mmol/l (or citrate 1 mmol/l), 
chloride salts of sodium, potassium, calcium, magnesium, 
and glucose. The salt concentrations can be varied for clini-
cal use, particularly with regard to calcium and potassium. 
The final concentration of electrolytes is generated by a pro-
cess of proportioning inside the machine. Several ratios of 
concentrate to water are in common use depending on the 
dialysis system to deliver a specified dialysate composi-
tion. Each proportioning ratio will therefore require its own 

particular acid and bicarbonate concentrates. Some ma-
chines are designed for use with a single proportioning ratio, 
whereas other machines can be set to use different propor-
tioning ratios. Dialysate composition is monitored mainly 
by conductivity; hence, use of the wrong concentrates may 
lead to dialysate of the correct conductivity but the wrong 
composition. Failure to use the correct machine setting or 
appropriate concentrates with a given machine can lead to 
serious patient harm [6].

The typical dialysate sodium level is between 137 and 
141 mmol/l to minimize diffusive sodium losses during UF. 
Low (< 137) or high (> 141) sodium setting on the machine 
are often used to achieve a net sodium gain or loss, respec-
tively, but could be associated with osmotic symptoms dur-
ing HD. Their long-term clinical benefit remains unproven. 
The usual dialysate potassium content is 2 mmol/l. Lower 
levels of dialysate K have been associated with increased 
mortality and should be avoided. Dialysate calcium levels 
are usually maintained at 1.25 or 1.5 mmol/l in standard HD. 
Glucose-free fluid may have less inflammatory effect but 
risk osmotic symptoms and hypoglycemia, particularly in 
diabetics on insulin therapy and in acute settings. Glucose-
containing dialysates (100 mg/dl) are most widely used. 
Higher concentrations (200 mg/dl) are rarely used but may 
be beneficial in relieving headaches associated with osmotic 
shifts or to achieve enhanced fluid removal and caloric gain 
temporarily in specific patient groups. Additional phosphate 
supplementation in the fluid may be required in hyphospha-
temia [38] (e.g., frequent nocturnal HD). Magnesium-con-
taining fluids (5 mmol/l) are rarely used but may be required 
for patients with magnesium-losing states such as those with 
severe malabsorption syndrome, high-output stoma, or need-
ing intravenous Mg supplementation.

2.4.5  Dialysate Circuit Monitoring

After dialysate mixing and proportioning, a series of moni-
toring checks are undertaken for the safety of the patient.

2.4.5.1  Dialysate Temperature Monitor
Temperatures of above 42 °C can cause hemolysis and pro-
tein degeneration in the blood compartment, as well as rais-
ing the temperature of the patient leading to vasodilatation 
and hemodynamic instability. Temperatures of 35 °C or 
lower may be too cold to be tolerated and cause shivering. 
Most dialysis units will set the dialysate temperature be-
tween 35 and 36.5 °C.

The HD process has been shown to increase body temper-
ature and predispose to intradialytic hemodynamic instabil-
ity. Using lower dialysate temperature (35–36 °C) improves 
hemodynamics and reduces cardiovascular strain [39, 40].
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2.4.5.2  Conductivity Monitor
Conductivity is defined as the conductive potential of a 
solution to an electrical current and reflects the balance of 
positively charged to negatively charged particles in it. In 
dialysate fluid, this is made up of the electrolyte concentra-
tions, and positively charged ions such as sodium, potas-
sium, calcium, and magnesium are its main determinants. 
Conductivity can also be affected by temperature. Dialy-
sate conductivity is typically maintained between 12 and 16 
mS/cm (millisiemens per centimeter) [6]. The conductivity 
monitor remains in contact with the dialysate and consists 
of two electrodes placed 1 cm apart, across which a con-
stant voltage is applied. Changes in electrolyte concentration 
therefore would cause changes in the voltage. The conduc-
tivity monitor is reasonably accurate but is reliant on suc-
cessful calibration. However, the conductivity of a solution 
has a nonlinear relationship with temperature, salt concentra-
tion, and glucose composition of the fluid. The conductivity 
monitor is connected to an alarm, which is triggered when 
the fluid ionic composition has changed significantly out-
side the set limits. The type of concentrate and composition, 
the level of the probe in the fluid, the buffer cartridge, and 
temperature should be examined in these situations. If any 
significant alteration to the flow, pressure, or composition of 
the dialysate occurs the conductivity alarm would open the 
bypass valve to drain away the unsafe dialysate. After the 
necessary corrections are made, it may take several minutes 
for the conductivity readings to return to the normal range.

2.4.5.3  pH Monitor
The recommended dialysate pH is 6.8–7.6. Extremes in pH 
can lead to oxidative stress and hemolysis.

2.4.5.4  Blood Leak Detector
Blood should not be able to cross the dialysis membrane; any 
red cells present in the dialysate would alter the light signal 
in the sensor which might trigger an alarm that automatically 
stops the blood pump. The blood leak detector [6] is made up 
of an infrared or photoelectric sensor, and it is positioned im-
mediately downstream of the dialysate outlet of the dialyzer. 
Persistent or severe blood leak alarms require cessation of 
the treatment, disconnection, and discard of the lines and 
dialyzer without washback.

2.5  Treatment Modes

The HD apparatus is configured not only to deliver a stan-
dard HD treatment session but also has design features that 
allow modifications to the treatment delivery under specific 
circumstances and clinical need.

2.5.1  Standard Hemodialysis Session

The steps for the initiation of HD involve a disinfection 
cycle taking approximately 40 min followed by compul-
sory test program. During this phase the machine will mix 
the dialysate fluid to achieve the correct concentration. The 
machine is then lined using the appropriate blood lines and 
the prescribed dialyzer. The line pack will contain arterial, 
venous, and, if appropriate, a substitution line if using HDF. 
Lines are also available for other modes, for example, single 
needle HD, or for specific monitoring purposes, such as the 
BVM. Priming of the blood circuit including the dialyzer is 
the next step (automated settings for priming cycles are in-
built and vary according to the dialyzer and consumable in 
use for the treatment, for example, tubing volumes and pump 
speeds). The aim is to deaerate all lines and dialyzer and ad-
just any levels of fluid in the bubble trap. Once the required 
priming volume has been achieved most machines go into 
pre-circulation mode. Information can now be put into the 
machine, for example, the dialysate prescription and the UF 
volume, etc. Prescribed anticoagulation can now be drawn 
up. This may include not only a stat dose but also an infu-
sion, which can now be attached to the infusion pump on the 
machine. A sterile area is prepared for vascular access prep-
aration. Cannulation of the arteriovenous access follows a 
strict aseptic non-touch technique. Once the vascular access 
has been successfully cannulated, the next step is to connect 
this to the blood lines on the machine. Clinical observations 
(e.g., blood pressure) ought to be documented pretreatment, 
during treatment, and post-treatment. At completion of treat-
ment, reinfusion takes place by choosing a preset method 
and pump speeds. Arteriovenous fistula needles can now be 
removed and hemostasis achieved. The machine can now be 
stripped down by removing the blood lines and dialyzer, fol-
lowed by activation of the disinfection cycle as per manufac-
turer recommendations.

2.5.2  Profiled Dialysis

With the development of sensor capabilities, it is becom-
ing increasingly possible to provide continuous, real-time 
monitoring of patients during HD treatment. This provides 
an opportunity to design a responsive mode that can detect 
the signals and, where clinically relevant, adjust or alter the 
dialysis prescription (biofeedback) to allow a more personal-
ized treatment. The term profiled dialysis [41, 42] refers to 
the automated real-time adjustments to a specific prescrip-
tion variable in order to match the patients changing biologi-
cal parameters. It is aimed primarily at reducing circulatory 
stress and hemodynamic symptoms and is most beneficial in 
patients who suffer from repeated intradialytic hypotension 
and hemodynamic instability. The most widely used profile 
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regimens [39, 41, 43, 44] are variations of the ultrafiltra-
tion rate (using BVM, to minimize sharp changes in blood 
volume), dialysate temperature (specific modules, thermo-
neutral or cool HD), or conductivity profiles (isonatric HD 
refers to maintaining a near constant conductivity gradient 
between blood and dialysate to minimize diffusive sodium 
losses). Biofeedback devices that vary the UF rate and con-
ductivity in response to the relative BVM change may re-
duce serious hemodynamic instability on HD. However, the 
benefit and clinical impact of such technology are not yet 
fully understood [16, 41].

2.5.3  Single-Needle Hemodialysis (SNHD)

When difficult or inadequate vascular access does not allow 
two needle access (such as following repair surgery, incom-
plete maturation, or due to bruising from needle dislodge-
ment), SNHD mode [45, 46] can allow continuation of dialy-
sis treatment with a single needle, albeit with reduced HD ef-
ficiency. Specially adapted machines with dual blood pumps 
are required where both the arterial and venous tubing can be 
connected to a single vascular access needle. In SNHD, the 
arterial tubing carries blood to the dialyzer via the action of 
an arterial pump while a venous pump return the blood to the 
patient, coordinated in sequence to allow inflow and outflow 
from a single needle. SNHD will reduce the risk of blood 
loss in the event of needle dislodgement as both the arterial 
and venous ends would be disconnected and the blood pump 
would stop. Patients on frequent nocturnal home HD often 
utilize this mode for routine treatment.

2.5.4  Recirculation and Machine Bypass

HD machines offer a dialysate circuit bypass option. This 
allows dialysate flow to bypass the dialyzer (therefore not 
delivering fresh dialysate). During this time on bypass, the 
blood circuit can be isolated from the patient and allowed to 
circulate (recirculation) typically for 5–20 min. During this 
period staff can troubleshoot any problems with patient in-
terruption or vascular access issues for a brief period of time 
without having to discontinue the entire setup and process. If 
blood is allowed to circulate on bypass mode for a long time, 
its composition might be altered significantly and not be safe 
to be returned to the patient.

2.5.5  Isolated Ultrafiltration (IsoUF)

The IsoUF mode is typically used for rapid or urgent fluid 
removal in emergencies such as pulmonary edema or re-
fractory fluid overload states such as severe cardiac failure 

[47]. IsoUF used at the beginning of a dialysis session can 
be achieved by maintaining a transmembrane pressure gradi-
ent across the dialyzer generated by negative pressure in the 
dialysate compartment [48], while the dialysate delivery is in 
bypass mode. IsoUF preserves hemodynamic stability better 
during ultrafiltration.

2.6  Alarms and Treatment Hazards

HD is an invasive treatment process, and patient safety re-
mains the most important consideration in the design of the 
technology. A variety of inbuilt monitors can detect faults 
and limit harm. Alarms are designed to alert users when a 
warning is needed or a fault has occurred and can be set to 
either shut down the dialysis circuit or alert the dialysis staff. 
Machines alarm configurations can vary.

For most alarms, a flashing light and an audible alarm 
usually accompanied by stoppage of the blood pump will 
occur. It is useful to remember that the “mute button” on the 
machine when pressed for silencing the alarms do not recom-
mence the treatment. Most machines will have an emergency 
mode, which allows an automated switching off of the ultra-
filtration pump and reduction of blood pump speed to 50 ml/
min with or without an automatic bolus of fluid infusion.

The combination of integral safety features, adequate 
alarm settings or configurations and operator vigilance, are 
necessary to assure safety. Two groups of errors have been 
recognized (a) machine faults or parts malfunction or (b) 
user errors [49]. The majority of the hazards in the treatment 
today relate to user-related errors. It is therefore an integral 
part of the training accreditation that the operator is able 
to troubleshoot various components of safety and alarms. 
These individuals can be adequately trained dialysis staff, 
nephrologists, or technicians. Individual alarms in the blood 
and dialysate pathway and their troubleshooting has been 
discussed earlier in their respective sections.

2.6.1  Disconnection or Leakage

Dialysis systems are found lacking in the event of a discon-
nection or leakage from the bloodline [50, 51]. The lack of 
an alarm in this setting may be due to a complete or partial 
venous needle dislodgement, small pressure drops, incor-
rect alarm limits, or small leaks through faulty connectors. 
Extreme blood loss in HD is rare but can occur in venous 
needle dislodgement, rupture of access (aneurysm or anas-
tomosis), and dialyzer crack or loose connections in circuit. 
For venous line dislodgement, back pressure created by the 
needle resistance prevents the machine’s venous pressure 
monitors from sensing the loss of pressure created by the 
dislodgment. In this situation the venous pressure at the 
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needle site will remain positive, and the alarm will not trig-
ger. Smaller-gauge needles combined with high blood flows 
create significant back pressures, such that even if the needle 
is fully or partially dislodged from the patient, the venous 
pressure monitor continue sensing the pressure created by 
the needle’s resistance, and the smaller drop in pressure as-
sociated with the disconnection may be insufficient in trig-
gering an alarm.

The problem is exacerbated by the fact that users may 
sometimes widen the alarm limits to minimize nuisance 
alarms. These are usually caused by high venous pressures 
in the system due to roller pump generated oscillations in 
pressure and maneuvers that can naturally change the ve-
nous pressure such as coughing or even change in posture 
during HD. The resulting variations can often exceed even 
the customary ± 50 mm Hg venous pressure monitor limits. 
All these limitations can make venous needle dislodgements 
and its life threatening consequences go undetected during 
HD. This problem is not unique to any specific machine 
model. Securement of access guided by a well-defined unit 
policy, avoidance of unnecessary widening of venous pres-
sure alarm limits, and adequate visibility of the connection 
points for the extracorporeal circuit with greater vigilance 
can minimize risks significantly. Although efforts have been 
made to design innovative solutions to address this problem, 
detection of blood loss that can activate the venous clamp 
and stop the blood pump is not yet available in routine clini-
cal practice.

2.6.2  Air Embolism

Air embolism [11, 52] is a rare event but may occur when a 
bolus of air enters the venous blood line below the air trap. 
This can lead to symptoms of chest pain, breathlessness, con-
fusion, and headaches with potentially fatal consequences. If 
an air bolus is suspected, the venous line should be clamped 
and the patient turned onto the left side with feet elevation 
and seek further help.

2.6.3  Hemolysis

Hemolysis can occur either through mechanical (shear forc-
es through kinks and obstructions to the circuit, defective 
blood pump, high negative pressure in the circuit), chemical 
(contaminated dialysate with disinfectant such as chlorine, 
bleach, formaldehyde, copper, nitrates, nitrites, or low-os-
molar dialysate), or thermal factors (dialysate temperature 
> 42  C) [4, 14, 36, 52].

2.6.4  Power Failure or Disruption

Power failure or disruption will set the machine alarms off 
and trigger venous line clamp. The backup battery will allow 
some time (approx 15–20 min) to reinfuse and terminate the 
treatment. Beyond this time period, manual intervention of 
freeing up the venous line and hand cranking the blood pump 
will be required (according to specified machine policy). If 
the water pressure falls or is turned off, the machine will not 
be able to prepare the dialysate and the treatment will have 
to be terminated.

In the event of any crisis on HD, where the etiology is un-
clear, in addition to all the necessary supportive measures the 
following steps should be undertaken: (a) stop dialysis, (b) 
take samples from venous and arterial lines and disconnect 
the patient, (c) collect dialysate sample and the used dialyzer, 
and (d) remove the machine from further use so that all evi-
dence is well preserved for further investigation.

2.7  Configuration and Connectivity

The goal of technological reliability is primarily to avoid 
treatment disruptions related to technical faults, quick turn-
around, and restoration of such faults and robust governance 
around safety checks and monitoring procedures.

The treatment parameters for each session can be captured 
electronically in modern machines through USB, Ethernet, 
and a variety of serial interfaces. Wireless interfaces may 
also be available for direct connection to hospital networks. 
Data card slots on some machines allow personal medical 
information and dialysis prescription to be stored on it to 
allow automatic setup of the machine parameters.

Dialysis machines are medical equipment regulated by 
the Food and Drug Administration (FDA). Complex design 
and manufacturing of dialysis machines incorporate pumps 
and multiple valves with electronic actuation to allow differ-
ent mixing ratios, and employ sensors for monitoring pres-
sure, temperature, pump speed, and transmembrane pressure 
gradient at specified points in the blood extracorporeal and 
dialysate circuits, during routine treatment. Advanced fea-
tures, such as comprehensive self-test and fault-indication 
capabilities, require additional circuits and components. The 
technical governance of such complex life-saving technol-
ogy requires a rigorous schedule of maintenance, hardware 
support, and software updates.

Dialysis equipment is powered [6] by AC but may also 
include batteries (or ultracapacitors), for example, to supple-
ment the power supply’s output when heating water for ster-
ilization in home-use machines. Safety regulations require 
power supply self-monitoring for voltage, temperature, and 
current flow.
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2.8  Technology and Human Factor 
Limitations

The advances in HD technology have significantly improved 
its performance and reliability but remains limited neverthe-
less by the need for a skilled operator, a dedicated setting, 
and restrictions imposed on the patient lifestyle. The cliché 
of an HD machine is based predominantly on the financial 
criteria and performance characteristics, as defined by effec-
tiveness and efficiency. In future, user acceptance (staff and 
patients) and integration with different care delivery models 
could significantly enhance the value and differentiation of 
the technology.

The improved reliability and safety features may have 
desensitized us from the clinical dangers of the HD process 
itself [52], particularly factors that govern the interaction of 
the patient with the machine. The HD treatment could be 
viewed as single system that integrates the patient’s cardio-
vascular system and the extracorporeal circuiting series and 
facilitates interaction with the dialysis technology across the 
membrane interface. With an increased number of elderly 
and frail individuals commencing HD, it is apparent that we 
need technology to address such patient complexities. He-
modynamic stability and intradialytic hypotension have been 
identified as significant factors that need to be addressed to 
improve outcomes [41]. Vascular access is another major fac-
tor that affects outcomes and remains the commonest cause 
of HD treatment failure [53, 54]. The treatment of uremia 
and removal of a range of uremic toxins is critically reliant 
on our understanding of the equilibration of the circulatory 
system with the toxin reservoirs (total body water and circu-
latory compartments) and its implications in various disease 
states and comorbidities.

Technological progress in dialysis is necessary but one 
that aims for paramount clinical safety combined with sim-
plicity and reliability for the user. Capabilities of self-use of 
the technology will allow for wider adoption of the technol-
ogy outside traditional settings such as in patient homes or 
self-care units. This will enable greater user engagement and 
empowerment, which has been linked to better outcomes in 
chronic illnesses. Adapting the technology to allow patients 
to participate or self-manage their treatment will be a major 
advancement in the adoption of extended dialysis schedules.

Future innovations will need to address technological and 
human factor limitations in HD therapy to bring about im-
provements in both the quantity and quality of life for the 
patient.
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3Hemodialysis Dose

Thomas A. Depner

How does one measure the effect of dialysis? Simply keep-
ing the patient alive is not enough, and one can argue further 
that even if the patient reports feeling well, the caregiver 
should not be satisfied. Measuring the dialysis dose and as-
sessment of its adequacy should be anticipatory, identifying 
inadequacies at an early stage to allow corrections before 
the symptomatic stage. To answer the patient’s question, the 
focus should be on the dialysis objective: removal of solute 
by simple diffusion across a semipermeable membrane.

Since the pioneering work of Thomas Graham [7] and 
Adolph Fick [8] in the mid to late 1800s, the driving force 
for diffusion of solutes and gases has been recognized as the 
concentration of the gas or solute. Most importantly, the rate 
of diffusion (e.g., bulk movement of solute) is directly pro-
portional to the concentration gradient. Fick’s first law of 
diffusion has been adapted to dialysis [8]:

 (3.1)

Js is the rate of solute movement or flux (e.g., mg/min), Ko is 
a membrane-specific and solute-specific constant (e.g., cm/
min), A is the membrane area (e.g., cm2), ΔC is the solute 
concentration gradient across the membrane (e.g., mg/mL).

The proportionality constant KoA in Eq. 3.1 is defined 
as the ratio of flux (Js) to the concentration gradient (ΔC) 
across the membrane, which is essentially the definition of 
dialysance: a measurement similar to clearance that takes 
into consideration solute concentrations on both sides of the 
membrane. For a hollow-fiber kidney, KoA can be consid-
ered the initial clearance at the proximal end of the fibers 
before any buildup of solute on the dialysate side. When the 
dialysate concentration is zero, the denominator is simply 
the blood concentration, and clearance is then equal to dialy-
sance. KoA can also be considered the dialyzer’s maximum 
clearance at infinite blood and dialysate flow rates. It is a di-
alyzer-specific measure used to compare the effectiveness of 
different hollow-fiber dialyzers, but it is also solute-specific 
(e.g., KoA values for urea and creatinine are different for 
the same dialyzer). Similar to clearance, which is determined 

Js KoA C= ( ),∆

3.1  Historical Perspective

Evidence that equilibration of the blood with an isotonic salt 
solution across a semipermeable membrane as a potential 
method for removing unwanted substances from the body 
including drugs and uremic toxins dates back many years 
[1–3]. However, it was not until Dr. Willem J. Kolff suc-
cessfully applied hemodialysis (HD) to treat a patient with 
acute kidney failure that the hypothesized benefit for patients 
suffering from uremia was proven [4]. This landmark event 
also confirmed the previous logical hypothesis that the cause 
of the immediate life-threatening aspect of uremia is from 
accumulation of small (dialyzable) solutes that normally ap-
pear in the urine. The reversal of a previously fatal disease 
was considered miraculous (patients sometimes awakened 
from uremic coma during the procedure), so little thought 
was given to measuring the treatment or determining its 
adequacy. Perhaps because of its complexity, physicians at 
the time, including its inventor, also felt that its application 
should be limited to management of reversible acute kidney 
disease, serving to allow time for the native kidneys to re-
cover. Not until 1960, with the development of a permanent 
vascular access device, was management of chronic kidney 
disease accepted, and a quest for measurement of the dose 
and its adequacy begun [5, 6].

3.2  Measuring Diffusion, the Basic Principle 
of Dialysis

How does the patient and family know that he/she had a good 
dialysis? Probably after a poor dialysis the patient might feel 
better, having avoided the symptoms of clinical disequilib-
rium that often follow significant solute and fluid removal. 
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by, but independent of either solute concentrations or flux, 
KoA is also independent of blood and dialysate flow rates. 
Its value can be determined by measuring the cross-dialyzer 
clearance at specified blood and dialysate flow rates [9]:

 (3.2)

Qb and Qd are effective blood and dialysate flow rates re-
spectively, and Kd is the dialyzer solute clearance. Equa-
tion 3.2, known as the Michael’s equation after its developer 
[9], is based on an exponential decline in solute concentra-
tion along the membrane as blood and dialysate flow in op-
posite directions for maximum efficiency.

More importantly, once the dialyzer KoA has been deter-
mined, a rearrangement of Eq. 3.2 can be used to predict the 
clearance for any blood and dialysate flow rate:

 (3.3)

3.3  Intermittent Dialysis is Self-Limiting

Despite the constant nature of KoA and the constancy of 
clearance during a single HD at fixed Qb and Qd, intermittent 
dialysis is intrinsically self-limiting. For peritoneal dialysis 
(PD), the clearance (but not the dialysance) gradually falls 
with time and will eventually extinguish during a single ex-
change of fluid as solute concentrations in the dialysate com-
pletely equilibrate with the patient’s blood concentrations. 
For intermittent HD, clearances remain constant during the 
treatment because fresh dialysate is constantly supplied, but 
the treatment’s effectiveness falls as concentrations in the 
patient’s blood fall. In the absence of replenishment (G), re-
moval of solute during HD would also extinguish with time 
(despite a constant Kt/V). This self-limiting feature of di-
alysis results both from solute buildup on the dialysate side 
(PD) and from reduction in solute concentrations on the 
blood side. In other words, for intermittent dialysis, the more 
one dialyzes the less solute is removed. Fortunately, uremic 
toxicity is also concentration-dependent, such that dialysis is 
more effective for the more toxic patient.
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3.4  Diffusion in a Flowing Circuit

Figure 3.1 shows what happens inside the dialyzer as blood 
flows from inlet to outlet and dialysate flows in the coun-
tercurrent direction. Solute transfer from blood to dialysate 
depends on both flow rates and the membrane permeability 
to each solute. The gradient across the membrane diminishes 
with time and with distance along the membrane. For solutes 
with high membrane permeability, the gradient diminished 
more rapidly with distance as shown in Fig. 3.1a. The down-
stream dissipation of the gradient is correctable by increas-
ing the blood flow, which explains the flow dependency of 
clearance. For solutes with low permeability, distance along 
the membrane has less impact, so solute removal is more 
dependent on membrane permeability and less dependent on 
flow as shown in Fig. 3.1b. For patients dialyzed intermit-
tently (e.g., three times weekly) the gradient also diminishes 
with time and would eventually extinguish in the absence 
of new solute generation. This accounts in part for the inef-
ficiency of intermittent dialysis as discussed below.

Within the hollow fiber, solutes diffuse across the mem-
brane only from the water fraction of the blood. Because 
macromolecules like serum lipids and proteins occupy space 
that excludes water-soluble molecules, they reduce the ef-
fective blood flow to about 93 % of the whole blood flow. 
The role of larger blood components such as erythrocytes 
depends on the solute. For solutes like urea that diffuse rap-
idly across red cell membranes the patient’s hematocrit has 
little influence on clearance, so solute delivery to the mem-
brane is essentially a function of blood water flow, includ-
ing erythrocyte water [10, 11]. For solutes like creatinine, 
phosphorus, and uric acid with negligible diffusion from red 
cells during the 10–20 s transit through the dialyzer, effec-
tive flow is restricted to plasma water, which must be used to 
measure clearances (Table 3.1) [12, 13]. However, red cells 
contain significant amounts of these solutes that eventually 
equilibrate with the plasma after leaving the dialyzer. This 
phenomenon explains in part why creatinine clearances have 
not been popular as a measure of dialysis adequacy; the post-
dialyzer plasma creatinine concentration is spuriously low 
and may require several hours to equilibrate with red cells in 
the same blood sample.

Between dialyses, in addition to solutes, the patient ac-
cumulates water. Removal is easily accomplished during 
dialysis by applying hydrostatic pressure across the dialysis 

Fig. 3.1  Hollow-fiber solute 
gradients. a An easily dialyzed 
solute with blood flow-dependent 
clearance. b Solutes less well 
dialyzed; clearance is membrane-
dependent, less dependent on 
blood flow
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membrane. Since the resulting convective loss of fluid and 
solute is in the same direction as diffusive solute movement, 
it adds to the effectiveness of the dialysis. However, the aug-
menting effect of filtration is less than might be expected 
because convective transfer of solute across the membrane 
diminishes the gradient for diffusion, and in contrast to dif-
fusive loss of easily dialyzed solutes like urea, convective 
losses occur along the entire length of the hollow fiber [14]. 
At the distal end where urea concentrations may be reduced 
by 70–80 %, convective transfer of solute is greatly dimin-
ished. Equation 3.4 is used to quantify instantaneous solute 
removal by convection, and illustrates the dilution effect.

 (3.4)

Kd is the dialyzer clearance, Qb is the dialyzer blood outflow, 
Cin and Cout are the inflow and outflow solute concentrations 
respectively, and Qf is the ultrafiltration flow rate. Note that 
if Cout is zero, that is, solute removal is complete, Qf adds 
nothing to dialyzer clearance.

For high-flux dialyzers where filtration rates are typically 
an order of magnitude greater than for conventional-flux dia-
lyzers, convective fluid removal at the proximal end of the 
hollow fiber is much greater than at the distal end where on-
cotic effects may cause filtration to move in the opposite di-
rection, so-called back-filtration [15]. This effect counteracts 
the negative effect of filtration on diffusion and may contrib-
ute to the higher clearances achieved by high-flux dialyzers 
[16, 17]. For all modes of dialysis, contraction of blood and 
extracellular fluid volume due to solute-deprived fluid re-
moval helps to maintain the concentration at the blood inlet 
for a longer time, and thereby increases the effectiveness of 
the dialysis. This phenomenon highlights the importance of 
including fluid volume shifts in the mathematical models of 
dialysis urea kinetics (see below).

3.5  Origin of Kt/V

The concentration of solute is the driving force for diffusion, 
and the rate of diffusion is directly proportional to the con-
centration as noted in Eq. 3.1. Ignoring the effects of volume 
changes and solute generation, the change in concentration 
(C) with time (t) can be simplified and expressed mathemati-
cally as:
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The symbol k is the elimination constant, similar to that of 
an injected drug, and indicates that the fractional change in 
concentration (dC/C)/dt is constant during the treatment. 
When expressed as a fraction of the distribution volume (V), 
k × V is the clearance (K), which is also constant, since in 
this overly simplified example we assume that V does not 
change. Integration of Eq. 3.5 and substituting K/V for k 
yields:

 (3.6)

C0 is the initial concentration and C is the concentration at 
time (t). Logarithmic transformation of Eq. 3.6 yields:

 (3.7)

The left side of the overly simplified Eq. 3.7 (Kt/V) is the 
fractional clearance expressed per dialysis and normalized to 
body size (V). The denominator (V) adds value as a correlate 
to lean body mass, which is usually more desirable than body 
weight as a normalizing factor for body size. Equation 3.7 
helps to illustrate the strong dependence of the clearance 
(expressed as Kt/V) on the ratio of solute concentrations in 
two blood samples, one at the beginning (C0), and one at 
the end of the treatment (C). Note that the ratio is used, not 
the absolute concentrations, and also note that none of the 
components of the Kt/V expression need to be measured in-
dependently, including the treatment time (t).

If urea is the solute, and its generation (G) and volume 
changes (ΔV) during the dialysis are included, Eq. 3.8 (see 
below) must be substituted for Eq. 3.7, but the fundamental 
strong dependence of Kt/V on pre/post-urea concentrations 
remains.

3.6  Modeling Urea Kinetics

Regardless of what we think is going on within the hollow-
fiber membranes during dialysis, it is possible to precisely 
model solute flux, including the effect of ultrafiltration, 
using a mass balance approach where input equals output. 
Figure 3.2 depicts the elements contributing to urea mass 
balance within the patient during and between dialyses. 
Equation 3.8 is the solution to the mass balance equations 
in Fig. 3.2 and provides a practical estimate of fluctuating 
serum urea concentrations while the patient’s urea volume 
varies usually by several kilograms during and between 
treatments. Equation 3.8 also incorporates residual native 
kidney function and urea generation, and is used as the fun-
damental tool for modeling urea kinetics.

dC/dt= kC.−

C C e Kt/V= −
0 ,

Kt/V C C= ( )ln / .0

Table 3.1  Effective dialyzer blood compartment flow [12, 13]
Solute Effective flow
Urea Whole blood water
Creatinine Plasma water
Phosphate Plasma water
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 (3.8)

C is the solute concentration at any time (t), C0 is the initial 
concentration, V is the solute distribution volume, ΔV is the 
rate of fluid removal, G is the solute generation rate, Kr is 
the patient’s native kidney solute clearance, and Kd is the 
dialyzer clearance.

Urea modeling uses Eq. 3.8 in a reverse manner. The mod-
eler measures C and C0 (analogous to Eq. 3.7) then solves 
for G and Kt/V using computerized iterations of Eq. 3.8. 
The modeler must also have knowledge of volume fluxes 
(ΔV), Kr, and t, although these are less critical. Equation 3.8 
yields a profile of the BUN during and between treatments 
and repeats itself weekly because the interdialysis treatment 
intervals are asymmetric during the week. Each treatment is 
assumed to be identical, but the patient begins the treatment 
differently because of the time asymmetry. For example, if 
dialysis is performed three times per week, the patient will 
have accumulated solute for 2 or 3 days depending on the 
day of the week. Equation 3.8 is solved (by iteration) twice, 
once during dialysis, and again between dialyses when Kd is 
zero. Note that the results are expressed in relative terms, as a 
fraction of the patient’s urea volume. For example, to resolve 
V, knowledge of Kd is necessary and vice versa. Ordinarily, 
the user provides an estimate of Kd, which is assumed to be 
constant throughout the treatment as noted above; Kd and 
KoA can be measured using samples collected simultane-
ously from the blood inflow and outflow ports or estimated 
using Eqs. 3.2 and 3.3.

During dialysis, Kd has the major influence; between di-
alyses G dominates. This means that Kt/V is primarily deter-
mined by the pre-dialysis and post-dialysis BUN values (see 
Eq. 3.7), and G is determined by the post-dialysis and subse-
quent pre-dialysis BUN values. Because the primary model-
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,
ing outcome is Kt/V, an independent measure of Kd is not re-
quired, and errors in estimates of Kd have little influence on 
the resulting Kt/V dose measurement. Similar to Eq. 3.7, the 
ratio of post- to pre-BUN values determines Kt/V; absolute 
values are not considered. Absolute values, however, can be 
used to measure G using an iterative method as depicted in 
Fig. 3.3, eliminating the need to sample blood again at the 
next dialysis [18]. Since urea is an end product of protein 
metabolism, G can be converted to a protein equivalent, a 
net protein catabolic rate normalized to V (PCRn), as shown 
in Eq. 3.9 [19]. PCRn can be useful as an adjunct to dietary 
counseling:

 (3.9)

3.7  More Refined Modeling

The single-compartment (single V) model diagramed in 
Fig. 3.2 predicts BUN concentrations during and between 
dialyses, but the results do not coincide precisely with mea-
sured values, especially for short intense dialysis as shown in 
Fig. 3.4. BUN values are overestimated during dialysis and 
underestimated between dialyses, especially in the immedi-
ate post-dialysis period. The cause of these discrepancies is 
delayed diffusion among the patient’s body compartments, 
most notably intracellular versus extracellular, which reduc-
es the effective volume of distribution during dialysis and 
causes a rebound in concentration as the two compartments 
re-equilibrate post dialysis. Despite the unique and rapid dif-
fusibility of urea across red cell membranes as noted above, 
urea kinetics in the remainder of the body are better de-
scribed by a two-compartment model, as shown in Fig. 3.5. 
This model is similar to the single-compartment model de-

PCRn G/V= ( ) +5420 0 17. .

Fig. 3.3  Measuring G with only 
2 BUN values. The upper graph 
shows a weekly BUN profile 
generated by Eq. 3.8 that uses 
an excessively high value for G. 
In the middle graph the value is 
too low. By repeated iteration, 
a value for G is found ( lower 
graph) that matches the pre-
dialysis BUN with the end-week 
BUN. [18]

 Fig. 3.2  Single-compartment 
model of urea mass balance. 
Equation 3.8 is the explicit solu-
tion to the differential equation 
in this figure, which is used to 
resolve Kt/V and G from a single 
pre-dialysis BUN and a single 
post-dialysis BUN. V is the urea 
distribution volume, C is the urea 
concentration, Kd is the dialyzer 
clearance, Kr is the kidney clear-
ance, and G is the urea generation 
rate. K is the sum of Kd and Kr 
during dialysis, and is equal to Kr 
between dialyses
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picted in Fig. 3.2 with an added remote compartment volume 
(V2) and concentration (C2). Unfortunately, the addition of a 
second compartment complicates the mathematics such that 
the equations depicted in Fig. 3.5 are not easily resolved ex-
plicitly and require more complex mathematical manipula-
tions for a solution [20]. A method using numerical analysis 
has been implemented and made available on an Internet site 
devoted to dialysis dosing [21].

The single-compartment assumption causes the errors in 
predicted concentrations as shown in Fig. 3.4 but when used 
to calculate the dialysis dose as Kt/V, the two errors during 
and after the end of dialysis tend to cancel each other; the 
resulting values for Kt/V (and Kd) calculated by each model 

are similar, justifying clinical use of the simpler model [22]. 
Despite this minimization of the single-compartment error, 
some authorities have objected to using the immediate post-
dialysis BUN as an indicator of the dialysis dose, since it is 
falsely low if compared to the equilibrated value shown in 
Fig. 3.6. The latter is determined by extrapolating the late 
inter-dialysis concentration curve back to the immediate 
post-dialysis time, which essentially converts the patient’s 
urea kinetics to a single compartment but with an equilibrat-
ed clearance (eK). The resulting eK and eKt/V are always 
lower than the dialyzer instantaneous clearance and single 
pool Kt/V (spKt/V). The lowered clearance is an effective 
whole body clearance defined as the removal rate divided by 
the average urea concentration in the patient’s body compart-
ments at the time the removal rate is measured. eKt/V was 
used in the HEMO Study (see below) as the target for ran-
domization [23], and by the European Best Practice Guide-
line Expert Group as a target for HD adequacy in general 
[24]. Fortunately, a two-compartment model is not needed to 
calculate eKt/V; approximations based on the intensity of di-
alysis have been developed [25–27], one of which is shown 
here [26]:

 (3.10)

To complicate the model further, the immediate rebound in 
urea concentration post dialysis is not entirely due to delayed 
diffusion. Disequilibrium within the blood compartment is 
caused by multiple parallel circuits with markedly different 
blood flow rates [28]. The most rapidly flowing circuit is 
the route through the patient’s arteriovenous fistula, heart 
and lungs, and back [29]; this cardiopulmonary (CP) circuit 
has a round-trip circulation time of 5–15 s depending on the 
patency of the fistula and the patient’s cardiac output. The 
CP circuit also happens to be the dialyzed circuit, all oth-
ers feeding into it from venous return. As a result the urea 
concentration falls to a lower level in the CP circuit during 
dialysis, as much as 20 mg/dl lower than in the periphery, 
and it rebounds within about 2 min when the blood pump is 
stopped [28]. This flow-related disequilibrium differs from 

eKt/V spKt/V(t t )= +/ ( ) .30

Fig. 3.6  Source of eKt/V. The 
equilibrated post-dialysis BUN 
shown here as the large circle is 
obtained by extrapolating mea-
sured post-dialysis BUN values. 
It is always higher than the BUN 
measured immediately post dial-
ysis (shown just below it). Whole 
body eKt/V, which is derived 
from the equilibrated BUN, is 
always lower than spKt/V, which 
is derived from the immediate 
post-dialysis BUN

 

Fig. 3.5  Two-compartment diffusion model. Fast iterative resolution 
of the two differential equations shown in this figure yield values for 
V1, V2, KC, and G. V1 is the dialyzed compartment volume, V2 is the 
remote compartment volume, and KC is the inter-compartment mass 
transfer coefficient. Other symbols are the same as defined in Fig. 3.2

 

Fig. 3.4  Modeled and measured BUN values compared. The single-
compartment prediction of BUN values during and following a short, 
high-efficiency dialysis is shown as the dashed line. Actual values mea-
sured every 15 min are shown as open circles. The solid line shows the 
prediction of a two-compartment model
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the diffusion-related disequilibrium (Fig. 3.6) with respect to 
several factors listed in Table 3.2.

In addition to reducing solute clearance, disequilibrium 
has a significant impact on the method for drawing the post-
dialysis BUN. A method that yields a modeled dialyzer 
clearance equivalent to the actual cross-dialyzer clearance 
is shown in Table 3.3. If the sample is drawn too soon, be-
fore potential access recirculation has dissipated, the dialysis 
dose, expressed as a delivered clearance, will be overesti-
mated, putting the patient in jeopardy from under-dialysis. If 
drawn too late, the dose will be inconsistent from treatment 
to treatment.

3.8  Intermittent Versus Continuous Dialysis

Solute disequilibrium is a consequence of high clearances ap-
plied intermittently. This phenomenon together with the self-
limiting nature of intermittent dialysis as described above 
reduces the treatment efficiency, which means that more di-
alysis (clearance × time) must be applied to achieve the same 
concentration-lowering effect as continuous dialysis. When 
dialysis is applied continuously (e.g., continuous PD) or for 
native kidney function, constant replenishment of solute on 
the blood side (G) eliminates this inefficiency, and solute 
disequilibrium is essentially nonexistent. When minimum 
standards for PD and HD are compared, it appears that pa-
tients maintained with continuous PD require approximately 
half of the weekly clearance × time required by HD patients. 
Two theories have been put forth to explain this observation. 
One is based on peak urea concentrations, claiming that peak 
concentrations correlate better with overall uremic toxicity 
than mean levels, and the other is based on solute disequilib-
rium, claiming that toxic solutes are sequestered in remote 
compartments that equilibrate more slowly with the dialyzed 

compartment, essentially preventing the dialyzer from com-
pleting its job. Slow continuous treatments eliminate peaks 
and allow time for equilibration. Both theories have a basis 
in mathematical modeling and both produce similar solute 
concentration profiles under a variety of conditions as dis-
cussed below under “Dosing Frequent Dialysis” [30].

Although less efficient than continuous treatment, inter-
mittent treatments are much easier to measure. Continuous 
clearances such as PD or native kidney function require col-
lections of urine and/or dialysate during a defined time pe-
riod. Intermittent hemodialysis clearances only require mea-
suring the change in blood concentrations from beginning to 
end of the treatment and applying a model of solute kinetics 
as described above. Blood sampling alone is required; col-
lection of dialysate is not necessary.

3.9  Practical Differences Between 
Hemodialysis Kt/V and Native Kidney 
Glomerular Filtration Rate (GFR)

In comparison with the native kidney, the clearance concept 
and definition are the same but the methods for measuring 
and expressing clearance differ, as shown in Table 3.4. For 
HD, urea is the preferred marker solute instead of creatinine 
because of the red cell creatinine disequilibrium discussed 
above, the additional patient-specific information obtained 
about protein nutrition, and the sensitivity of urea clearances 
to dialyzer effectiveness. Urea is not favored as a measure 
of native kidney clearance because tubular urea reabsorption 
is variable and unpredictable. Most current incenter dialysis 
treatments are intermittent, so the expression of dose must 
take into account the time during which the patient is not 
dialyzed. Expressing the dose as a clearance per dialysis sat-
isfies this requirement as long as the frequency is specified 
as part of the dose. Instead of body surface area, the denomi-
nator for the dialysis dose is the volume of urea distribution, 
an automatic result of urea kinetic modeling as noted above 
and a mathematical convenience. Lastly, the fluctuations in 
urea concentration between and during intermittent dialyses 
allow measuring the dose by mathematical modeling without 
need for dialysate collection.

Table 3.2  Flow limited versus diffusion limited clearance; both con-
tribute to rebound
Flow limited Diffusion limited
Established immediately Highly dependent on molecular 

size, diffusibility
Dissipates quickly (within 
2 min)

Slow to develop

Not dependent on molecular 
size, diffusibility

Dissipates slowly (1–4 h)

Multiple flow circuits, no dif-
fusion barrier

Multiple compartments and diffu-
sion barriers

Table 3.3  Blood sampling technique to measure the post-dialysis 
BUN
Turn off ultrafiltration
Slow the blood pump to 100 ml/min for 10 s then stop the pump
Draw the blood sample from the arterial (dialyzer inflow) port

Table 3.4  Hemodialysis Kt/V versus native kidney glomerular filtra-
tion rate (GFR)
The marker solute is urea instead of creatinine
The time element is per dialysis instead of per minute
The denominator is V instead of BSA
The measurement doesn’t require urine (or dialysate) collection
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3.10  Dosing Frequent Dialysis

As noted above, the efficiency of HD depends on the fre-
quency, increasing with more frequent treatments and even-
tually reaching maximum efficiency with continuous treat-
ment. To include frequency in the dose, the peak concentra-
tion hypothesis [31] has been applied, which redefines the 
clearance as the removal rate divided by the average peak 
concentration [32]. This newly defined continuous equiva-
lent clearance, called “standard Kt/V” (stdKt/V) is expressed 
as a fractional clearance similar to spKt/V, but as a weekly 
clearance similar to PD. The target is slightly higher than the 
target for continuous PD (2.0 per week) and is independent 
of dialysis frequency. Figure 3.7 shows the relationship be-
tween spKt/V and stdKt/V for different frequencies of dialy-
sis. Of note, the current minimum standard for spKt/V is 1.2 
per dialysis 3×/week, which corresponds to a stdKt/V of 2.0/
week as shown in Fig. 3.7.

An explicit simplified equation, based on a fixed volume 
urea kinetic model has been developed for converting eKt/V 
to stdKt/V [27]:

 (3.11)

A recent modification of Eq. 3.11 allows variations in urea 
volume and Kr [33]:
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S is the patient’s stdKt/V from Eq. 3.11; Ufw is the patient’s 
weekly fluid removal in ml; F is the dialysis weekly frequen-
cy; V is the patient’s urea distribution volume in ml; Kr is the 
patient’s native kidney urea clearance in ml/min; 10080 is 
the number of minutes in a week.

3.11  Adequacy of the Dose

The question of adequacy relates to native kidney function as 
well as dialysis. We have a vague sense that GFRs > 20 ml/
min are adequate, but some patients are able to tolerate GFRs 
as low as 5–10 ml/min for sustained periods of time [34]. 
The established minimum dose for PD patients is a weekly 
urea clearance index (Kt/V) of 1.7 [35]. The latter translates, 
for an average size patient with a urea volume of 30 L, to 
about 5 ml/min. Recall that GFR overestimates urea clear-
ance because urea is reabsorbed by the native kidney, and 
it underestimates creatinine clearance because creatinine is 
secreted. Since the dialyzer has neither reabsorptive nor se-
cretive functions, urea clearance should correspond to native 
kidney GFR on average. This reasoning leads to a conclu-
sion that the minimum level of dialysis for continuous PD 
is equivalent to a barely acceptable level of native kidney 
function; hence the word “minimum” should be empha-
sized. For HD patients, standard Kt/V (see above) has been 
introduced to allow comparisons among more frequent and 
continuous clearances, including native kidney function. 
Published USA guidelines specify a minimum stdKt/V 2.0/
week, which translates to about 7 ml/min for an average size 
patient. These surprisingly low levels of replacement func-
tion are based on outcomes studies such as the HEMO and 
ADEMEX studies that failed to show improvement in mor-
tality and various secondary outcomes including hospitaliza-
tion rates when the dose was increased [23, 35].

Reports of improved outcomes in patients dialyzed more 
frequently led investigators to suggest that intermittent treat-
ments have intrinsic limitations that can only be overcome 
by increasing the frequency of treatments to 4–6 sessions 
per week. Solute kinetic analysis also suggested that in-
creasing the treatment time would be more effective when 
applied more than 3×/week (see Fig. 3.7). In keeping with 
these theoretical considerations and marked benefits reported 
from uncontrolled studies, controlled clinical trials showed 
significant improvements in patient outcomes but somewhat 
less impressive than anticipated. The US National Institutes 
of Health-sponsored Frequent Hemodialysis Network study 
found that short daily incenter dialysis for 1 year improved 
the primary composite outcome of survival + reduction in left 
ventricular (LV) mass [36], the latter mainly in patients with 
ventricular hypertrophy. Quality of life was also improved. 
A similar improvement in LV mass was noted in a smaller 
Canadian study that compared frequent nocturnal HD with 

Fig. 3.7  Single pool versus continuous equivalent (standard) Kt/V. 
The single-pool dose per dialysis on the horizontal axis is compared 
to the equivalent (standard) weekly dose on the vertical axis. When 
given three times weekly, the currently accepted minimum dose is 1.2 
per dialysis, which closely matches the minimum dose in the USA for 
continuous PD (large circle)
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standard treatments given three times per week [37]. Together 
with findings of a significant reduction in pre-dialysis blood 
pressure, the data suggest that accumulation of fluid between 
dialyses is detrimental, but correctable by an increase in di-
alysis frequency. Phosphorus control was also improved as 
evidenced by lower pre-dialysis serum concentrations and a 
reduced requirement for oral phosphate binders. Whether the 
predictable increase in removal of other small solutes con-
tributed to the clinical improvements is not possible to dis-
sect from the data. For the present, more frequent dialysis is 
recommended for patients who prefer it and for patients with 
poor control of BP, volume, or serum phosphorus.

It is important to distinguish between adequate dialysis 
and adequate care of the patient. These distinct concepts are 
sometimes confused. Dialysis is the major focus of the ne-
phrologist, but it is only a subset of the latter. Care certainly 
would be considered inadequate if it consisted only of di-
alysis and assessment of the dialysis dose. Measures of the 
adequacy of care in other spheres are also required. Patients 
approaching the need for dialysis usually bring with them a 
legacy of medical problems some of which may have con-
tributed to the decline in kidney function. These problems 
are not necessarily alleviated or even improved by dialysis, 
and usually require attention, sometimes more attention than 
the dialysis itself.

3.12  Influence of Native Kidney Function on 
the Dose

Considered precious and frequently measured in the months 
and years prior to starting dialysis, residual native kidney 
function (Kr) is largely ignored once dialysis has begun. 
Perhaps use of terminology such as “replacement therapy” 
gives the impression that it no longer matters. The fallacy of 
this concept was well shown by the Netherlands Cooperative 
study where the mortality rate in patients with no Kr exceed-
ed that of patients even with a Kr of 1–3 ml/min by an order 
of magnitude [38, 39]. For patients managed with PD, Kr 
is measured with each assessment of dialysis adequacy but 
the practice of collecting the patient’s urine to measure Kr 
in HD patients is unusual. Several factors may explain this 
seemingly strange behavior: (1) PD patients are schooled in 
self-care and tend to be more self-directed. (2) Adequacy of 
dialysis is more difficult to measure in PD patients so it is 
done only 3 or 4 times/year instead of monthly in HD pa-
tients. (3) Combining Kr with Kd is conceptually easier in PD 
patients where simple addition suffices (see below).

Once the dialysis dose is reduced, Kr must be monitored 
carefully to guard against under-dialysis when kidney func-
tion deteriorates further. Opponents of Kr measurements 
point to the negative psychological impact on patients whose 
treatment time requires an increase when Kr diminishes or is 

lost. Caregivers must then struggle to convince the patient 
that a higher dose of dialysis is necessary. Financial provid-
ers might also object to equal pay for reduced and full (an-
uric) doses of dialysis (Table 3.5) [38, 40–48].

Regardless of efforts to measure Kr, efforts to preserve 
native kidney function in patients prior to initiating dialysis 
should be continued after dialysis is started. Table 3.6 lists 
recommended precautions and practices to preserve Kr.

Combining native kidney urea clearance with continuous 
dialysis clearance is a simple matter of addition, but combin-
ing with intermittent (HD) urea clearance requires manipula-
tion of the data to account for their non-simultaneous occur-
rences. As noted above, intermittent dialysis is less efficient 
than continuous dialysis, so adjustments for differences in 
efficiency must be made as well. The first method listed in 
Table 3.7 was also the first used and continues to be applied:

 (3.13)

Kd is the dialyzer clearance, Td is the treatment time, Kr is 
the patient’s native kidney clearance, Tr is the inter-dialysis 

Kt V
K T K T

V
d d r r/ ,=
× + ×

Table 3.5  Clinical consequences due to loss of Kr

Lower survival rate [38, 40, 41]
Poorer volume control leading to:
  More edema
  Less optimal blood pressure control
  Left ventricular hypertrophy (LVH)
Reduced clearance of larger molecules (e.g., beta-2 microglobulin) 
[42, 43]
Reduced clearance of protein-bound molecules (e.g., p-cresol and 
indoxyl sulfate [44, 45]
Erythropoietin resistance [46]
Lower serum albumin levels [47]
Higher serum phosphorus levels and/or need for more phosphate 
binders [48]

Table 3.6  To preserve native kidney function
Avoid or reduce exposure to nephrotoxic agents including:
  Aminoglycoside antibiotics
  Nonsteroidal anti-inflammatory drugs (NSAIDS)
  Radiographic contrast agents (take precautions before use)
Use antagonists of the renin–angiotensin system (e.g., ACE 
inhibitors)
Use diuretics
Manage hypertension
Avoid volume depletion, hypotension

Table 3.7  How to incorporate Kr into Kt/V and stdKt/V
Inflate the native kidney clearance to an intermittent equivalent, then 
add
Deflate the intermittent dialyzer clearance to a continuous equivalent 
clearance (e.g., standard Kt/V), then add
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interval, and V is the urea distribution volume. Since Kr has 
its major impact between dialyses, it is reasonable to use the 
inter-dialysis time interval (first column in Table 3.8) as a 
multiplier when calculating Kr × Tr. To account for differenc-
es in efficiency, Tr can be inflated, as shown in the second 
column of Table 3.8.

The second method listed in Table 3.7 involves reducing 
the dialyzer component to a continuous equivalent clearance 
(e.g., standard K or stdKt/V as described above), followed 
by simple addition. Care must be taken to avoid including Kr 
in the method for downsizing Kd [33].

Alternatives to Urea Modeling
The urea reduction ratio (URR), defined as (C0 − C)/C0 where 
C0 is the pre-dialysis BUN and C is the post-dialysis BUN, is 
a crude measure of urea extraction during a single dialysis. 
Its strength is simplicity, and it involves little or no manipu-
lation of the raw data, two advantages that are perhaps the 
reasons it was chosen by the US Centers for Medicare and 
Medicaid Services (CMS) for monitoring its constituent di-
alysis clinics. The URR cannot be used to measure continu-
ous clearances, does not include residual kidney function, 
and fails to incorporate the additional clearance afforded by 
ultrafiltration, sometimes as much as 20–30 % of the total 
Kt/V. Urea generation during dialysis is also not accounted 
for, an especially important factor during prolonged dialysis 
sessions.

Simplified formulas for estimating Kt/V from formal urea 
modeling are available as well. The most popular was devel-
oped by Daugirdas and recently upgraded to include more 
frequent dialyses [49, 50]:

 (3.14)

R is the ratio of post-dialysis BUN to pre-dialysis BUN. This 
measure is especially helpful in population studies where the 
opportunity for modeling individual patients is not available.

Cross-dialyzer solute clearance can be measured as a 
change in conductivity in response to a pulsed change in the 
inlet dialysate concentration [51, 52]. Most dialysis delivery 
systems monitor dilution of a dialysate concentrate using con-
ductivity meters, so the machine is already poised to measure 
“conductivity clearance,” better termed “ionic dialysance.” 
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Since sodium and its accompanying anion are responsible 
for > 90 % of the dialysate conductivity, conductivity 
changes simply reflect sodium dialysance, which is nearly 
identical to the clearance of urea (and other small solutes). 
Figure 3.8 shows the pulsed change in conductivity induced 
on the dialysate inlet side (ΔCin) and the response (ΔCout) on 
the outlet side recorded by conductivity electrodes placed in 
the inflow and outflow dialysate lines. The ionic dialysance 
is calculated as [51, 53]:

 (3.15)

Equation 3.15 provides an instantaneous measure of small 
solute clearance, equivalent to cross-dialyzer urea clear-
ance. It must be measured several times during the dialysis 
to obtain an average for the entire treatment to generate a 
measure equivalent to urea Kt/V. Advantages to this method 
include real-time monitoring, no blood sampling or analysis, 
no disposables, and ready use of body surface area as the 
denominator. Disadvantages include the need for multiple 
measurements during each dialysis, and need for an inde-
pendent measure of V to meet current standards, which are 
measured as Kt/V.

Some authorities have argued that urea is a poor surrogate 
for uremic toxins, suggesting that Kt/V urea is inappropriate 
as a measure of dose [54, 55]. This argument fails to con-
sider that absolute levels of urea are not part of Kt/V and that 
urea is simply a marker for small solute clearance, as noted 
above. Comparison with PD, however, and the development 
of standard Kt/V suggest that a sequestered solute might be 
a better marker [56, 57]. Other solutes too, such as larger (or 
middle) molecules and protein-bound toxins might be more 
representative [58–60], especially for the residual syndrome. 
A comparison among these marker solutes is presented in 
Table 3.9.

Removal of salt and water has been highlighted as an es-
sential part of the dose or prescription [61]. Fluid accumula-
tion between dialyses must be limited by dietary restriction, 
and the excess must be removed during dialysis to prevent 
states of fluid overload and its consequences, including hy-
pertension, pulmonary edema, and death. Rapid removal of 
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Table 3.8  Inflation of the inter-dialysis interval to account for the 
greater efficiency of Kr

Treatments per week Tr (no inflation) Tr (inflated)
2 5040 9500
3 3360 5500
4 2520 3700
5 2016 2700
6 1680 2100
7 1440 1700

Fig. 3.8  Conductivity profiles 
illustrate the online clearance 
method. The upper graph shows 
conductivity in the dialysate 
inflow line during a 3-min in-
crease in the dialysate concen-
tration. The lower line records 
the conductivity response in the 
dialysate outflow line
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fluid, however, has been associated with hypotension and ad-
verse cardiac consequences including arrhythmias and myo-
cardial stunning [62]. Uncontrolled studies have shown that 
these adverse consequences are correlated with the treatment 
time, leading some to recommend that the patient’s treat-
ment time be extended to a minimum of 4 h, regardless of 
Kt/V, and/or that a maximum rate of fluid removal be set at 
10–15 ml/kg body weight [63–65]. These recommendations 
seem reasonable although they require more of the patient’s 
time, and their validity has not been established in controlled 
clinical studies.

Although fluid removal by ultrafiltration during dialysis 
is an essential requirement for most patients, it is not essen-
tial for some. In contrast to solute removal, some uremic 
patients require no fluid removal and conversely, removal 
of fluid alone will never reverse uremia. Fluid accumulation 
is therefore not an essential part of the uremic syndrome, 
and the ultrafiltration component of the dialysis dose must 
be considered adjunctive therapy.

3.13  The Future of Dosing

In view of continued high morbidity and mortality rates and 
failed attempts to improve the outcomes of dialysis patients 
including improved biocompatibility of dialyzer mem-
branes, higher clearances, high-flux dialysis, increases in 
thrice weekly Kt/V, and more frequent or prolonged treat-
ments, it is reasonable to look elsewhere for an explanation 
and question current methods for measuring the dialysis 
dose. Contributions of the native kidney to personal health 
may be subtle and yet to be discovered, perhaps analogous to 
erythropoietin support of red cell mass. Patient comorbidi-
ties, independent of the kidney failure, may contribute to the 
high mortality. Poorly dialyzed solutes such as those listed 
in Table 3.9 may be responsible. However, one must not lose 
sight of the remarkable ability of dialysis to prolong life that 
would end within a few days in an anuric patient. The pro-
longation of life is surely due to removal of small dialyzable 
(urinary) solutes, reducing their concentrations in the patient 
to sub-lethal levels. Dialysis does nothing more than remove 

small solutes by diffusion across a relatively tight semiper-
meable membrane. There is nothing complex or mysterious 
about therapeutic dialysis. Therefore, first and foremost in 
our responsibilities to the patient should be a measure of 
small solute clearance. After that, the field is open to further 
exploration and treatment of the residual syndrome, which 
should be encouraged.
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4Hemodialysis Complications

Nicholas A. Zwang, Sagar U. Nigwekar and David J. R. Steele

4.1  Introduction

Complications related to hemodialysis are frequent. By its 
nature, the hemodialysis procedure attempts to reproduce 
the physiological functions of the kidney on a basic level. 
In doing so, it requires the patient to spend periods of time 
enduring extracorporeal blood circulation, forced ultrafil-
tration, and dialysis of solute by way of exposure to large 
volumes of dialysate. This process is associated with both 
expected and unexpected complications given the circum-
stances of the treatment process.

4.2  Access Complications

Vascular access is known as the “Achilles heel” of dialysis. 
It is the rare dialysis patient who has not undergone access 
revision, thrombectomy, or insertion of a temporary dialy-
sis catheter. Each of these procedures adds to the burden of 
care for dialysis patients and the systems of care that serve 
them. The three main types of long-term dialysis access are 
tunneled catheters, arteriovenous grafts, and arteriovenous 
fistulas. Each carries its own special set of risks and compli-
cations that merit careful attention.

The most expeditious means to achieve vascular access is 
with a hemodialysis catheter. Catheters may be situated via a 
subcutaneous tunnel or may be non-tunneled. The latter are 
not suitable for outpatient use due to higher rates of infec-

tion bleeding and accidental dislodgement. Catheters are the 
least durable mode of dialysis access. Blood flow and clear-
ance rates are often impaired due to thrombosis and adher-
ence of fibrin, and infectious complications are high, ranging 
from exit site infections to systemic bacteremia and sepsis. 
The most common pathogens responsible for catheter-asso-
ciated infections are skin flora, particularly Staphylococcus 
aureus (including methicillin-resistant S. aureus (MRSA)) 
and coagulase-negative species [1]. Prevention strategies 
for catheter-associated infections are important. Catheter 
care with standardized protocols associated with cleansing 
of the catheter exit site and the surrounding skin [2], appli-
cation of maximal sterile barriers when accessing catheters, 
and regular assessment of exit sites by nursing staff are well 
described, although adherence may not always occur [3, 
4]. Intranasal antibacterial applications, such as mupiricon, 
may reduce catheter infections related to some bacterial spe-
cies and are a strategy applied in some settings to reduce 
MRSA-associated infections. Routine catheter exchanges 
over a guidewire are not recommended to prevent infections. 
Application of iodine or antibiotic ointments to catheter exit 
sites is not universally recommended but may help to reduce 
infections in selected patients [5, 6]. Citrate locks, especially 
those containing antibiotics, appear superior to heparin for 
the prevention of catheter-associated bloodstream infection 
without affecting the risk of poor flow or catheter-associated 
thrombosis [7]. Clinicians should have a low threshold to 
draw blood cultures and institute empiric antibiotic therapy 
in febrile dialysis patients with indwelling dialysis catheters. 
According to current Infectious Diseases Society of America 
guidelines, infected catheters can be salvaged with systemic 
antibiotics and antibiotic locks depending on the associated 
organ or can be managed with catheter exchanges [8]. Ap-
propriate management, however, depends on the severity 
of infection. Patients in septic shock with tunneled dialysis 
catheters are best managed with catheter removal and tempo-
rary access placement.

In addition to infection, dialysis catheters frequently fail 
due to mechanical complications. These failures can be a 
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consequence of placement (such as kinking and inadequate 
length) or thrombotic occlusions (including intraluminal 
thrombi and external fibrin sheath formation) [9]. Evidence 
of reduced catheter function includes reduced arterial blood 
flows (below 300 mL/min), and inadequate dialysis (Kt/V 
below 1.2), often associated with negative arterial pressures 
(more negative than 250 mmHg) [10]. First-line strategies to 
treat intraluminal thrombi include thrombolytic agents and 
heparin locks at port sites [11]. When external fibrin sheaths 
form, catheters develop a “valve mechanism” obstructing 
adequate blood flow [12]. Angiography may be necessary 
to visualize the presence of a fibrin sheath. Instillation of 
thrombolytics and catheter exchange over a guidewire with 
mechanical sheath lysis may be required.

The median patency of a tunneled dialysis catheter is 
about 200 days, with a nearly 66 % failure rate at 6 months 
and a median time to catheter-associated infection of 163 
days [12]. For these reasons, it is preferable to initiate dialy-
sis with more durable access in the form of an arteriovenous 
fistula or a (bio)prosthetic graft. These forms of dialysis ac-
cess, however, may be associated with complications of their 
own. Mechanical complications include maturation failure, 
stenoses (either within the access or in contiguous native 
vessels), thrombosis, endovascular infections, aneurysms, 
and bleeding or rupture. Thrombosis is the most common 
complication of grafts and fistulas. For functioning fistulas, 
the 1-year thrombosis rate is about 16 %; about half of the 
fistulas remain patent 2 years after placement [13]. Grafts 
have higher failure rates and require more interventions. Fis-
tulas have higher rates of non-maturation than grafts, which 
may make grafts more suitable in patients with a high like-
lihood of primary access failure or those initiating dialysis 
with a short life expectancy [13]. More recently, a hybrid 
central catheter and prosthetic subcutaneously placed graft 
has become an option to bypass central stenoses in patients 
with a history of difficult or failed access [14].

The practicing nephrologist should examine a patient’s 
access routinely. The “rule of six” may be used to recognize 
a mature fistula: access is a minimum of 6 mm in diameter 
with discernible margins when a tourniquet is in place; is less 
than 6 mm deep to the skin; blood flow exceeds 600 mL/min; 
and there is at least a straight 6 cm segment to cannulate [15]. 
There is strong agreement between abnormalities detected 
on physical examination of dialysis shunts and those con-
firmed angiographically [16, 17]. Routine physical examina-
tion of a dialysis shunt begins with inspection to assess for 
signs of infection, skin changes (shiny taut skin may indicate 
high underlying pressures related to outflow stenosis), and 
pseudoaneurysms [18]. Evaluation should include ausculta-
tion for a continuous bruit and palpation of an adequate thrill 
without hyperpulsatility. A fistula should normally augment 
upon distal occlusion, and failure to do so indicates an inflow 

stenosis; it should collapse upon limb raising, and poor col-
lapsibility indicates an outflow stenosis. Since arteriovenous 
grafts normally have higher pressures than fistulas, arm rais-
ing is not informative for these shunts.

Both fistulas and grafts are susceptible to thrombosis, 
though grafts tend to have higher rates of thrombotic compli-
cations. There are no clearly agreed upon approaches to pri-
mary prophylaxis such as active surveillance for preemptive 
angioplasty or empiric anticoagulation [19]. While access 
thrombosis is common and increased among patients with 
underlying thrombophilias, there is no value to screening 
for inherited thrombophilias [20]. Thrombosis of a fistula, 
unlike a graft, can be associated with dialytic hypotension 
and lower pre-dialysis systolic blood pressures [21]. Declot-
ting procedures are often successful in experienced hands. A 
complication of thrombectomy is thromboembolism [22]. In 
patients with a patent foramen ovale, paradoxical embolism 
has been described, although it is rare [23].

When the clinicians suspect dialysis shunt dysfunction, 
they should assess for recirculation. When venous return to 
the circulation via a fistula or graft is unimpeded, no recir-
culation occurs. When there is resistance to venous return, 
a percentage of blood recirculates to the dialyzer. High 
rates of recirculation may indicate access stenosis or throm-
bosis [24]. Urea-based recirculation is calculated as fol-
lows:( ) ( )serum arterial serum venousBUN BUN / BUN BUN 100%− − × . 
A recirculation greater than 10 % merits additional investi-
gation [25]. As measurement of recirculation by urea-based 
methods can be inconsistent, Doppler ultrasound to detect sa-
line bolus dilution may be used [26]. Measurement of saline 
dilution by online blood volume monitors is another method 
[27]. Measured by this technology, recirculation greater than 
5 % is considered abnormal.

Infectious complications of dialysis fistulae and grafts are 
frequent. Grafts are more prone to infections than fistulae. 
Protocols for prevention of access infection should be rigidly 
enforced in the dialysis setting. Accesses should be washed 
prior to use and sterile procedures should be followed with 
needle placement. Patient education related to sterility is im-
portant. Access infection is associated with hematoma and 
local tissue injury. Buttonhole access sights are prone to in-
fectious complications due to frequency of use and micro-
trauma. Local infections of grafts and fistula may present 
with systemic symptoms (fever, elevated white blood cell 
count, and failure to thrive symptoms) prior to obvious signs 
of local infection. Ultrasound imaging may be helpful to de-
fine a collection in this setting. Erythema, fluctuation, local 
tenderness, and pus draining from needle insertions sites are 
late signs in the process. Indolent infection in a graft or in 
residual components of resected graft material, as a cause for 
bacteremia, may represent a particular diagnostic challenge 
as local signs of infection are often absent in these cases [28].
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4.3  Technical Complications

The major technical components of the hemodialysis proce-
dure relate to the water system, including the dialysate deliv-
ery system, the hemodialysis machine including its hardware 
and software, and the interface with the patient, the tubing, 
and dialysis membrane. All components are multifaceted 
and failure of any one of the mechanical components can 
be serious. In the spirit of primary prevention, hemodialy-
sis care delivery is the subject of close regulatory scrutiny, 
and dialysis relies upon collaboration among physicians and 
highly trained nurses and technicians.

Beyond leak and rupture, dialysis membranes can pre-
cipitate allergic reactions. These reactions are classified as 
either type A (true hypersensitivity or “first use” syndromes) 
or type B (nonspecific clinical syndromes associated with in-
compatibilities between the patient and dialysis membrane) 
[29]. Type B reactions often present with chest or back pain. 
An important illustration of type B reactions is the case of 
polyacrilonitrate (PAN). These PAN dialyzers uniquely pro-
mote bradykinin release, which cannot be metabolized in 
patients taking angiotensin-converting enzyme inhibitors. 
These reactions tend to resolve quickly with cessation of di-
alysis and saline reinfusion.

Type A reactions are true hypersensitivity reactions. Eth-
ylene gas, when used to sterilize dialysis membranes, is one 
of the most common allergens, and skin prick testing can 
demonstrate preformed IgE antibodies [30]. Gamma radia-
tion sterilization has largely superseded the use of ethylene 
gas. The use of biocompatible (e.g., polysulfone membranes) 
as opposed to bio-incompatible membranes (e.g., cellulosic 
membranes) has resulted in fewer membrane-associated al-
lergic phenomena. Typically, dialysis hypersensitivity pro-
voked by a dialyzer membrane begins with complement ac-
tivation. Hypocomplementemia and elevated serum tryptase 
levels may lend support to the diagnosis of a hypersensitivity 
reaction [30]. Membrane-associated leukopenia in the first 
30 min of dialysis, even without an associated hypersensi-
tivity reaction, and platelet activation with thrombocytope-
nia are associated with polysulfone dialyzers (with various 
compositions of polyvinylpyrrolidone and particularly those 
sterilized by electron beam) [31].

A potential approach to managing “first use” dialyzer 
reactions is to reuse dialyzer membranes for the same pa-
tient after appropriate disinfection procedures. While dia-
lyzer reuse decreases costs and may decrease complement-
mediated dialyzer reactions, chemicals used for sterilization 
(bleach, formaldehyde, acetic acid) can be allergenic [32]. 
Inadequate sterilization can lead infectious complications. 
Dialyzer reuse has fallen out of favor by many centers.

Hemolysis may occur due to technical complications re-
lated to the dialysate preparations, and dialysis tubing may 
kink and cause mechanical hemolysis in both cases with po-

tentially serious consequences [33]. Post-pump kinks may 
not trigger either pre-pump or post-pump pressure alarms. 
Small but simultaneous decreases in both arterial and venous 
pressures may indicate a post-pump tubing kink [34].

The dialysis circuit itself must be airtight to prevent the 
introduction of air bubbles that can be the source for embolic 
events. Venous microbubbles can occur [35]. The air trap 
along the arterial circulation input is the first defense against 
large air emboli. Higher rather than lower levels of blood in 
the air trap can help to reduce microemboli [36]. The conse-
quences of air embolism can be severe. Signs of air embolism 
include negative venous pressures, bubbles in the venous air 
trap, chest pain, dyspnea, and hypoxemia [37]. When sus-
pected, one should stop dialysis immediately, apply 100 % 
oxygen, place the patient in the left lateral decubitus position, 
and—in severe cases—consider hyperbaric therapy [38].

Dialysate is highly purified water mixed with a liquid or 
dry concentrate to achieve a desired electrolyte composi-
tion. Since water is the basis for dialysate, water treatment 
to achieve desired component and sterility guidelines is fun-
damental in terms of patient safety [39, 40]. With a dialysate 
flow of 800 mL/min, a typical patient can be exposed to al-
most 200 L of dialysate in a single dialysis session. There-
fore, trace contaminants that are inconsequential for the 
general public take on special significance for the dialysis 
population. Treatment of water from local sources typically 
includes softening, reverse osmosis purification, ultra violet 
(UV) light treatment, ultrafiltration (to remove endotoxin), 
carbon filtration, and often continuous recirculation to pre-
vent growth of bacterial biofilms [41].

Biofilms typically harboring gram-negative organisms, 
such as Pseudomonas, Klebsiella, and Enterobacter species, 
are very difficult to remove once established, and are the 
sources of outbreaks [42]. These outbreaks can lead to severe 
morbidity and mortality from septicemia. Even if bacterial 
growth in biofilms does not cause overt infections, bacte-
ria—both from biofilms and municipal water supplies—pro-
duce endotoxin. Exposure to endotoxin leads to pyogenic re-
actions ranging from uncomplicated fevers to septic shock. 
Importantly, pyogenic reactions due to bacterial or endotoxin 
contamination do not abate with cessation of dialysis [43]. In 
contrast, most dialyzer reactions or pyogenic reactions due 
to chemical contaminations can resolve quickly by stopping 
the dialysis procedure.

The most important chemical contaminants to which 
end-stage renal disease (ESRD) patients may be exposed 
are chloramines, derived from chlorine and ammonia used 
to decontaminate municipal water supplies [44]. Oxidative 
by-products of chloramine induce acute hemolytic anemia 
and methemoglobinemia. Low-grade, chronic chloramine 
exposure can manifest as erythropoietin resistance [45]. Of 
particular importance, carbon filtration but not reverse os-
mosis removes waterborne chloramines. Other contaminants 
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that have caused notable outbreaks include lead, copper, alu-
minum, and sulfates [43].

Whenever an outbreak of infection or pyogenic or hemo-
lytic reactions occur in a dialysis unit, it is essential to review 
water purification procedures in depth and analyze water and 
dialysate samples.

The dialysate potassium prescription receives the closest 
attention from nephrologists and dialysis nurses. Low-potas-
sium dialysate is often needed to treat hyperkalemia. There is 
conflicting evidence whether low-potassium dialysate causes 
increased ectopy or QT interval prolongation, a concern in 
patients who have electrocardiogram (EKG) abnormalities 
due to acute hyperkalemia [46]. Two well-publicized studies 
have shown sudden cardiac death during dialysis after the 
long weekend interval [47, 48]. A proposed explanation for 
these findings has been an increased potassium gradient at 
this time, as ESRD patients are often relatively hyperkalemic 
following the weekend interval. Indeed, there is a correlation 
between low-potassium dialysate and sudden cardiac death 
[49]. Some experts, therefore, advise treatment with graded 
reduction in dialysate potassium for acute hyperkalemia and 
rarely using low (i.e., below 2 mmol/L) potassium dialysate 
for outpatients [50]. In cases of life-threatening hyperkale-
mia, higher-bicarbonate dialysate might help reduce serum 
potassium via transcellular shift [51]. The benefit of bicar-
bonate administration to manage acute hyperkalemia, how-
ever, is unclear [52]. The drawback to this approach is the 
potential for potassium rebound post dialysis.

It is also important to focus on dialysate bicarbonate con-
centrations. The total bicarbonate dose delivered to a patient 
is the sum of dialysate bicarbonate and the acid anion (e.g., 
citrate or acetate) added to the pre-infusion dialysate [53]. 
Addition of these weak acids keeps the dialysate pH below 
7.3, thereby preventing salt precipitation. Citrate and acetate, 
once delivered to the patient, are metabolized to bicarbon-
ate. In this context, epidemiologic studies suggest that higher 
dialysate bicarbonate concentrations may impact outcomes 
[54]. While lower dialysate bicarbonate concentrations in ac-
idotic and catabolic patients may predisose to increased mor-
tality [55]. Therefore, clinicians should interpret pre-dialysis 
serum bicarbonates and dialysate bicarbonate needs, in the 
context of a patient’s general health and nutritional status.

Simplistically, high dialysate sodium leads to salt over-
load and hypertension, just as sodium retention leads to 
hypertension in patients with functioning kidneys. A net 
positive sodium load in dialysis leads to increased serum 
sodium, thirst, and hypertension. This relationship is the 
basis for individualized and profiled sodium prescriptions in 
hemodialysis. The technique of sodium profiling involves a 
stepwise decrease in dialysate concentration over the course 
of dialysis. The rationale for this approach is to deliver hy-
pertonic dialysate early in the session, thereby raising the 

blood pressure to allow for more aggressive ultrafiltration 
[56]. As the session proceeds, dialysate sodium concentra-
tions decrease in order to decrease the net load of sodium 
delivered. This approach may allow for increased ultrafiltra-
tion volume while decreasing dialytic hypotension [57, 58]. 
Observational data indeed show a positive, linear correlation 
between the dialysate and plasma sodium gradient. Many 
patients managed with sodium profiling finish their dialysis 
sessions net positive with respect to sodium [59]. This leads 
to inter-dialytic weight gain due to increased thirst [60, 61]. 
Sodium profiling is not appropriate for the general dialysis 
population but may be useful for selected patients with diffi-
cult-to-manage dialytic hypotension or inter-dialytic weight 
gain [62]. An alternative strategy to sodium modeling is to 
lower or individualize the sodium prescription. Low sodium 
(135 mEq/L for patients with sodium levels less than 137, 
137 mEq/L for patients with sodium levels over 137) has 
been found to decrease pre-dialysis systolic blood pressures 
and intradialytic weight gain [63]. Adjusting dialysate sodi-
um concentration for a patient’s pre-dialysis sodium concen-
tration may be the most physiologic approach and has been 
linked to inter-dialytic weight gain and hypotension [64].

Dialysate calcium concentrations require adjustment 
under certain circumstances, for example, in patients with 
chronic hypocalcemia (e.g., following parathyroidectomy) 
or chronic hypercalcemia (e.g., due calciphylaxis or hy-
perparathyroidism). Dialysate calcium concentrations of 
1.25 mM (2.5 mEq/L) yield negative body calcium balance, 
whereas increased concentrations yield net positive total 
body calcium balance [65, 66]. Higher calcium dialysate 
may induce vasoconstriction, and may be an adjunct to man-
age intradialytic hypotension [67]. Low-calcium dialysate 
may be associated with an increased risk of sudden cardiac 
death [68]. Adjusting dialysate calcium concentrations may 
help manage metabolic bone disease. Decreased dialysate 
concentrations alongside vitamin D therapy can help to de-
crease parathyroid hormone (PTH) and even serum phos-
phate concentrations. Conversely, increased dialysate cal-
cium concentrations might increase PTH and bone turnover 
in patients with adynamic bone disease [69].

4.4  Complications Related to Dialysis 
Treatment

Incident dialysis patients are at risk of acute neurologic com-
plications. The “dialysis disequilibrium syndrome” histori-
cally has been described in highly uremic patients undergo-
ing hemodialysis initiation [70]. In this context, urea (typi-
cally an ineffective osmole) is cleared more rapidly from the 
plasma than from the cerebrospinal fluid (CSF). As a conse-
quence, CSF is transiently hypertonic to plasma, leading to 
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transient cerebral edema until this gradient dissipates. Pa-
tients with dialysis disequilibrium develop symptoms rang-
ing from mild nausea and headache to, in rare circumstances, 
seizure and coma [71]. Attendant cerebral parenchymal ab-
normalities are visible on T2-weighted magnetic resonance 
imaging (MRI) [72]. Rat studies of uremia have shown de-
creased expression of urea transporters but increased aqua-
porin expression, which helps to explain the delayed resolu-
tion of the CSF–plasma urea gradient with attendant diffu-
sion of water into the CSF [73]. Given the pathophysiology 
described, most nephrologists introduce patients—particu-
larly highly uremic patients—to dialysis gradually, unless 
there are life-threatening indications requiring more aggres-
sive dialysis. Many centers also treat incident patients with 
osmotically active agents, such as mannitol, during their first 
several hemodialysis sessions in order to reduce the CSF–
plasma osmolality gradient. The benefits of this practice, 
however, have not been proven definitively.

Dialysis-associated cramping is a common symptom and 
is the most common cause for early sign off from dialysis 
[74]. Rapid ultrafiltration and osmotic shifts during hemodi-
alysis are often implicated in cramping, but the precise un-
derlying neuromuscular mechanisms that cause cramping in 
dialysis are not known. While decreasing ultrafiltration or 
dialysis intensity may improve cramping, these maneuvers 
may lead to under-dialysis [75]. Of the various remedies of-
fered to treat cramping, a meta-analysis suggests that L-car-
nitine supplementation does not improve muscle cramping, 
and the benefits of the antioxidants Vitamin C (which figures 
into carnitine biosynthesis), E, both, or placebo have not been 
established [76, 77]. Historically, two small, randomized 
controlled trials suggested a benefit of quinine, administered 
pre-dialysis, to prevent cramping [78, 79]. Quinine toxicity 
including cinchonism, cardiac arrhythmias, thrombocytope-
nia, hemolytic uremic syndrome, and impaired digoxin and 
warfarin metabolism, limits the utility of this medication. 
For these reasons, the Food and Drug Administration (FDA) 
has warned against this off-label prescribing of quinine to 
treat hemodialysis-associated muscle cramps [75, 80].

Both dialytic hypotension and hypertension can signifi-
cantly interrupt dialysis, limiting adequacy and causing sig-
nificant patient morbidity and even mortality. Dialytic hy-
potension arises from an imbalance between the rates of ul-
trafiltration and capillary refill, resulting in a systolic blood 
pressure drop of more than 20 mmHg or a mean arterial 
pressure (MAP) drop of more than 10 mmHg [81]. This may 
result from autonomic dysregulation, inappropriately low 
dry weight goals, and splanchnic vasodilatation while eat-
ing. Prevention of dialytic hypotension begins with careful 
attention to volume status [82]. In addition to consideration 
of sodium profiling, as discussed above, bicarbonate (but not 
acetate) and increased dialysate calcium may prevent dialyt-

ic hypotension. Some patients require pre-dialysis adminis-
tration of α-1 agonists [83]. Although popular, the technique 
of isolated ultrafiltration followed by hemodialysis appears 
inferior to standard treatment [84]. Another initially popular 
preventative treatment—administration of L-carnitine—ulti-
mately was shown to be ineffective in preventing dialytic 
hypotension [76]. Continued monitoring of noninvasive he-
matocrits measured by optical transmission may be helpful, 
but in a randomized controlled trial there was no benefit to 
preventing dialytic hypotension and increased hospitaliza-
tion and mortality rates [85]. Techniques to treat acute hy-
potension include cooling the dialysate and Trendelenburg 
positioning. Modeling of rates of ultrafiltration is a consid-
eration in certain patients and may be beneficial if individu-
alized. The rates of ultrafiltration have an association with 
dialysis outcomes and rapid rates for fluid removal have 
been associated with adverse outcomes. In this context, the 
risk of all-cause and cardiovascular mortality increases with 
ultrafiltration rates over 10 ml/h/kg and is associated with a 
greater risk of all-cause and cardiovascular death [86].

Less common but equally important, and perhaps more 
difficult to manage, is the problem of dialytic hypertension. 
Frequently, this is a sign of volume overload, and systolic hy-
pertension improves with increased ultrafiltration and adjust-
ment of the estimated dry weight [87]. Other first-line thera-
pies to manage dialytic hypertension include more aggressive 
dietary sodium restriction and decreased dialysate sodium, as 
discussed above [88]. Some patients, however, have underly-
ing neurohormonal dysfunction contributing to their dialytic 
hypertension. While the renin–angiotensin system is often 
implicated, it is not clear that this is always the responsible 
axis [89]. Rather, endothelial dysfunction may be to blame. 
In terms of treatment options, studies using carvedilol have 
shown promise [90], and atenolol appears superior to meto-
prolol to reduce hypertension and morbidity in ESRD pa-
tients with intradialytic resistant hypertension [91].

Cardiovascular complications, particularly chest pain and 
arrhythmias, are common and important occurrences in dial-
ysis patients. The incident rate of atrial fibrillation in dialysis 
initiates may be up to 10 % [92]. Recent data from implant-
able cardioverter defibrillator (ICD) studies have suggested 
that the onset of new atrial fibrillation in ESRD patients oc-
curs more frequently on dialysis than on non-dialysis days 
and, specifically, during dialysis itself [93]. Indeed, older 
studies have found ECG changes in the first 2 h of dialysis, 
including decreased T wave amplitude, increased QRS am-
plitude, and QTc interval changes [94]. When cardiac arrests 
occur in dialysis units, the underlying arrhythmia is usually 
ventricular. Survival among these patients tends to be very 
low: 15 % at 1 year [95]. Thus, it is essential for dialysis units 
to maintain protocols and staff training for evaluation and 
treatment of cardiac arrhythmias on dialysis.
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4.5  Complications Related to Dialysis 
Adequacy

Chronic uremia leads to generalized failure to thrive in ESRD 
patients and to the “malnutrition–inflammation complex 
syndrome” [96]. Such patients are typically hypoalbumin-
emic, and this may be a contributor to cardiovascular mortal-
ity on dialysis [97–99]. Conversely, obese or over-nourished 
patients enjoy some improved survival outcomes [100]. 
Identifying at-risk patients requires a multidisciplinary ap-
proach to assess biochemical, dietary, and anthropomorphic 
factors [101]. A surprisingly simple, targeted intervention is 
to allow dialysis patients to eat during their treatments [102]. 
This approach is not universally accepted, and risks of eating 
during dialysis include aspiration, splanchnic vasodilatation 
causing hypotension, and introduction of microbes into the 
dialysis treatment environment.

The generalized syndrome of dialysis inadequacy, due 
to either technical complications or patient characteristics 
(such as a catabolic, chronically inflamed state), leads to 
several noteworthy complications, chief among which are 
cardiac and neurologic diseases.

Incident dialysis patients are at risk of uremic pericardi-
tis, particularly within the first few weeks of initiation [103]. 
Pericarditis may also develop in prevalent patients and may 
be a marker of inadequate dialysis. While the pathophysiolo-
gy of both conditions is similar—chronic inflammation lead-
ing to a fibrinous exudate—prevalent dialysis pericarditis is 
more difficult to treat. Not all pericarditis in dialysis patients 
is uremic in etiology, and viral and inflammatory etiologies 
may also occur. Intensive hemodialysis is usually the first 
step toward managing uremic pericarditis. If hemodynamic 
compromise due to tamponade is present, pericardiocentesis 
should be performed [104]. Conservative options for patients 
whose pericarditis fails to respond to intensive dialysis are 
limited. Neither nonsteroidal anti-inflammatory medica-
tions [105] nor glucocorticoids are recommended for cases 
that fail to respond to intensive hemodialysis [106]. Rather, 
pericardiocentesis or pericardial window placement is often 
required for refractory cases.

There are many neuromuscular sequelae of chronic ure-
mia in dialysis. Peripheral neuropathy related to length-de-
pendent axonal loss and demyelination can occur [107]. His-
torically, “middle molecules” such as β[beta]2-microglobulin 
and PTH have been implicated in this pathophysiology [108]. 
Prior to the widespread use of high-flux dialyzers, accumu-
lation of large molecules such as β[beta]2-microglobulin 
was an important cause of osteoarthropathy—and constric-
tion neuropathies including spinal stenosis and carpal tun-
nel syndrome—in long-term hemodialysis patients [109]. 
The pathogenesis of β[beta]2-microglobulin amyloidosis re-
quires not only deposition of β[beta]2-microglobulin fibrils 
but also a monocyte-driven inflammatory response. Two 

rare but clinically important neurologic conditions are im-
portant to recognize in hemodialysis patients. First, ischemic 
optic neuropathy is caused by hypotension in patients with 
underlying atherosclerotic disease or calcific uremic arterio-
lopathy [110]. Any hope of treatment requires restoration of 
optic nerve perfusion. Second, ulnar neuropathy is often sub-
clinical and has a prevalence up to 60 % [111]. Many of these 
cases may be attributable simply to arm positioning during 
hemodialysis.

4.6  Medical Comorbidities

4.6.1  Cardiovascular Disease

ESRD patients suffer from many underlying systemic dis-
eases, most commonly hypertension, diabetes, and autoim-
mune conditions. These patients are at high risk of cardio-
vascular disease. There appears to be a relationship between 
inadequate dialysis (defined by Kt/V < 1.2), short treatment 
time (< 210 min), and sudden cardiac death [112]. Data 
show increased mortality with dialysis sessions shorter than 
240 min [113].

“Uremic cardiomyopathy” is a constellation of left ven-
tricular hypertrophy leading to both systolic and diastolic 
dysfunction [114]. Uremia itself, independent of hyperten-
sion, seems to be associated with a cardiomyopathy and 
underlying signaling derangements in cardiomyocytes 
[115–117]. Cardiomyopathy can manifest as left ventricular 
hypertrophy, left ventricular dilatation, and heart failure—
all of which are independently associated with a risk for 
de novo ischemic heart disease [118]. Cardiac MRI studies 
suggest that the underlying pathology is a pattern of fibrosis 
in patients with uremic cardiomyopathy [119]. This cardio-
myopathy is frequently progressive, particularly within the 
first year of starting hemodialysis [120]. Hemodialysis itself 
induces at least temporary myocardial “stunning.” Myocar-
dial blood flow appears to fall during dialysis [121], a find-
ing that correlates with segmental wall motion abnormalities 
[122]. More frequent dialysis sessions with lower ultrafiltra-
tion rates [123] and cooled dialysate [124] may ameliorate 
this problem.

4.6.2  Gastrointestinal (GI) Bleeding

Dialysis patients are particularly at risk for upper GI bleed-
ing. Their rates of upper GI bleeding exceed those of the 
general population, and an episode of GI bleeding carries a 
30-day mortality rate of nearly 12 % [125]. Rates of rebleed-
ing following treatment for peptic ulcer disease are higher in 
dialysis than in non-dialysis patients [126]. Age and dialysis 
vintage are independent risk factors for short-term mortality 
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from upper GI bleeding among ESRD patients [127]. Risk 
factors for incident GI hemorrhage include cardiovascular 
disease, smoking, and generalized deconditioning in the di-
alysis population [128]. An especially important source of 
GI bleeding from any source in dialysis patients is small 
bowel angiodysplastic lesions, which may be obscure and 
require capsule endoscopy [129, 130]. In addition, uremia 
induces platelet dysfunction predisposing ESRD patients to-
ward bleeding [131]. Finally, modality of renal replacement 
is an important consideration in dialysis patients with GI 
bleeding. Patients with hemodynamically significant bleed-
ing frequently require ICU-level care and may not be stable 
enough for hemodialysis. In these cases, sustained low-effi-
ciency dialysis (SLED) or continuous hemofiltration may be 
indicated.

4.6.3  Malignancy

Malignancy—particularly renal cell carcinoma—is an im-
portant consideration in the dialysis population. The inci-
dence of native kidney neoplasms in long-term (10 years or 
more) dialysis patients approaches 3 % [132]. Indeed, older 
dialysis vintage is associated with renal cell carcinoma aris-
ing out of acquired cystic lesions [133, 134]. The logical 
question, therefore, arises whether screening for renal neo-
plasms is warranted [135]. Decision analysis studies have 
suggested that the only population that may benefit from 
such screening approaches are young patients with long (at 

least 25 years) life expectancies [136]. These studies call to 
mind a broader question of whether general population age-
appropriate cancer screening is at all warranted in dialysis 
patients. While age-appropriate cancer screening is appro-
priate for patients who may undergo renal transplantation, 
the decision to screen in other ESRD patients must be made 
on an individualized basis after considering life expectancy 
and the risks of screening [137]. ESRD patients with failed 
kidney transplants require special attention to their risks of 
malignancy, particularly skin cancers in those treated with 
calcineurin inhibitors [138].

4.6.4  Dermatological Complications

A variety of cutaneous conditions are seen in patients with 
hemodialysis. Although many of these conditions (e.g., ec-
chymosis, pruritus) can be seen in non-hemodialysis pa-
tients, when these occur in the setting of hemodialysis a few 
additional considerations apply. These are summarized in 
Table 4.1.

4.7  Infectious Disease Complications

During dialysis, patients are exposed to pathogens on mul-
tiple levels: via the angioaccess, related to community sourc-
es, and potentially although rare due to the dialysate or di-
alysis equipment.

Table 4.1  Special considerations for cutaneous conditions seen in hemodialysis patients
Xerosis Most common dermopathy in hemodialysis

Caused due to atrophy of sebaceous follicles and eccrine glands
Can be a risk factor for ulcerations due to excoriations
Daily local emollient application can be effective treatment

Pruritus Although the exact etiology remains unclear, considerations include inadequate dialysis, abnormalities in 
mineral-bone disorder (e.g., hyperphosphatemia), and xerosis
Oral antihistamines and low-dose gabapentin are effective treatments in addition to emollients for xerosis

Hyperpigmentation Etiology unclear
Sun protection may prevent hyperpigmentation

Ecchymosis Could be related to platelet dysfunction, trauma, or anticoagulant use
Optimizing dialysis adequacy and non-anticoagulant-based treatments for preventing access clots can 
reduce the risk of ecchymosis
In severe cases, maintaining hemoglobin concentration above 10 g/dL, desmopressin, and estrogen therapy 
are indicated

Uremic frost Extremely rare in hemodialysis patients in the modern days
Indicates inadequate dialysis

Nephrogenic systemic fibrosis Declining incidence since the use of non-gadolinium-based agents for magnetic resonance imaging studies
Diagnosis is clinicopathological and requires high index of suspicion and demonstration of dermal fibro-
cyte proliferation on skin biopsy
No effective therapy available; renal transplantation offers the best hope

Calciphylaxis A highly fatal disorder characterized by dermal arteriolar calcification and thrombosis
Hypercalcemia and warfarin therapy could be risk factors
No effective therapy available
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Hepatitis B infection is historically the best known in-
fectious disease complication of hemodialysis although it is 
now rare. This in part relates to almost universal screening 
of all patients at the time of initiation of dialysis and then 
annually. Patients who are hepatitis B surface antibody se-
ronegative are offered vaccination with a series of three or 
four exposures over a 6 month period. Seroconversion is not 
universal in part due to the level of immune suppression en-
gendered for the ESRD chronic disease state.

Non-access-related infection remains a significant prob-
lem for patients with ESRD. Rates of chronic viral infec-
tions, human immunodeficiency virus (HIV), and hepatitis 
C are increased, as are rates of common bacterial infections 
such as pneumonia, urinary tract, and GI infections. Over-
all, infection accounts for approximately 15 % of deaths in 
ESRD patients, and in newly started hemodialysis, patient’s 
infection is a frequent cause of readmission following index 
hospitalization [139]. Rates of pneumonia are five times 
higher and these rates are increased in smokers [140].

Herpes zoster infection is an important problem related in 
part to chronic immune suppression and low immunization 
rates. When treatment is given with antiviral agents, such as 
valacyclovir, dose adjustment for ESRD clearance rates is 
needed [141].

Clostridium difficile infection rates are higher and associ-
ated with high comorbidity levels and low serum albumin. 
Drug dosing should also be adjusted due to low intrinsic 
clearance, and metronidazole dose should be decreased by 
50 % and given post dialysis treatment [142].

Urinary tract infections represent a challenge in hemo-
dialysis patients, particularly in those with low urine output 
and urinary stasis. Pyuria is a common finding and, if as-
sociated with bacteriuria and a clinical syndrome of dysuria 
and fever, should be treated. Pyocystitis is an often over-
looked cause of fever in dialysis patients, and when present 
it requires bladder irrigation in addition to antibiotic therapy. 
Pyelonephritis likewise should be considered both under the 
circumstances of a clinical syndrome with back pain and 
fever and in the asymptomatic patient with fever.

Soft tissue infections related to vascular disease, stasis 
dermatitis, and chronic pruritus are a frequent cause of emer-
gency room visits and hospitalizations, and in the case of 
diabetic patients delay in diagnosis may occur due to under-
lying neuropathy. These cases are associated with the risk of 
limb loss due to underlying vascular disease. In this light, 
frequent diabetic foot checks are mandated hoping for early 
intervention.

Dental infections due to poor oral hygiene and lack of ac-
cess to appropriate dental care are often overlooked. Chronic 
gingivitis and dental caries can contribute to impaired nutri-
tion.

4.8  Disorders of Mineral Metabolism

Metabolic bone disease is an important complication of 
ESRD and encompasses laboratory abnormalities, struc-
tural bone abnormalities, and vascular calcification [143]. 
Laboratory abnormalities include hypocalcemia, hyperphos-
phatemia, hypovitaminosis D, and hyperparathyroidism. Fi-
broblast growth factor 23 (FGF 23) is now recognized as 
one of the earliest detectable abnormalities as the chronic 
disease progresses; however, routine assaying of FGF 23 is 
not routinely indicated for clinical purposes since data are 
insufficient to demonstrate whether targeting a specific level 
of FGF 23 leads to improved patient outcomes [144]. Serum 
levels of calcium and phosphorous should be targeted at the 
normal range, and serum PTH levels should be maintained 
between two to nine times the upper limit of normal [143]. 
The optimal 25-hydroxyvitamin D level for hemodialysis 
patients remains to be defined; however, current expert opin-
ion favors treatment with oral ergocalciferol 50,000 IU (or 
cholecalciferol 10,000 IU) weekly for 8 weeks, followed by 
repeated serum 25-hydroxyvitamin D measurement for pa-
tients with 25-hydroxyvitamin D levels < 30 ng/mL [145]. 
Bone pathology associated with hemodialysis includes ab-
normalities in bone turnover, volume, and mineralization. 
Multiple observational studies have demonstrated that he-
modialysis patients are at an increased risk for fractures; 
however, interventions to reduce this fracture risk have not 
been investigated in rigorous trials [146–149]. Evaluation of 
novel risk factors that predict bone health and fracture risk in 
hemodialysis patients is an area of active investigation [150, 
151], and this will inform the future clinical trials.

Recent attention has also focused on the prognostic sig-
nificance of vascular calcification in hemodialysis patients, 
and various measures of vascular calcification burden (e.g., 
coronary calcification score) have been shown to predict the 
risk of cardiovascular events and mortality in the hemodi-
alysis population [151]. Traditionally, hyperphosphatemia 
and hypercalcemia have been described as significant con-
tributors to vascular calcification; however, multiple other 
factors (both stimulatory and inhibitory) control the active 
calcification process. The current Kidney Disease Improving 
Global Outcomes (KDIGO) guidelines recommend a lateral 
abdominal radiograph to screen for vascular calcification, 
but this recommendation is limited since there is no effective 
intervention to treat vascular calcification in hemodialysis 
patients.

Calciphylaxis is a potentially fatal cutaneous complica-
tion seen in hemodialysis patients. It is characterized by der-
mal arteriolar calcification and thrombosis leading to pain-
ful skin nodules, livedo, and/or ulcerations [152]. Recent 
investigations suggest hypercalcemia and warfarin therapy 
as possible risk factors; however, the studies are limited by 
small sample size [153, 154]. Calciphylaxis has over 60 % 
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1-year mortality and significant morbidity associated with 
nonhealing wounds and pain. A definitive diagnosis requires 
a skin biopsy with evidence of dermal arteriolar calcifica-
tion. Sodium thiosulfate is one of the most commonly used 
treatments; however, evidence to support its efficacy is lim-
ited [155, 156].

4.9  Neuropsychiatric Disease and 
Psychosocial Complications

We have already discussed some of the specific neurologic 
effects of uremia and dialysis. Dialysis is further associated 
with both acute neuropsychiatric consequences and chronic 
conditions owing to mood disturbances, cognitive impair-
ment, and sexual dysfunction.

As with many chronic medical conditions, ESRD is asso-
ciated with an increased prevalence of depression. In fact, the 
rate of depression among patients undergoing hemodialysis 
may be as high as 40 % [157]. Even among incident dialysis 
patients, depression correlates with a 2.7-fold increased risk 
of mortality at 2 years [158]. An association between dialysis 
and mortality persists in meta-analysis, even after control-
ling for other chronic medical comorbidities such as diabe-
tes and cardiovascular disease [159]. Depression and sleep 
impairment are closely correlated, suggesting a modifiable 
target for depressed ESRD patients [160]. Thus, it is impor-
tant to recognize and treat depression in patients treated with 
hemodialysis.

In addition to mood disturbances, ESRD patients are 
prone to a decline in cognitive function. Not only does cog-
nitive dysfunction diminish quality of life but it can also in-
terfere with medication and dietary adherence. In one study, 
80 % of ESRD patients met neuropsychiatric criteria for 
cognitive dysfunction, compared to 50 % of case-matched 
controls. This risk was independent of vascular disease risk 
factors [161]. Surprisingly, there is no clear relationship be-
tween adequacy and cognitive dysfunction [162]. In fact, 
some patients manifest impaired cognitive function after 
routine dialysis sessions [163]. Many of these parameters for 
cognitive dysfunction improve after transplantation [164].

Both men and women with ESRD suffer from sexual 
dysfunction. Eighty-four percent of women with ESRD re-
ported sexual dysfunction [165]. Reported symptoms were 
independently associated with—among other variables—
age, depression, and diabetes. Nearly half of the men on 
hemodialysis reported erectile dysfunction, a condition that 
correlated strongly with depression [166]. Surprisingly, only 
4 % of men with reported erectile dysfunction actually were 
receiving pharmacologic treatment.

Finally, it is important for providers to recognize that 
dialysis is an intensive time commitment for the patient. 
The time required for transportation, dialysis attendance, 

and recovery after the dialysis session are associated with a 
significant financial opportunity cost for the patient. Adher-
ence to a routine dialysis regimen is a job in itself. Often, 
dialysis patients are unable to hold full-time employment 
and require additional government assistance. Alternatives 
forms of renal replacement therapy, such as nocturnal hemo-
dialysis and peritoneal dialysis, can help solve this problem 
for selected patients. Physicians should be sensitive to these 
important financial considerations for dialysis patients.

In this final section, we have explored the spectrum of 
psychosocial complications for patients on hemodialysis, 
ranging from acute dialysis disequilibrium to depression and 
financial disadvantages. These findings illustrate the impor-
tance of assessing the ESRD patient completely, for whom 
nearly every aspect of his or her life and health are affected 
by ESRD.

4.10  Conclusion

The combination of chronically ill patients with high indi-
ces of comorbidity and the complexities of the hemodialysis 
procedure result in risks for many of the complications de-
scribed in this chapter. To an extent, hemodialysis delivery 
represents a form of outpatient intensive care. Awareness of 
the potential for complications and active surveillance as 
part of the dialysis process is necessary to impact complica-
tion rates and optimize the quality of care delivery.
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5.1  Introduction

Dietary intervention is a cornerstone strategy in the manage-
ment of end-stage kidney disease (ESKD). In fact, during 
the 1960s, before dialysis was accepted as a regular form of 
renal replacement therapy, many patients were treated with 
diet alone. The role of the kidneys includes the elimination 
of metabolic waste products as well as maintenance of fluid, 
electrolyte, and hormone homeostasis. Thereby, ESKD re-
quiring renal replacement therapy is associated with a range 
of metabolic and nutritional issues. Undergoing hemodialy-
sis treatment, where only partial replacement of renal func-
tion is possible, the resulting metabolic and nutritional con-
sequences require a range of management approaches.

Potentially significant dietary changes are necessary for 
patients undergoing hemodialysis treatment. The overarch-
ing goals for the nutritional management in hemodialysis 
include:

1. Optimizing nutritional status, including prevention and 
treatment of protein-energy wasting (PEW) and correc-
tion of nutrient deficiency

2. Management of electrolyte and fluid balance

This chapter will briefly address the range of factors that af-
fect nutritional status in ESKD, including the prevalence, 
methods of assessment, and management of the following 
issues:

• PEW
• Electrolyte disturbance
• Fluid balance
• Vitamin and mineral deficiencies

5.2  Protein-Energy Wasting in Hemodialysis

Protein Energy Wasting (PEW) refers to nutritional problems 
related to altered protein and energy metabolism. This is in-
fluenced by two major factors. The first factor is an imbal-
ance between protein and energy intake and requirements, 
attributed to inadequate intake. The second factor is the 
catabolic processes associated with dialysis and metabolic 
consequences of end-stage disease (including inflammation 
and oxidative stress) resulting in accelerated breakdown of 
protein stores. In clinical practice, it may be difficult to sepa-
rate these two processes, which work synergistically while 
exacerbating one another (Fig. 5.1).

The following section will address the prevalence, etiol-
ogy, and methods of assessment and management of PEW in 
hemodialysis.

5.2.1  Prevalence of PEW and Effect of PEW on 
Outcome in Hemodialysis

PEW remains a common issue even in the modern day dialy-
sis patient. As illustrated in Fig. 5.1, approximately 20–60 % 
of patients undergoing hemodialysis around the world may 
have PEW [1–9]. Importantly, we should bear in mind that 
the actual prevalence may be higher, as these data are from 
observational studies that include only those patients who 
are clinically stable.

Nutrients are the substrates for energy, tissue synthesis, 
and metabolism, and are necessary for life. Undernutrition 
and/or micro/macronutrient deficiencies specifically are con-
tributors to the metabolic complications and poor outcomes 
of hemodialysis patients. Most markers of PEW have been 
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associated with poor quality of life, infections, atherosclero-
sis, cardiovascular events, graft rejection, and mortality [1, 2, 
10–12]. Simple markers of nutritional status, such as serum 
albumin, serum prealbumin, and poor appetite, are strongly 
associated with the incidence of hospitalizations [13, 14], 
which impacts health-care costs. Health-care costs for PEW 
hemodialysis patients have been suggested up to threefold 
as compared with non-PEW individuals [13]. Although we 
currently lack of randomized controlled trials targeting PEW 
to reduce hard outcomes in hemodialysis patients, three large 
epidemiological analyses have explored this issue based on 
the potential of providing oral nutritional support to hypo-
albuminemic patients. In one study, hypoalbuminemic indi-
viduals receiving nutritional support had a 34 % reduction 
in 1-year mortality risk as compared to those who did not 
receive it [15]. Nutritional support in persistently hypoal-
buminemic hemodialysis patients reduced hospitalizations 
rates during the subsequent year by approximately 20 % [16] 
versus those who did not receive it. Implementation of a 
protocol to provide nutritional support during hemodialysis 
upon diagnosis of hypoalbuminemia and to maintain albu-
min within normal range associated with 20–30 % reduced 
mortality as compared to similar patients not receiving nu-
tritional support. Despite these reports being observational 
in nature, they provide solid background regarding the im-
portance of ensuring good nutritional status in hemodialysis 
patients.

PEW has short-term impact on mortality, and its conse-
quences are so rapid and devastating that in epidemiological 
studies things that are normally risk factors appear as protec-
tive. A clear example is the association between cholesterol 
and mortality. In hemodialysis patients, a high- rather than 
a low-level of cholesterol associates with improved survival 
[17], which is opposite to the effect observed in the general 
population. When chronic kidney disease (CKD) patients are 
stratified according to the presence/absence of PEW, it is ob-
served that this mortality paradox is seen only in people with 
signs of PEW [17]. The explanation is likely that patients un-
dergoing hemodialysis die of the short-term consequences of 

PEW and do not live long enough to die of cardiovascular 
disease associated with high cholesterol. In this case, high 
cholesterol may actually be a sign of higher fat stores that al-
lows the patient to survive the wasting process longer. A sim-
ilar paradox has been reported repeatedly for obesity [18]; 
dialysis patients are at such high risk of PEW that obesity 
may provide a measure of protection by excess energy store 
to stand the PEW catabolic process. Hyperhomocysteinemia, 
an important cardiovascular risk factor in the general popula-
tion, has also been associated with improved survival in he-
modialysis patients [19]. Again, homocysteine levels in this 
setting may be a reflection of overall better amino acid stores.

5.2.2  Etiology of PEW Is Multifactorial in ESKD

There are a wide range of drivers that affect the nutritional 
and metabolic state in CKD (Fig. 5.2). Understanding the 
features that contribute to the etiology of PEW is critical to 
inform appropriate assessment and treatment strategies. Not 
all of these alterations are directly or fully tackled by ad-
equate nutritional support and will not be discussed in this 
chapter. These include, for instance, inflammation-induced 
hypercatabolism, increased energy expenditure, hormonal 
disorders (such as insulin resistance or growth hormone al-
terations), and poor physical activity and/or frailty. A multi-
faceted therapeutic approach for this complex syndrome is 
therefore necessary.

5.2.2.1  Appetite
Reduced appetite in ESKD is an independent predictor of 
poor outcome [10, 20] and important contributor of PEW, as 
a result of driving an inadequate dietary intake. Appetite dis-
turbance present in ESKD is generally reported between 35 
and 50 % of hemodialysis patients from samples in Europe 
and the USA [10, 12, 20–22]. Appetite is typically driven 
by the endocrine system; however, in hemodialysis patients, 
factors related to the dialysis procedure, alterations in the 
gastrointestinal system, as well as hedonic and social impli-
cations are also important to consider.

Fig. 5.1  Prevalence of protein-
energy wasting in hemodialysis 
populations throughout the 
world
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Appetite hormones and neuropeptides serve to regulate 
hunger to respond with adequate energy intake; however, 
their actions are altered in ESKD. Studies indicate that pa-
tients undergoing dialysis treatment who exhibit appetite 
disturbance show signs of slower eating and report higher 
ratings of fullness prior to meals compared with controls 
[23]. This response has been associated with high circulating 
levels of anorectic hormones (cholecystokinin (CCK), leptin 
and peptide-YY (PYY)) [24, 25] and stimulation of sero-
tonin [26]. To add to this picture of dysregulation, ghrelin, 
an appetite-stimulating hormone, appears to have reduced 
function in ESKD [27]. These appetite hormones, which 
are typically cleared by dialysis, peak prior to a dialysis ses-
sion, resulting in reduced appetite leading up to dialysis [28]. 
Therefore, we see a typical cycling of appetite along dialysis 
days with reduced appetite being common before dialysis 
session [29].

5.2.2.2  Effect of Hedonic Drivers of Food Intake
The food and drink “experience” or hedonic factors driving 
appetite and food intake may be negatively influenced by a 
range of disturbances that manifest in ESKD, both physi-
ological and psychological. CKD changes both smell and 
taste functions, thereby reducing the ability to detect basic 
tastes for salt and bitter, as well as reducing taste sensitivity 
compared with healthy controls [30–32]. Taste is thought to 
be affected in CKD patients by a range of factors, including 
reduced saliva volume and altered composition, as well as 
reduced neural function resulting in impaired activity of taste 
receptors [33]. Other oral manifestations including a high 
prevalence of oral disease, increased uremic by-products, 
buffering, and reduced salivary flow rate increase erosion 
and malocclusion [34]. Such dental problems may create 
chewing or biting problems, interfering with the ability to 

consume a variety of nutrient-dense foods [35]. Hedonic ex-
perience can also be influenced in the setting of hemodialysis 
by a range of psychological factors, including anxiety due to 
past (or present) food restrictions or coping with the disease, 
and presence of depression, which has been demonstrated to 
be a strong driver of appetite in hemodialysis patients [21]. 
These together with a range of social issues, including food 
security [36] and social isolation [37], dialysis patients expe-
rience a range of factors that influence their food experience 
and therefore it is important to consider them in the context 
of nutritional management.

5.2.2.3  Gastrointestinal Disturbance
Gastrointestinal symptoms are also potential contributors to 
PEW observed in ESKD. Prevalent conditions in dialysis pa-
tients include constipation, impaired gastric emptying, and 
motility disorders [38–41]. The pathogenesis of these disor-
ders is largely unknown; however, it may be related to bacte-
rial overgrowth in the small [42] and large [43] intestines. 
This state of “dysbiosis” has been hypothesized in ESRD as 
a driver of increased inflammation and anorexia [43]. In rela-
tion to this, comorbid diabetes may also increase the risk of 
diabetic gastroparesis, resulting in delayed gastric emptying, 
nausea, and prolonged satiety [44]. Nonetheless, the preva-
lence of gastrointestinal symptoms in ESKD patients with 
diabetes does not appear to be any different to the remaining 
ESKD population, although the studies are few [39, 40].

5.2.2.4  Inflammation
Inflammation is a major contributor to PEW and cardiovas-
cular disease in dialysis [45, 46]. ESKD is characterized 
by persistent low-grade, inflammatory state [47]. Increased 
concentration of inflammatory cytokines and adipokines are 
due to both reduced renal clearance and stimulation of in-
creased production [48]. Furthermore, factors that have been 
hypothesized to promote a state of chronic inflammation in 
dialysis patients include membrane bio-incompatibility, co-
morbid conditions, persistent infection, diet, and genetic fac-
tors [48].

Inflammation contributes to PEW as a driver for appe-
tite dysregulation and protein catabolism. Key inflammatory 
cytokines trigger both central and peripheral mechanisms to 
drive appetite regulation [49]. High concentrations of each 
of these cytokines have been reported in the dialysis popula-
tion and are associated with uremic anorexia [10, 50, 51]. 
Furthermore, muscle wasting is a significant consequence of 
chronic inflammation [52, 53]. The action of IL-6 as a result 
of muscle proteolysis appears to stimulate further protein ca-
tabolism [54]. Therefore, the synergistic action of poor appe-
tite and increased muscle wasting resulting from the inflam-
matory cascade represents a key mechanistic driver of PEW. 
Treatment targeting the source of inflammation (i.e., opti-
mizing dialysis therapy, including access and prescription, 

Fig. 5.2  A simple overview of etiology of protein-energy wasting in 
dialysis
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appropriate fluid management, etc.) is critical with nutrition 
interventions having limited success in isolation.

5.2.2.5  Dialysis Procedure
The hemodialysis procedure in itself is a catabolic stimulus: 
Interaction between the blood flowing through the dialysis 
membrane gives rise to an inflammatory cascade, which ap-
pears to be dependent on the dialysis membrane used [55]. 
Furthermore, inflammatory stimuli include limited clearance 
of uremic toxins, particularly protein-bound uremic toxins, 
along with increased gut ischemia leading to increased en-
dotoxemia. Amino acid and protein losses during the dialy-
sis session, together with low nutrient intake, promote low 
nutrient availability for muscle synthesis and acute-phase 
reactant synthesis [56–58]. The consequence is breakdown 
of muscle protein to compensate for these losses [59, 60]. 
Concurrent amino acid supplementation during the dialysis 
session can prevent or reverse these adverse effects [61, 62]. 
Furthermore, optimizing dialysis provision and/or increasing 
the frequency of the dialysis procedure has been associated 
with improvements in nutritional markers [63, 64]; however, 
this has not been confirmed in a subsequent randomized trial 
[65]. Finally, hemodialysis results in a more rapid loss of re-
sidual renal function, which has been shown to relate to rates 
of malnutrition [66]. Proposed mechanisms for this include 
reduced regulation of amino acid metabolism, particularly 
conversion of essential amino acids (phenylalanine to tyro-
sine and glycine to serine), thereby limiting the amino acid 
profile available for protein synthesis [67] .

5.2.2.6  Metabolic Acidosis
Metabolic acidosis is a common consequence of the reduced 
buffering capacity of the kidney in ESKD and an important 
contributor to net protein catabolism and uremic anorexia. 
Correction of acidosis has shown to improve nutritional sta-
tus [68], likely through decreased protein turnover, improved 
appetite, and total protein intake. The mechanism of action 
through decreased protein degradation has been demonstrat-
ed in both hemodialysis [69] and peritoneal dialysis [70].

5.2.3  Assessment of Protein-Energy Wasting in 
Hemodialysis

Systematic screening and assessment of nutritional status is 
essential in the management of hemodialysis patients. The 
key goal of this process is to identify potential nutrition risk 
early (screening) and undertake thorough assessment in 
order to form a diagnosis of PEW and indicate targets for 
intervention, evaluation, and monitoring [71]. An ideal nu-
trition assessment tool should not only predict outcome, but 
also respond to nutritional therapy, without being affected 
by nonnutritional factors. In addition, nutrition assessment in 

hemodialysis must be easily applied in practice, preferably 
achievable during or soon after the dialysis treatment.

However, there is not a single measure that can provide a 
valid assessment of nutritional status; therefore, nutrition as-
sessment is based on a combination of measures. Nutritional 
laboratory biomarkers are and can be influenced by uremic 
retention (and conversely residual renal function), fluid sta-
tus, inflammation (as many nutritional markers also func-
tion as acute-phase reactants), and renal replacement therapy 
(losses into dialysate). Anthropometry and body composition 
tools are affected by fluid status. Careful consideration of all 
these confounding factors must be given before making a 
diagnosis. Given that drivers of PEW are complex and mul-
tifactorial, parameters for assessment therefore need to cap-
ture a range of measures, including body composition, bio-
chemical parameters, and dietary intake [72]. An overview 
of nutrition assessment parameters is provided in Table 5.1.

5.2.3.1  Anthropometry and Body Composition for 
PEW Assessment

Monitoring of weight and body composition is useful to 
identify depleted fat and/or muscle stores; however, the pre-
cision is dependent on the tool used [73]. In general, the most 
clinically applicable tools are the least precise. For example, 
assessment of weight and weight change is a standard rou-
tine practice in the dialysis setting. Weight gain or loss is 
influenced by fluctuations in body water related to breaks in 
dialysis therapy; however, long-term trends of adjustments 
to “dry” or target weight may provide insights into actual 
weight change. Even when the weight change is established, 
it is not known the degree of weight loss from muscle wast-
ing, compared with fat mass. Anthropometric measures in-
cluding skinfold thickness (in particular, triceps and biceps) 
and circumferences (typically mid-arm) are also applicable 
to routine care and may be used together with weight to iden-
tify where weight changes may be coming from. Handgrip 
strength is another clinically applicable tool that can be used 
to assess change in muscle function over time and has been 
shown to be a good predictor of outcome [74, 75].

More advanced methods, including body composition 
instruments, are more likely to be applied in a research situ-
ation rather than in daily practice in the hemodialysis set-
ting. Dual X-ray absorptiometry, total body potassium, and 
total body nitrogen are generally isolated from the research 
setting due to their high cost and limited application to the 
clinical practice setting. Bioimpedance analysis (BIA) tools 
are becoming more common in the routine assessment of nu-
trition status in hemodialysis. BIA relies on several assump-
tions; it is important to use equipment validated for dialysis 
patients and to also account for consistent hydration status. 
As this is constantly variable in the hemodialysis patients, 
it is important to perform this measurement at a consistent 
timeframe, for example, 30 min after dialysis. Longitudinal 
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changes from BIA have been used to predict body cell mass 
in dialysis patients [76] and were associated with morbidity 
and mortality [77].

5.2.3.2  Biochemistry for PEW Assessment
Biochemical parameters are commonly used to estimate di-
etary needs and to monitor nutritional status [78]. However, 
this assessment method requires caution in interpretation. In 
clinically stable hemodialysis patients, protein of nitrogen 
appearance (PNA) can be used to estimate protein intake. 
The total nitrogen appearance of the body should be equal to 
or slightly smaller than the nitrogen intake. Because urea ni-
trogen appearance is highly correlated with total nitrogen ap-
pearance and measurement of total nitrogen losses in urine, 
dialysate, and stool is inconvenient and laborious, regression 
equations to estimate PNA have been developed. In hemo-
dialysis patients, PNA can be calculated by estimating the 
generation of urea nitrogen in blood [79], usually followed 
by normalization (nPNA) by body weight or body weight de-
rived from the urea distribution space. nPNA assessment is 
recommended with a monthly frequency [79]. nPNA would 
not be a valid indicator of protein intake in cases of catabo-
lism, growth/anabolism (children, pregnant women, recover-
ing from an intercurrent illness), or day-to-day changes in 
dietary protein intake. PNA should not be used to evaluate 
nutritional status in isolation, but rather as one of several in-
dependent measures when evaluating nutritional status.

Synthesis of serum proteins commonly used to assess 
nutritional status (albumin, prealbumin, etc.) is directly im-
pacted by inflammation. Therefore, there is a direct inverse 
correlation between serum proteins and serum inflammatory 
markers in dialysis patients [80], rendering the assessment 
of nutrition status using serum proteins problematic. A low 
serum albumin concentration is highly prognostic; however, 
it may not only reflect an acute-phase response, but also be 
the result of fluid overload and dialysate loss. This is also 
reflective of other serum proteins, including pre-albumin, 
transferrin, and retinol-binding protein. Inadequate dietary 
protein intake can affect serum protein in the short term, as 
it decreases the rate of serum protein synthesis [81]. How-
ever, longer term, compensatory shifts in serum protein from 
extravascular to intravascular space occur, thereby limiting 
the value of serum proteins for evaluating nutritional status. 
To overcome some of these limitations, it can be useful to 
evaluate inflammatory markers, such as C-reactive protein 
(CRP), and interdialytic fluid gains to assess the validity of 
these markers for predicting PEW.

Pre-dialysis serum bicarbonate can provide an indication 
of the etiology for PEW. Metabolic acidosis may lead to stim-
ulation of protein breakdown and subsequent muscle wast-
ing, indicated by low serum bicarbonate. However, in the 
event of both low and high pre-dialysis, bicarbonate may be 
indicative of PEW risk. When low, this may indicate severe 
malnutrition due to the lack of endogenous protein [82, 83].

Table 5.1  Overview of parameters used in hemodialysis for assessing protein-energy wasting
Assessment tool Ease of 

measurement
Clinical 
applicability

Considerations

Anthropometry and body composition
Weight and weight change, including BMI High Moderate Does not distinguish body compartments. Dry weight change of 

5 % or more clinically applicable
Lean muscle mass (and/or fat mass) using 
body composition instruments

Low High Tools to assess directly are expensive and not clinically applicable 
(e.g., total body potassium, total body nitrogen); or open to error 
due to indirect measure and body water fluctuations (bioimpedance, 
DEXA)

Anthropometrics including skinfold thick-
ness and mid-arm muscle circumference

Moderate Moderate Require training to optimize validity and reproducibility, low-cost 
and to be undertaken after dialysis session

Handgrip strength High Moderate Measure of muscle function, non-invasive. Evaluation of longitudi-
nal change required

Biochemistry
Serum proteins High Low Inverse relationship with inflammation and hydration status
Inflammation markers Moderate Moderate Indicator of stress response, may decrease protein synthesis and 

raise energy expenditure
Nutrition assessment tools
Subjective global assessment High High Draw on a range of data from medical histories and physical exami-

nation to evaluate overall nutritional statusMalnutrition inflammation score
Dietary intake
Adequacy of protein and energy intake (diet 
history)

Moderate High For reliable data from detailed diet histories require skills and 
training, however, important to evaluate, given the high protein and 
energy requirements in hemodialysis

Adequacy of protein intake (PNA) High Moderate PNA can be calculated by estimating the generation of urea nitro-
gen in blood. Assumes patient is metabolically stable

BMI body mass index, DEXA dual-energy X-ray absorptiometry, PNA protein of nitrogen appearance
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5.2.3.3  Nutrition Assessment Tools for PEW 
Assessment

The most comprehensive nutrition assessment tools to evaluate 
PEW in the hemodialysis setting include the subjective global 
assessment (SGA) and the malnutrition inflammation score 
(MIS) [84]. These tools combine features of a medical his-
tory (e.g., weight change, gastrointestinal symptoms, dietary 
intake change, functional capacity, and in the case of MIS, 
biochemistry) as well as a physical examination (accounting 
for fat and muscle wasting). SGA differs from MIS, by not 
requiring biochemistry, and is also based on a global rating 
rather than a summative score. Both tools have been shown 
to be prognostic indicators of clinical outcome, although may 
not be sensitive to detect small changes over time [85] .

5.2.4  Treatment of Protein-Energy Wasting

Once a nutrition screening and assessment process is in place 
(as detailed in Fig. 5.3), it is critical to be followed up by an 
appropriate management plan to treat PEW, or indeed pre-
vent the exacerbated nutrition risk [71]. The recommended 
energy and protein requirements in hemodialysis are 35 kcal/
kg/day (over 30 kcal/kg/day for > 60 years old) and over 1 g 
protein/kg/day [72, 86]. Most studies demonstrate that these 
targets are rarely met, particularly for protein. In the event 
of PEW, nutrition support is required. There are a number of 
different forms of nutrition support as outlined in Fig. 5.4.

Fig. 5.4  Treatment of protein-
energy wasting algorithm. 
(Adapted from [71])

 

Fig. 5.3  Suggested nutrition screening and assessment parameters for use in hemodialysis
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5.2.4.1  Oral and Enteral Nutritional Supplements
Oral nutritional supplements (ONS) are considered a first-
line treatment for PEW in hemodialysis. In addition to di-
etary counseling to optimize nutritional intake from food, 
ONS can provide an added 7–10 kcal/day and 0.3–0.4 g/
kg protein/day [87]. Provision of ONS to dialysis patients 
has shown improvements in serum albumin, in the order of 
0.23 g/dL [88]. Additional benefits observed have included 
increased body weight [89], lean body mass [90], global nu-
trition status, and quality of life (QOL) [91]. Recent large 
observational studies have demonstrated reduced hospital-
izations [15] and improved survival [16] in hemodialysis 
patients in those who received ONS, compared with patients 
who did not.

ONS are best incorporated into routine intake away 
from main meals and/or provided during a dialysis session. 
Meals and ONS provided on dialysis have several benefits 
including improved protein turnover [61] and compliance, 
and should therefore be considered in all patients at risk of 
PEW [92].

Enteral nutrition, in the form of tube feeding, is an option 
for patients who are unable to tolerate sufficient oral intake. 
This involves nasogastric tubes (through nose to stomach), 
percutaneous endoscopic gastroscopy (PEG, direct to stom-
ach), or jejunostomy tubes (through to the jejunum) [93]. 
Generally, tube feeding would be utilized in the situation of 
comorbid conditions impacting the nutritional status and/
or functional oral intake, including dysphagia or severe an-
orexia.

5.2.4.2  Intradialytic Parenteral Nutrition
Intradialytic parenteral nutrition (IDPN) provides nutrition 
support during the hemodialysis procedure directly via the 
venous access. IDPN is considered when ONS have been 
tried and intake remains considerably inadequate (e.g., 
< 20 kcal/kg/day) [89]. Formations of IDPN come in the 
form of multi- or single macronutrients (dextrose, amino 
acids, and/or lipids) and, therefore, may be somewhat indi-
vidualized for the patients needs [71]. The effectiveness of 
this treatment over any other nutrition support option has yet 
to be demonstrated; however, it is a safe and convenient op-
tion for patients who cannot meet their needs orally.

5.2.4.3  Other Treatments
There are a range of other treatments that warrant consid-
eration, including optimization of dialysis, use of appetite 
stimulants, and growth hormone. Appetite stimulants such 
as megestrol acetate have been evaluated in pilot random-
ized-controlled trials in maintenance hemodialysis patients 
[94, 95]. Although this agent has been shown to improve ap-
petite and food intake, it has been associated with increase 
in body fat, not muscle mass, notwithstanding considerable 
side effects [96]. However, a pilot study in malnourished di-

alysis patients demonstrated improved energy balance with 
subcutaneous ghrelin administration [97]. Finally, small, 
short-term metabolic studies investigating the use of growth 
hormone in maintenance hemodialysis have demonstrated an 
indication for achieving positive nitrogen balance (reviewed 
in [71]). However, important consideration into side effects 
of growth hormone, including hyperglycemia and acromeg-
aly, has prevented its approval for treatment of PEW in the 
maintenance hemodialysis population. This is an area which 
is likely to receive increasing attention, in addition to agents 
targeting inflammation and gut microbiota in the prevention 
and treatment of PEW in hemodialysis.

5.3  Electrolyte Disturbance

5.3.1  Hyperkalemia

Disturbance in potassium balance is a management challenge 
in kidney disease, in particular, for anuric patients receiving 
hemodialysis treatment. While a small percentage is chroni-
cally hypokalemic, hyperkalemia is by far the more common 
disturbance of potassium homeostasis. Hyperkalemia is po-
tentially life threatening with muscular cells highly sensitive 
to changes in intracellular concentrations of potassium, pre-
cipitating muscle weakening, paralysis, and potentially fatal 
arrhythmias[98]. Hyperkalemia is a risk factor for sudden 
cardiac death, the leading cause of mortality in hemodialysis 
patients [99], and is associated with a twofold risk of all-
cause and cardiovascular mortality [100].

There are a number of different causes of elevated serum 
potassium, many of which are not diet related. Common 
causes in the dialysis population include acute infection, 
medications such as angiotensin-converting-enzyme inhibi-
tors and non-steroidal anti-inflammatory agents, and factors 
that may indirectly be related to suboptimal nutrition, includ-
ing metabolic acidosis, increased catabolism, poor glycemic 
control, and constipation.

5.3.1.1  Assessment of Hyperkalemia
Hyperkalemia, categorized as mild or moderate (serum po-
tassium 5.5–6.5 mEq/L) to severe (> 6.5 mEq/L), is often 
asymptomatic and detection generally relies on biochemical 
tests, or electrocardiography, in the acute setting. An under-
standing of the underlying cause of hyperkalemia is needed 
when considering treatment options to avoid any unneces-
sary dietary restrictions in this population already at high risk 
of malnutrition. For instance, hyperkalemia can also occur 
in situations of underdialysis or alterations in the gastroin-
testinal (GI) tract (site of potassium elimination). Steroids, 
ACEIs, and potassium-sparing diuretics may raise potassium 
levels. Acidosis and hyperglycemia promote loss of intracel-
lular potassium and raise potassium levels.
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A diet history targeting sources of potassium is a method 
for determining whether diet may be the primary or a con-
tributory cause of hyperkalemia. Identification of total potas-
sium intake as well as the sources of high potassium foods is 
needed for targeted intervention. Food frequency question-
naires using a checklist of high potassium foods, as exem-
plified in Table 5.2, may also add to the dietary assessment. 
This technique may assist patient recall of high potassium 
foods consumed less frequently although potentially in high 
quantities, contributing to the unexplained occasional hyper-
kalemia.

Twenty-four-hour urine tests are another method of as-
sessing potassium intake, although logistics including time-
liness and patient burden limits its clinical applicability.

5.3.1.2  Management of Hyperkalemia
In the case of hyperkalemia where diet has been identified as 
a contributing factor, limiting intake of high potassium foods 
is recommended as the first-line intervention. This generally 
precedes medical treatments such as potassium exchange 
resins and changes to the concentration of the dialysis bath. 
As a guide, limiting potassium intake to 1 mmol/kg of ideal 
body weight through education on potassium sources and 
individualizing meal plans may help in the treatment or pre-
vention of hyperkalemia.

Depending on the resources available, however, interven-
tion can be as basic as providing patients with lists of high, 
medium, and low foods from each food group with the rec-
ommendation of avoiding foods from the “high” category. 

Only reputable food lists obtained from government agen-
cies should be used, many of which are freely accessible and 
reviewed by qualified dieticians [101]. It is important that 
dialysis patients do not exclude any food groups from their 
diet (including fruit and vegetables), instead select the lower 
potassium options within each food group. Following this 
method limits the risk of malnutrition, nutrient deficiencies, 
and enhances patient satisfaction.

Individualized counseling with a qualified dietitian is the 
gold standard diet intervention for hyperkalemia. This man-
agement strategy allows recommendations to be tailored to 
patients’ normal diet intakes, enhancing patient knowledge 
and compliance. In specific dialysis populations, generally 
younger patients, up-skilling using a potassium point system 
may be an effective strategy. Patients are given a daily po-
tassium allowance (calculated based on 1 mmol/kg) and are 
educated on individual foods’ potassium contents. This tech-
nique promotes patient autonomy, allowing patients to select 
how they use their daily allowance of potassium. Nonethe-
less, the lack of mandatory labeling for potassium on nutri-
tion information panels is a major barrier for many patients.

Food preparation techniques including soaking and boil-
ing have been shown to decrease the potassium content by 
up to 70 % in some foods [102]. However, it is important to 
consider the loss of other water-soluble nutrients when rec-
ommending this technique.

5.3.1.3  Key Management Strategies

1. Dietary counseling
a. Limiting foods from the high potassium category (see 

Table 5.2)
b. Potassium point system (higher level knowledge)

2. Food preparation techniques
3. Potassium exchange resins
4. Adjusting concentration of dialysis bath

5.3.2  Hyperphosphatemia

The kidneys play a vital role in mineral metabolism, main-
taining homeostasis between serum and tissue stores of es-
sential minerals including phosphorus. The kidney’s ability 
to excrete phosphorous is progressively compromised with 
deterioration in kidney function leading to hypophosphate-
mia and hormonal disturbances. This presents as CKD-min-
eral and bone disorder (CKD-MBD), which encompasses 
mineral, bone, and extra skeletal (vascular) abnormalities. 
Despite a lack of intervention studies linking phosphorous 
manipulation to clinical outcomes, the strength of observa-
tional and experimental data has warranted the development 
of guidelines for phosphorous control [103].

Table 5.2  Example of a simple potassium food guide
High (> 5 mmol/servea) Medium 

(3–5 mmol/
servea)

Low (≤ 2 mmol/
servea)

Fruit
Banana Pear Canned fruit 

(drained)
Fruit mixes (fresh juice/
dried)

Melon Berries

Peach Plum Rhubarb
Vegetables
Starchy vegetables Broccoli Asparagus
Tomato Carrot Peas
Avocado Silver beet Lettuce
Dairy
Cow, butter and soy 
milk

Ice cream Cheese

Yogurt Creamed rice Rice milk
Extra foods
Iced coffee Liquorice Oatmeal/plain 

biscuits
Worcestershire sauce Chocolate Plain muesli bars

Unit conversion: 1 mmol potassium = 39 mg potassium
a Based on standard portion size
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5.3.2.1  Assessment of Hyperphosphatemia
Routine blood tests are used to measure phosphorous, 
with KDIGO guidelines recommending a target below 
1.6 mmol/L (see Table 5.3). Test results should be based on 
trends rather than single laboratory values when determining 
the need for intervention. In the short term, significant eleva-
tion of phosphorous may present as severe itchiness, while 
long-term elevation can manifest in visible calcification de-
posits in bones and joints of extremities.

There are two main forms of dietary phosphorous, or-
ganic and inorganic phosphorous, which need to be targeted 
in diet history assessments (whether diet history records or 
food frequency questionnaires are employed). Sources of 
organic phosphorus include animal products such as dairy, 
meat, fish, and eggs, as well as plant foods such as whole 
grains, legumes, and nuts. Inorganic phosphorus is found 
primarily in processed foods in the form of food additives 
for a range of properties including anticaking, leavening, 
emulsification, flavor enhancement, and color and moisture 
retention. The phosphorus content of foods is determined not 
only by the total amount but also by the bioavailability of 
the phosphorous. Organic phosphorus from plant and animal 
sources is absorbed at a rate of 20–40 and 40–60 %, respec-
tively, while inorganic forms of phosphorus are thought to be 
absorbed between 90 and 100 % [104] (see Table 5.4 for a list 
of common phosphorous-based food additives).

5.3.2.2  Management of Hyperphosphatemia
The National Kidney Foundation-Kidney Disease Outcomes 
Quality Initiative (NKF-KDOQI) guidelines and the Euro-
pean Best Practice Guidelines recommend daily phospho-
rus intake of 800–1000 mg/day for patients on maintenance 
hemodialysis therapy. However, intakes adjusted to dietary 
protein requirements (10–12 mg/g protein) may be more ap-
propriate for patients with higher protein needs [105].

Dietary restrictions must be carefully recommended and 
followed up because limiting naturally rich phosphorus 
foods can increase the risk of undernutrition and low pro-
tein intake [106]. Restriction should be directed toward pro-
cessed foods with phosphorous-based additives. This should 
be the first-line intervention because of the high bioavailabil-
ity of the phosphorous additives in addition to the low nutri-
ent density of most processed foods. Educating patients to 
identify phosphorous-based additives on the food ingredient 
lists is an effective strategy shown to lower serum phospho-
rous levels [107]. This strategy is becoming more important 
with the increasing use of phosphorus-based additives in the 
food supply [107]. A barrier to this strategy, however, is that 
phosphorus listing on the nutrition panel is not mandated. In 
addition, the ingredient list commonly reports additives as 
E-numbers instead of names in much of Europe and other 
non-US countries. This makes it difficult to determine which 
foods contain phosphorus additives. The name and E-num-
ber for each of the 18 commonly used additives are provided 
in Table 5.4 [108].

Often a simplified message of promoting home-cooked 
meals from fresh ingredients and limiting processed and 
takeaway foods is a more practical approach to achieve re-
striction of phosphorous additives. Food preparation tech-
niques including boiling have been shown to decrease the 
phosphorus content considerably [109]. However, again, it 
is important to consider the loss of other water-soluble nutri-
ents when recommending this technique.

The next line strategy is to ensure that a low phospho-
rus to protein ratio is adopted and/or dietary protein is not 
excessive (e.g., < 1.5 g/kg, see dietary protein guidelines in 
Table 5.5). One strategy to balance the phosphorous intake 
without compromising on protein is to limit high phosphorus 
to protein ratio foods. Ideally, foods with ratios of 12–16 mg 

Table 5.3  Guideline recommendations for dietary intake on hemodi-
alysis
Nutrient Guideline recommendation
Energy [86] 35 kcal/kg

30–35 kcal/kg > 60 years
Protein [86] For clinically and weight stable patients aim for 

at least 1.2 g/kg of ideal body weight/day protein
Sodium [86] Less than 2.3 g/day (or < 100 mmol/day)
Fluid [86] Target range: 500 mL plus previous day urine 

output
Phosphate [103] Target range: < 1.6 mEq/L

Phosphorus intake of 800–1000 mg/day and 
aiming for 10–12 mg/g

Potassium [86] Target range: Potassium 3.5–5.5 mEq/L
Low potassium diet: individualized, 
approximately 40 mg/kg IBW or adjusted 
weight [141]

E-number Additive name E-number Additive name
101 Riboflavin 452 Polyphosphates
322 Lecithins 541 Sodium aluminum phosphate acidic
338 Phosphoric acid 627 Disodium guanylate
339 Sodium phosphates 631 Disodium inosinate
340 Potassium phosphates 635 Disodium 5′-ribonucleotides
341 Calcium phosphates 1410 Monostarch phosphate
343 Magnesium phosphates 1412 Distarch phosphate
442 Ammonium phosphatides 1413 Phosphated distarch phosphate
450 Diphosphates 1414 Acetylated distarch phosphate
451 Triphosphates 1442 Hydroxy propyl distarch phosphate

Table 5.4  Common phospho-
rous-based food additives
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of phosphorous to 1 g of protein are recommended [110]. It 
is important to note, however, that more restrictive prescrip-
tion of dietary phosphate is associated with poorer indices of 
nutritional status and, therefore, it is paramount that patients 
are given clear messages not to overrestrict protein intakes 
to achieve phosphate targets [111]. Phosphorous from plant 
sources, such as whole grains, is not essential to restrict due 
to the importance of their dietary fiber, vitamin and mineral 
content, and the low bioavailability of plant-based phospho-
rus. Suggestions of typically ingested foods according to 
phosphorus/protein content are listed in Table 5.5.

Despite optimal dietary management, phosphate bind-
ers remain a common adjunct therapy. There are different 
types of phosphate binders on the market, which vary in cost, 
although the data to date do not support superiority of the 
more expensive novel non-calcium binding agents [112]. 
To enhance the effectiveness of this medication, educating 
patients on matching their binder medication to the phos-
phorous load of their meals can improve serum levels [113]. 
Although this self-adjusting binder technique promotes au-
tonomy, limits dietary restrictions, and enhances patient sat-
isfaction, it is time intensive to implement and is restricted 
by patients’ cognitive capacity. Another important, but often 
overlooked, point is to ensure that patients are taken binders 
appropriately, such as timing at the start of meals.

5.3.2.3  Key Management Strategies

1. Restrict phosphorous-based additives
a. Promotion of fresh food is best
b. Check ingredient lists for phosphorous-based addi-

tives (higher level knowledge)
2. Ensure dietary protein is not excessive (see protein guide-

lines)
3. Limit foods with high phosphorus: protein ratios
4. Phosphate binder prescription

a. Ensure appropriate use and compliance to binders
b. Self-adjusting binder education (higher level knowl-

edge)

5.3.3  Fluid Balance

Fluid overload is highly prevalent in dialysis patients. In 
fact, acute fluid overload is a common cause for not only 
emergency dialysis but also hospital admissions manifesting 
as heart failure and pulmonary edema. This contributes a sig-
nificant cost burden on the health-care system [114]. Chronic 
hypervolemia is thought to be the cause of at least 80 % of 
all hypertension in dialysis patients [115]. Furthermore, fluid 
overload is closely linked to markers of cardiovascular dis-
ease and stroke, the leading cause of morbidity and mortality 
in this population. In addition, removal of excessive fluid 
during dialysis requires high ultrafiltration rates, leading to 
an increased risk of hypotensive episodes and cramps.

5.3.3.1  Assessment
There is a lack of consensus on the definition for excessive 
fluid gains, termed interdialytic weight gain (IDWG). Ex-
cessive IDWG may be defined using an absolute amount 
(i.e., 2–5 kg) or a percentage of the individual’s body weight 
(usually 4 %). Due to the lack of consensus surrounding the 
recommended cutoffs, it is important to develop and com-
municate local policies and standards based on the dialysis 
unit, or individual patient, accounting to comorbidities. Fur-
thermore, despite the existence of many assessment tools, no 
single method has emerged as a gold standard.

The average IDWG from six consecutive sessions (over 
a 2-week period) is generally used to determine compliance 
to fluid restrictions. Peripheral edema, hypertension, and vis-
ible distension of jugular veins are commonly used in the 
clinical setting to determine fluid overload.

Biochemical assessment of sodium is a poor indicator of 
hydration due to the body’s tight control of this parameter. 
There are a series of serum natriuretic peptides that hold 
promise as prognostic biomarkers of fluid status, although 
to date their lack of specificity limits utilization in practice 
[115].

Table 5.5  Phosphorous-to-protein ratio of selected food items [2]
Food Phosphorous-to-protein ratio
Seafood
Orange roughy fish 4.5
Tuna, canned in water 6.4
Lobster 9.0
Salmon, sockeye 10.0
Crab, blue 10.2
Rainbow trout 11.0
Chicken egg
Egg white 1.4
Egg substitute 10.1
Whole egg 13.3
Egg yolk 24.7
Meat
Lamb 6.3
Beef (excludes organ meats) 7.0
Chicken breast 7.5
Pork (excludes organ meats) 9.3
Frankfurter, beef 14.1
Chicken liver 16.5
Dairy
Cream cheese 16.7
Soymilk 17.4
Cheddar cheese 20.4
Milk, low fat (2 %) 28.3
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Bioimpedance analysis is another method that has shown 
to be useful for determining fluid status, although most of 
the validation studies have been undertaken in the nonuremic 
population. Nonetheless, recent studies have demonstrated 
that clinical decision-making based on hydration manage-
ment from bioimpedance resulted in improved management 
and reduced cardiovascular markers such as arterial stiffness 
and all-cause mortality [116].

More invasive measures of chronic fluid overload that 
offer good prognosis for cardiovascular risk include left ven-
tricular dysfunction and hypertrophy from echocardiogram 
or cardiac magnetic resonance imaging.

5.3.3.2  Management
Most patients’ fluid intakes are limited to 0.5 L fluid/day 
(plus a quantity equal to any residual urine output). How-
ever, prescribing a fluid allowance without a sodium restric-
tion is futile, with thirst strongly linked to sodium intake. 
In fact, for every 8 g of salt, 1 L of fluid is required to meet 
the associated thirst [117]. Therefore, compliance to sodium 
guidelines of less than 6 g of salt/day (equivalent of 2 g so-
dium) is fundamental for achieving fluid control.

Patients often fear salt restricted diets due to their asso-
ciation with bland, un-pleasurable food. Identified barriers 
to adherence to a salt restrictive diet are (a) perceived taste/
palatability of low-sodium foods, (b) convenience/difficulty 
(e.g., time, availability of low-sodium foods, interference 
with socialization, and cost) or, (c) lack of knowledge or 
understanding (e.g., lack of perceived benefit and inability 
to identify low-sodium foods). For this reason, it is impor-
tant to begin any sodium dietary education with reassuring 
patients of sodium’s acquired taste and, thus, slow decreases 
over time lead to increased salt sensitivity. With this in mind, 
it is important that realistic goals are set and sodium reduc-
tion occurs gradually over several months.

Bread, baked products, pre-cooked foods, and sausages 
are the most common sources of sodium in a Western diet 
besides the salt added to meals. Most of the sodium (75 %) 
comes from processed foods and, therefore, advocating for 
fresh, unprocessed food should underpin all sodium educa-
tion. Other principles such as not adding salt to cooking, 
but instead utilizing other salt-free flavors and spices such 
as garlic, freshly ground pepper, and dry mustard powder, 
can enhance compliance without compromising flavor. Cau-
tion should also be given against using salt substitutes due 
to their high potassium content. Fortunately, there is man-
datory labeling of sodium on nutrition information panels, 
enhancing the transparency for patients. As a general rule, 
foods with more than 120 mg of sodium per 100 g should 
be limited, and the importance of checking-specific brands 
is also apparent, with some brands containing several fold 
more sodium for equivalent food products [118]. Individual-
ized counseling with a qualified dietitian remains the gold 

standard. This allows for patient-specific recommendations 
of food alternatives based on the patient’s reported diet his-
tory. This method maybe perceived as less overwhelming for 
patients who struggle with adjusting their dietary habits.

Clearing up myths is another important strategy to in-
crease patient awareness. Common myths include the need 
for extra salt in hotter months as well as for preventing dial-
ysis-associated cramps.

Once patients have a grasp on sodium restrictions, educa-
tion on what constitutes a fluid becomes more relevant. Any-
thing that forms a liquid at mouth temperature or even foods 
with high fluid contents, such as rice and melon fruits, should 
be considered in fluid allowances. There are a number of 
government approved resources available which offer practi-
cal tips including the use of peppermints or slices of lemon 
to stimulate saliva flow, as well as freezing some of the fluid 
allowance to extend its thirst-quenching capacity [101].

5.3.3.3  Key Management Strategies

1. Limiting processed foods
2. Replacing salt in cooking with other flavors and spices
3. Reading food labels (higher level knowledge)
4. Choosing lower salt food options within each food group
5. Dispelling sodium myths
6. Educating on what constitutes a fluid
7. Practical tips for fluid management

a. Stimulating saliva
b. Extending fluid allowance

5.3.4  Vitamins and Trace Elements

There are a range of factors that contribute to vitamin and 
mineral disturbances common in the hemodialysis popula-
tion, which manifest as both primary and secondary deficien-
cies. Primary causes, defined by low nutrient intakes, may 
result from symptoms of anorexia, taste changes, as well as 
the burden of potassium and oxalate dietary restrictions. Sec-
ondary causes include medication interactions, particularly 
with phosphate binders; enhanced gastrointestinal malab-
sorption, possibly relating to gut edema; altered kidney and 
cellular synthesis and metabolism, specifically with vitamin 
D; and the significant loss of water-soluble vitamins in di-
alysate. Toxicity from vitamin and trace elementals is also 
a concern in this population due to their limited clearance, 
particularly in anuric patients.

Studies have reported that more than 90 % of maintenance 
hemodialysis patients exhibit some level of vitamin abnor-
mality [119] and similar prevalences have been observed 
with trace elements, particularly in anemic patients [120].

The literature linking vitamin and elemental supplemen-
tation with clinically relevant outcomes is sparse. One prom-
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inent observation study, which has led to a significant uptake 
in routine supplementation, demonstrated that patients who 
consumed water-soluble vitamins had better nutrition sta-
tus, in addition to a 16 % decrease in mortality, compared to 
those who did not [121]. Importantly, the benefit of vitamin 
supplementation persisted even after adjusting for traditional 
risk factors such as age, gender, race, body mass index, and 
other potential confounders.

Nonetheless, the importance of undertaking prospective 
intervention studies to confirm this association is clear. This 
has been highlighted by the disappointing results of a num-
ber of intervention studies demonstrating a lack of efficacy 
for homocysteine lowering therapy (through vitamin B sup-
plementation) on clinical outcomes, despite initial promise 
suggested in observation studies [122].

5.3.4.1  Assessment
The hemodialysis population’s complex biochemistry and 
nutrient metabolism limit the application of the recommend-
ed dietary intake (RDI) reference values which are targeted 
at the general population [123]. This shortcoming makes as-
sessment of nutritional adequacy an ongoing challenge for 
dialysis patients. In addition, the lack of consensus on opti-
mal methods to assess nutritional status for many vitamins 
and minerals further compounds the issue.

Nonetheless, the European Renal Association in conjunc-
tion with the European Dietitian and Transplant Nurses As-
sociation (ERA-EDTNA) has published recommendations 
for nutrient adequacy in the dialysis population [124]. The 
ERA-EDTNA make clear the distinction, however, between 
their recommendations based on expert opinion and clini-
cal guidelines, which have been hampered by the lack of re-
search in this area.

There are large differences in the distribution and size of 
body stores between nutrients and, therefore, assessment of 
adequacy requires a range of techniques. Common methods 
include (1) dietary intake, (2) serum or plasma concentra-
tion, (3) urine concentration, and (4) enzymatic activity. In 
addition, clinical manifestations of deficiency or toxicity, 
particularly where early signs are well defined, may offer 
better insight into overall body adequacy. In fact, the ERA-
EDTNA have suggested that zinc supplementation should 
be given in the case of chronic inadequate protein/energy 
intakes with physical symptoms evoking signs of zinc de-
ficiency (such as impaired taste or smell, skin fragility, and 
peripheral neuropathy), rather than relying solely on serum 
measures.

There are a number of robust, non-invasive techniques for 
measuring vitamins including erythrocyte transketolase ac-
tivity coefficients (ETK-AC) (thiamine adequacy) and eryth-
rocyte glutamic pyruvic transaminase (EGPT) activity (pyri-
doxine adequacy) [125]. Unfortunately, the complexity and 
cost associated with these biochemical measures limits the 
translation into routine clinical care in many dialysis units.

5.3.4.2  Management
Following a balanced diet is the preferred method to achieve 
recommended nutrient intakes as it limits not only the risk of 
toxicity that presents with taking commercial supplements 
but also the interaction between nutrients. For example, iron 
supplements have been shown to promote zinc deficiencies 
through inhibiting absorption [124].

The significant impact of dietary intake on nutrient ad-
equacy in hemodialysis patients was demonstrated in a 
study that compared the vitamin intake of patients reliant on 
processed foods with those relied on traditional meals, and 
found the former group were significantly lower, particularly 
in B6 and folic acid [126].

Nonetheless, dietary intakes are often insufficient to meet 
the increased needs of many vitamins and trace elements in 
this population, as outlined in Table 5.6.

5.3.4.3  Vitamin Supplementation
The ERA-EDTNA working group is the only body to pro-
vide recommendations on a compressive list of vitamin and 
mineral supplementations, with many other groups opting 
against due to the lack of evidence in this area [127]. Since 
the inception of these recommendations in 2007, there has 
only been one significant change. The ERA-EDTNA’s rec-
ommendation for vitamin E supplementation (400–800 IU/
day) was based on the findings of a high-impact study which 
demonstrated that α-tocopherol supplementation in mainte-
nance hemodialysis prevented vascular events [128]. Unfor-
tunately, subsequent studies, including Heart Outcomes Pre-
vention Evaluation (HOPE) [129] and HOPE-The Ongoing 
Outcomes (HOPE-TOO), have not only showed no benefit 
but also a possible risk for heart failure with vitamin E sup-
plementation [130]. For this reason, prudence dictates that 
recommendations for supplementation of vitamin E should 
be withdrawn until further research is undertaken.

Vitamin D is unique to the other fat-soluble vitamins in 
that its metabolism, bioactivity, and supplementation re-
quirements are dependent on phosphocalcic metabolism and 
bone status. For this reason, clinical guidelines recommend 
vitamin D supplementation should be individualized [131].

Due to the limited clearance of fat-soluble vitamins, tox-
icity from this group poses a significant risk. Irrespective of 
that, caution in supplementing water-soluble vitamins, such 
as vitamin C, can also be detrimental, with levels well below 
what is considered toxic in the general population, proving 
to be harmful [132].

5.3.4.4  Trace—Element Supplementation
Like vitamin D, the need for iron supplementation is variable 
and depends on a number factors including hemoglobin lev-
els and the use of erythropoiesis-stimulating agents. There-
fore, guidelines recommend routine evaluation and individu-
alized management of iron stores should be followed, with 
supplementation in the form of intravenous iron if needed.
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RDA/AIa 19–50 years Recommended supplemen-
tation on hemodialysis

RDI/AI recom-
mended (%)

Food sources Toxicityb

Water-soluble vitamins
Thiamine (B1) 1.2 mg (male);

1.1 mg (female)
1.1–1.2 mg 100 Enriched, fortified, or whole-

grain products, including 
ready-to-eat cereals

No

Riboflavin (B2) 1.3 mg (male);
1.1 mg (female)

1.1–1.3 mg 100 Organ meats, milk, bread 
products and fortified cereals

No

Pyridoxine (B6) 1.3 mg
≥ 50 years:
1.7 mg (male)
1.5 mg (female)

10 mg > 700 Fortified cereals, organ meats, 
fortified soy-based meat 
substitutes

Yes

Ascorbic acid (C) 90 mg (male);
75 mg (female)

75–90 mg 100 Citrus fruits, tomatoes, 
potatoes, Brussel sprouts, cau-
liflower, broccoli, strawberries

Yes

Folic acid (B9) 400 µg 1 mg 250 Enriched cereal grains and 
breads, dark leafy vegetables, 
fortified ready-to-eat cereals

Yes

Cobalamin (B12) 2.4 µg 2.4 µg 100 Fortified cereals, organ meats, 
fortified soy-based meat 
substitutes

No

Niacin (B3, nicotin-
amide, nicotinic acid)

16 mg (males);
14 mg (females)

14–16 mg 100 Meat, fish, poultry, enriched 
and wholegrain breads and 
bread products, fortified 
ready-to-eat cereals

Yes

Biotin (B8) 30 µga 30 mg 100 Liver and smaller amounts in 
fruits and meats

No

Pantothenic acid (B5) 5 mga 5 mg 100 Chicken, beef, potatoes, oats, 
cereals, tomato products, liver, 
kidney, egg yolk, broccoli, 
whole grains

No

Fat-soluble vitamins
Retinol (A) 900 µg (males);

700 µg (females)
Nil n/a Liver, dairy products, fish, 

darkly colored fruits, leafy 
vegetables

Yes

Alpha-tocopherol (E) 15 mg Up to RDA if deficiency 
exists

n/a Vegetable oils, unprocessed 
cereal grains, nuts, fruits, 
vegetables, meats

Yes

Vitamin K 120 µga (male);
90 µg (female)

Unknown n/a Green vegetables (collards, 
spinach, salad greens, broc-
coli), brussel sprouts, cabbage, 
plant oils and margarine

No

Calciferol (D) 15 µg
20 µg (> 70 years)

Individualized approach n/a Fish liver oils, flesh of fatty 
fish, egg yolk, fortified dairy 
products and fortified cereals

Yes

Trace elements
Iron 8 mg (men; women 

post-menopause);
18 mg (women 
pre-menopause)

IV iron dose case specificc n/a Fruits, vegetables and forti-
fied bread and grain products 
such as cereal (nonheme iron 
sources), meat and poultry 
(heme iron sources)

Yes

Zinc 11 mg (men);
8 mg (women)

Nil n/a Fortified cereals, red meats, 
certain seafood

Yes

Selenium 55 µg Nil n/a Organ meats, seafood, plants 
(depending on soil selenium 
content)

Yes

a RDAs recommended dietary allowances, AIs adequate intakes
b For normal individuals defined by the presence of an upper limit
c [131]

Table 5.6  Vitamin and trace element requirements [138–140]
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Despite the lack of routine recommendation for both zinc 
and selenium, studies have shown symptom improvement 
with supplementation [133, 134]. Therefore, supplementa-
tion for 3–6 months may be considered where symptoms 
evoking signs of deficiency are suspected.

The high prevalence of commercial dietary supplements 
in the general population, which was reported to be 50 % in 
a large cohort of older Americans [135], highlights the im-
portance of reviewing patients’ supplement use. Purchase of 
regular vitamin and mineral supplements should be strongly 
discouraged, where supplements such as B-100 or multivi-
tamins can contain dangerously high amounts of B vitamins 
as well as containing hazardous minerals (phosphorous and 
potassium) and vitamins (A and K). There are a number of 
renal-specific formulations available, which comply with the 
recommended dose defined in Table 5.6.

5.4  Summary of Nutritional Management  
in Hemodialysis

The goal of nutritional management in hemodialysis is to 
(1) optimize the nutritional status, including prevention or 
treatment of PEW, (2) prevent or delay the progression of 
cardiovascular-related disease, (3) manage bone mineral 
metabolism through optimizing phosphate management, and 
(4) manage serum electrolytes and fluid. Dietary require-
ments for dialysis patients span both macronutrients (protein 
and energy) and micronutrients (vitamins and trace miner-
als) and essential nutrients in the form of amino acids and 
fatty acids. Optimizing nutritional status requires adherence 
to minimum requirements. Guideline recommendations for 

intake in maintenance dialysis patients are summarized in 
Table 5.3 [71, 79, 86, 105, 136].

Figure 5.5 outlines the process that should be undertaken 
for the nutritional management of hemodialysis patients. 
Providing routine review of dialysis patients results in im-
proved outcomes, including reduced rates of malnutrition, 
improvements in control of serum phosphate and potassium 
[137].
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6.1  Introduction

The vascular access remains the “lifeline” for the hemodialysis 
patient [1, 2]. The vascular access provides the conduit to the 
patient’s bloodstream for the dialysis machine to receive and 
return blood. The recommended and most preferred type of vas-
cular access is the native arteriovenous fistula (AVF), followed 
by the arteriovenous graft (AVG) and tunneled dialysis catheter 
(TDC) [3]. In recent years, vascular access has been described 
as the “Achilles heel” of the hemodialysis procedure because of 
high rates of AVF maturation failure, recurrent AVG stenosis re-
quiring frequent interventions to maintain patency, and frequent 
TDC infections leading to hospitalizations [1, 2]. Achieving 
adequate vascular access for the hemodialysis patient requires 
balancing process of care challenges related to early nephrol-
ogy referral, surgical referral for vascular access evaluation and 
placement, and successful cannulation and biological factors 
that play a role in vascular access dysfunction after vascular 
access creation.

This chapter seeks to provide a comprehensive overview of 
vascular access for hemodialysis by reviewing the epidemiol-
ogy of vascular access use, primary advantages and disadvan-
tages of each vascular access type, current and future therapies 
for vascular access dysfunction, the role of the interventional 
nephrologist to improve vascular issues, and future areas of in-
vestigation to improve comprehensive vascular access care.

6.2  Epidemiologic Trends in Vascular Access 
Use

6.2.1  Practice Patterns and Vascular Access 
Utilization

The landscape of vascular access use has evolved over the past 
several decades. In the 1980s, there were relatively few issues 
related to vascular access dysfunction and few complications. 
During that era, patient selection for hemodialysis initiation was 
generally reserved for patients who were young, without diabe-
tes, and had few comorbidities such as cardiovascular or periph-
eral vascular disease [4–6]. This patient population had vessels 
that were ideal and adequate quality and size for construction of 
a native AVF that would mature and be durable for long-term 
use [6]. Furthermore, patients during this era could frequently 
be adequately dialyzed at low blood flow rates such as 250 ml/
min due to lower rates of obesity, which permitted use of AVFs 
that were of smaller diameters [7]. During this period, the large 
majority of hemodialysis patients utilized AVFs and the matura-
tion failure rates were very low at approximately 10 % [6].

Beginning in the 1990s the demographic landscape of the 
hemodialysis population dramatically shifted. The criteria for 
patient selection for dialysis became significantly less strin-
gent, as more diabetic, elderly, and female patients (who have 
smaller vessels sizes compared to males) with more cardio-
vascular and peripheral vascular comorbidities were allowed 
to enter the United States End stage Renal Disease (ESRD) 
program [4–6]. Consequently, these patients had poorer qual-
ity vasculature to create native AVFs. Moreover, during this 
same period there was also a greater emphasis on increasing 
dialysis adequacy (Kt/V), which could be achieved with high 
blood flows in AVGs in addition to AVFs [6, 7]. These two 
factors played an important role in leading to increased utili-
zation of AVGs and reduction of AVFs in the 1990s [6]. By 
the mid-1990s, only 20 % of US patients were utilizing AVFs 
for hemodialysis [6]. As their use became more prominent and 
widespread, it became clearly evident that AVGs developed 
stenoses and thromboses more frequently (compared to AVFs), 
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requiring recurrent interventions to maintain and restore pa-
tency [6, 8–12]. Furthermore, the costs of treating vascular ac-
cess complications during this time period was estimated to be 
greater than US$1 billion annually [13].

In part due to the high number of interventions and costs 
required to maintain AVG patency, a paradigm shift occurred in 
the mid-1990s emphasizing increased placement and use of na-
tive AVFs once again. In 1997, the first National Kidney Foun-
dation Kidney Disease Outcomes Quality Initiative (KDOQI) 
Guidelines for Vascular Access was published [14], which em-
phasized increased placement of native AVFs. The Centers for 
Medicare and Medicaid Services (CMS) later embraced these 
recommendations with implementation of the Fistula First 
Breakthrough Initiative (FFBI). FFBI in collaboration with 
subsequent KDOQI Guidelines (2001 and 2006) endorsed AVF 
rates of 50 % or greater for incident patients and at least 40 % for 
prevalent patients undergoing hemodialysis [3, 15, 16]. These 
initiatives and guidelines have resulted in a substantial growth 
in AVF prevalence (Fig. 6.1) [15]. In 2009, the FFBI reset the 
goal for prevalent AVF use to 66 % [15]. Currently, in 2014, the 
prevalent AVF rate in the USA is 61 % [15]. However, one of the 
unintended consequences of increased AVF placement has been 
a prevalent TDC rate greater than 20 % [15], likely due to the 
high proportion of AVF maturation failure.

6.2.2  Processes of Care to Increase AVF Use

While the prevalent AVF rates have dramatically improved in re-
cent years, incident AVFs have remained remarkably low at 20 % 
with almost 80 % of hemodialysis patients initiating dialysis 
with a TDC [15, 17]. In the incident patient population, multiple 
care providers are responsible for the vascular access care of the 
pre-ESRD patient. These individuals include nephrologists, vas-
cular access surgeons, interventional nephrologists, nurse practi-
tioners, and social workers. Central to the coordination and com-
munication of these individuals with the future dialysis patient 
is a dedicated vascular access coordinator. The primary goal of 
this centralized coordinated care is to achieve a functional AVF 
in eligible patients by the time the patient initiates dialysis. The 
major steps and hurdles in achieving a functional AVF at dialysis 
initiation include (Fig. 6.2) [18]: (1) early nephrology referral 
and evaluation, (2) adequate predialysis nephrology care, (3) 
timely surgical evaluation for preemptive vascular access prior 
to reaching ESRD and placement of AVF before dialysis initia-
tion, (4) nephrology and surgical follow-up post AVF creation, 
and (5) successful AVF cannulation at dialysis initiation. Due to 
the many steps required to overcome these hurdles, a multidisci-
plinary approach has been shown to successfully improve AVF 
placement in pre-ESRD patients [19, 20].

Fig. 6.1  Epidemiologic trends in prevalent vascular access utilization 
in the USA. Trends in arteriovenous fistula (AVF), arteriovenous graft 
(AVG), and tunneled dialysis catheter (TDC) use in the USA. Since 
2003, there has been a steady increase in prevalent AVF use with a con-
current decrease in AVG utilization. TDC has modestly decreased and 

remains at approximately 20 %. The goal for AVF use set by the Fistula 
First Initiative is 66 % and prevalent catheter target is 10 %. CVC cen-
tral venous catheter. (Data from the Fistula First Initiative dashboard, 
www.fistulafirst.org)
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6.3  Types of Vascular Access

6.3.1  Arteriovenous Fistulas

AVFs are the preferred type of vascular access for most hemo-
dialysis patients. The major advantage of AVFs compared to 
AVGs are that AVFs require fewer interventions to maintain 
patency, if they mature successfully for dialysis [6]. Published 
studies have reported that AVGs require 2.4–7.1 more interven-
tions to maintain patency compared to AVFs [6]. Furthermore, 
infectious complications occur more frequently in AVGs com-
pared to AVFs [6]. However, the major disadvantages of AVFs 
compared to AVGs are the longer maturation time (ranging from 
6 weeks to 6 months) and higher rates of maturation failures 
[21]. In recent years, AVF maturation failure rates have been 
reported to range anywhere between 20–50 % in the literature 
[22–35]. In fact, a recent multicenter randomized controlled 
trial reported AVF maturation failure to be 60 % in a US popula-
tion [21].

6.3.1.1  Arteriovenous Fistula Configurations
There are several anatomical options and sites for vascular ac-
cess placement in a hemodialysis patient. The main vessels used 
for vascular creation (AVF and AVG) include the radial and bra-
chial artery and the cephalic and basilic veins (Fig. 6.3) [36]. 
The first AVF initially described in 1966 was the radiocephalic 
AVF [36, 37]. The radiocephalic AVF is an anastomotic connec-
tion between the radial artery and cephalic vein at the level of the 
wrist (Fig. 6.4) [36]. The cephalic veins are usually of very poor 
quality in the antecubital region because of frequent cannulation 
for phlebotomy. Thus, these AVFs have high maturation failure 
rates [38, 39]. For those patients without suitable vasculature to 
create radiocephalic AVFs in the forearm, brachiocephalic AVFs 
in the upper arm are the next alternative. The brachiocephalic 
AVF is an anastomotic connection between the radial artery and 
cephalic vein in the upper arm and provides good blood flow 
(Fig. 6.5). Usually considered the last resort, transposed bra-
chiobasilic AVFs can be created if the cephalic vein is unavail-
able in its entirety. Transposed brachiobasilic AVFs are more 

Fig. 6.2  Model for achieving successful arteriovenous fistula (AVF) for incident hemodialysis patients. CDK chronic kidney disease (Reprinted 
from [18] with permission from Elsevier Inc.)
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Fig. 6.4  Radiocephalic arteriovenous fistula. In the radiocephalic arteriovenous fistula, the anastomotic connection occurs between the radial 
artery and cephalic vein. (Reproduced with permission from [36])

 

Fig. 6.3  Anatomy of upper extremity vessels for vascular access creation. This figure displays the potential upper extremity anatomic vessels used 
to create arteriovenous fistulas and grafts. (Reproduced with permission from [36])
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challenging and time consuming to create and require greater 
surgical experience (Fig. 6.6). However, the basilic vein is an 
important vessel for AVF creation because it runs deeper and is 
typically spared from phlebotomy injury and has a large enough 
diameter for the creation of AVF. However, because of the depth 
of the basilic vein from the skin, it frequently needs to be trans-
posed or it can be very difficult to cannulate. The transposed 
brachiobasilic AVF can be created either using a one-stage or 
two-stage procedure [40–42]. Basilic vein AVFs have equal if 
not better outcomes compared to cephalic vein AVFs [43, 44], 
and should be considered in patients who exhaust distal extrem-
ity vasculature sites.

6.3.1.2  Preoperative Vascular Studies to Assess 
AVF Suitability

Preoperative vascular access mapping has been the standard 
of care in the USA to assess both artery and vein diameters 
prior to AVF creation. Ultrasound has been the predominant 
modality used to assess preoperative vessel diameter. Studies 
evaluating preoperative vessel mapping have demonstrated its 
utility in increasing overall placement of AVF and improving 
prevalent use of AVF in their dialysis programs [28, 29, 32, 45]. 
KDOQI guidelines recommend preoperative vessel mapping in 
all patients being considered for new permanent vascular access 
placement, which can include ultrasound; and suggest AVF cre-
ation in patients with arterial diameter greater than 2.0 mm and 
vein diameter greater than 2.5 mm [3]. Another common imag-
ing modality used for preoperative vessel mapping is angiog-

raphy. It allows for a more detailed assessment of the central 
venous system. The procedure requires administration of intra-
venous contrast, but has been demonstrated to be safe with very 
low rates of contrast-induced acute kidney injury complications 
in pre-ESRD patients [46].

6.3.1.3  Biology of AVF Failure
While the AVFs are the preferred vascular access for hemodi-
alysis patients, the emerging scientific problem is related to the 
high proportion of AVFs that fail to mature successfully for use 
on dialysis after creation. A recent multicenter randomized clin-
ical trial reported that 60 % of AVFs created failed to mature for 
dialysis [21]. Venous neointimal hyperplasia is the main histo-
logic lesion seen in AVF maturation failure and primarily occurs 
at the vein–artery anastomosis [47–50] (Fig. 6.7). A number of 
biological factors play a role in AVF maturation failure. These 
factors are often divided into upstream events and downstream 
events. Upstream events are related to the initial vascular injury 
to the vessels prior to and at the time of AVF creation [1, 2, 51]. 
Downstream events refer to the biological response to the initial 
upstream vascular injury [1, 2, 51]. The major upstream events 
include [1, 2, 51] (Fig. 6.8): (1) surgical injury to the vessel at 
the time of AVF creation, (2) hemodynamic changes related to 
sheer stress and turbulent flow at the arteriovenous (AV) anas-
tomosis, (3) surgical injury to the vessel at the time of AVF cre-
ation, and (4) uremic and inflammatory damage to the vessels 
from complications of progressive and advanced CKD. These 
upstream events lead to injury to the vascular endothelium and 

Fig. 6.5  Brachiocephalic arteriovenous fistula. In the brachiocephalic arteriovenous fistula, the anastomotic connection occurs between the bra-
chial artery and cephalic vein. (Reproduced with permission from [36])
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Fig. 6.7  Histology and angiography of venous stenosis in arteriove-
nous fistula and arteriovenous graft. a and b represent angiography and 
histology of arteriovenous fistula maturation failure. Note aggressive 
venous neointimal hyperplasia. c and d represent angiography and 

histology of arteriovenous graft stenosis. Note aggressive neointimal 
hyperplasia at graft–vein anastomosis. AVF arteriovenous fistula, AVG 
arteriovenous graft, NH Neointimal hyperplasia. (Reprinted from [1] 
with permission from the American Society of Nephrology)

 

Fig. 6.6  Transposed basilic vein arteriovenous fistula. In the transposed basilic vein arteriovenous fistula, the anastomotic connection occurs 
between the basilic vein and brachial artery. It can be created in one or two stages. (Reproduced with permission from [36])
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a subsequent cascade of downstream events. The downstream 
events are the biological response to these upstream vascular 
injuries. The biological response to upstream vascular injuries 
remains poorly understood at this time, but fibroblast, smooth 
muscle cell, and myofibroblast activation, proliferation, and mi-
gration from the adventitial layer of the vessel to the media and 
intima are believed to play major roles in the process of neointi-
mal hyperplasia development [1, 2, 51]. Furthermore, mediators 
of inflammation and oxidative stress have been shown to modu-
late the fibroblast, smooth muscle cell, and myofibroblast re-
sponse [52–54]. Improving the understanding of the biological 
factors that impact AVF maturation and stenosis will ultimately 
allow for better therapies and devices that target upstream and 
downstream AVF events.

6.3.1.4  Interventions to Treat AVF Dysfunction
Balloon angioplasties are most commonly performed in AVFs 
for maturation failure. Stenoses of AVFs typically occur at the 
vein–artery anastomosis (juxta-anastomosis) and are most com-
monly treated with serial balloon angioplasty dilations. Six-
month primary patency following angioplasty in AVFs ranges 
from 34 to 67 %. When AVFs are thrombosed, thrombectomy 
procedures in addition to angioplasty are required to salvage 
AVFs. The primary patency following thrombectomy of AVFs 
has ranged from 27 to 81 % at 6 months and 18–70 % at 1 year 
[55–60]. In many circumstances surgical revision of AVF can be 

performed to salvage stenotic or thrombotic AVFs by proximal-
ization of the anastomosis. Several studies have reported better 
long-term AVF outcomes in patients receiving surgical revision 
to treat AVF stenosis compared to angioplasty [61–64].

6.3.2  Arteriovenous Grafts

Arteriovenous grafts are created using a synthetic conduit in 
place of a native vein. The most common synthetic materials 
used for AVGs are polytetrafluoroethylene (PTFE) and polyure-
thane. AVGs are usually placed when the vein diameters are not 
of suitable size to place a native AVF. AVGs can be placed at 
several different anatomic locations, such as the forearm and 
upper arm, and with a straight, curved, or looped configuration 
(Fig. 6.9). The main advantage of AVG placement is that the 
maturation period is usually short. AVGs can typically be used 
2–3 weeks after surgical placement, thus, sparing the patient 
from prolonged TDC use. Furthermore, some AVGs can be used 
immediately after placement [65]. However, the main disadvan-
tage of AVGs, compared to AVFs, is the high rate of thrombosis 
and stenosis requiring frequent procedures to reestablish patency 
[66]. A second major disadvantage is a higher frequency of in-
fectious complications in AVG compared to AVF [67].

Fig. 6.8  Upstream and downstream events in hemodialysis vascular 
access dysfunction. Upstream events result in initial vascular injury. 
Downstream events are the vascular biologic response to upstream in-
jury. Downstream biology involves mediators of oxidative stress and 

inflammation that regulate activation, proliferation, and migration of 
fibroblasts, smooth muscle cells, and myofibroblasts. PTFE polytetra-
fluoroethylene. (Reprinted from [1] with permission from the American 
Society of Nephrology)
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6.3.2.1  Complications of AVGs
Thrombosis is the main complication that results from AVG use 
and it accounts for nearly 80 % of all AVG failures [66, 68, 69]. 
The most common location of AVG stenosis and thrombosis is 
at the vein–graft anastomosis [70–74]. Salvage of thrombosed 
AVFs usually requires both thrombectomy and angioplasty pro-
cedures. However, the primary patency following interventions 
to salvage AVGs are very poor with outcomes worse after sal-
vage of clotted AVGs compared to preemptively treating steno-
sis with angioplasty. In clotted AVGs, after thrombectomy and 
angioplasty, the primary patency ranges from 33 to 63 % at 3 
months and 11 to 39 % at 6 months [56, 66, 73, 75–81]. In sharp 
contrast, the primary patency is significantly better after elec-
tive angioplasty for stenosis and without clotted AVG, ranging 
from 70 to 85 % at 3 months and 47 to 63 % at 6 months [11, 66, 
70, 73, 74, 82].

6.3.2.2  Surveillance and Clinical Monitoring of 
AVGs

Recognizing the possibility that both preventing and interven-
ing prior to AVG thrombosis occurring may impact AVG paten-
cy, a number of observational studies have compared outcomes 
of monitoring versus surveillance and clinical trials have been 
performed using surveillance technology for early detection 
of thrombosis compared to routine clinical monitoring. Clini-
cal monitoring consists of a physical examination of the AVG 
examining for absent thrill, abnormal bruit, or edema, abnor-
malities during dialysis treatments such as prolonged bleeding 
from needle sites or difficulty with cannulation, and unexpected 

decreases in dialysis adequacy as measured by Kt/V [66, 83]. 
Surveillance of AVG typically utilizes specialized technology 
to identify and document increases in intra-access pressure or 
decreased access flows as a result of a developing stenosis. Ob-
servational studies have shown that implementation of AVG 
surveillance or clinical monitoring programs decrease AVG 
thrombosis from 41 to 77 % compared to historical controls 
[9, 11, 12, 19, 84, 85]. However, in randomized controlled tri-
als comparing surveillance to routine clinical monitoring, the 
benefit of surveillance programs has been less convincing. To 
date, there have been six published randomized controlled trials 
directly studying the clinical impact of AVG graft surveillance 
versus clinical monitoring to detect stenosis [86–91]. The sur-
veillance techniques used in these six studies have included ei-
ther Doppler ultrasound, monitoring of access flow, or dynamic 
venous pressure [86–91]. All of these studies have reported that 
patients in the surveillance programs have higher frequencies 
of angioplasty procedures, suggesting that surveillance does 
increase the detection of stenosis. However, only one of these 
six randomized controlled trials showed improved cumulative 
AVG survival in patients receiving access surveillance [90], 
with none of them showing surveillance programs decreasing 
thrombosis rates. One explanation why the surveillance pro-
grams may in general not improve AVG outcomes is because 
the vascular injury from angioplasty may accelerate stenosis 
faster than de novo stenosis itself occurs [66, 92]. Currently, 
there are few therapies available to enhance the short- and long-
term survival of AVG following angioplasty, potentially mini-
mizing the benefits of surveillance at the present time.

Fig. 6.9  Forearm loop arteriovenous graft. (Reproduced with permission from [36])
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6.3.2.3  Biology of AVG Failure
Venous stenosis in AVG results from aggressive venous neointi-
mal hyperplasia (Fig. 6.7) [48, 93, 94]. The venous neointimal 
hyperplasia in AVGs is characterized by smooth muscle cells, 
myofibroblasts, and fibroblasts, and by macrophages that line 
the perivascular region of the AVG [48, 93, 94]. Similar to AVFs, 
the pathophysiology of AVG dysfunction remains poorly under-
stood, but similar upstream and downstream events play an im-
portant role in development of venous stenosis and neointimal 
hyperplasia (Fig. 6.8) [51]. However, one major difference in 
AVGs is that the AVG material itself elicits a foreign body re-
action by recruiting macrophages and producing an abundance 
of cytokines [93]. Furthermore, repeated injury needle cannula-
tion may also impact development of stenosis [51]. Currently, 
there are very few if any effective therapies available to treat 
and prevent AVG stenosis, in part due to the limited understand-
ing of the pathobiology of neointimal hyperplasia development 
in AVGs.

6.3.2.4  Interventions to Treat AVG Failure
The major therapy to treat AVG stenosis remains the percutane-
ous AVG angioplasty. It is preceded by an angiogram to visual-
ize the venous limb of the AVG and the draining vein and central 
veins. Stenotic lesions are assessed in different locations, such 
as the arterial anastomosis, intragraft region, venous anastomo-
sis, draining vein, and central veins. When lesions of greater 
than 50 % are identified, they typically undergo balloon angio-
plasty. In cases of AVG thrombosis, thrombectomy is also per-
formed in addition to angioplasty. The primary patency follow-
ing interventions to AVGs is extremely poor, ranging from 50 
to 60 % at 6 months and 30 to 40 % at 1 year following elective 
angioplasty [11, 56, 70, 73, 74, 82]. Clinical outcomes follow-
ing thrombectomy and angioplasty of AVGs are considerably 
worse with primary patency at 3 and 6 months ranging from 30 
to 63 % and 11 to 39 %, respectively [56, 73, 75–81, 95]. Clini-
cal outcomes following these procedures are poor because of in-
jury to the endothelium from the angioplasty and development 
of recurrent and often more aggressive neointimal hyperplasia 
[92]. Due to the poor primary patency following angioplasty, 
endovascular stents have been evaluated as a potential therapy 
to prolong patency. The function of stents is to form a rigid scaf-
fold to prevent elastic recoil and assist in maintaining lumen 
patency. There are no randomized controlled trials comparing 
stents versus angioplasty alone. However, a nonrandomized 
study comparing outcomes of clotted AVGs treated with throm-
bectomy and stent placement at the venous anastomosis with 
matched control patients treated with only thrombectomy and 
angioplasty showed a significantly longer primary patency in 
AVGs treated with a stent compared to angioplasty treatment 
alone [96]. Stent grafts are a type of stent consisting of a me-
tallic stent covered with graft material. In a recent multicenter 
randomized controlled trial comparing treatment of AVG ste-
nosis (> 50 %) at the venous anastomosis with either stent graft 

or angioplasty, primary patency at 2 and 6 months was signifi-
cantly better in the stent graft group compared to angioplasty 
alone [97].

6.3.3  Tunneled Dialysis Catheters

TDCs are most commonly placed in the central venous system, 
but can also be placed in the lower extremity venous system. 
TDCs are the most common type of vascular access used when 
patients initiate hemodialysis. Currently, in the USA, approxi-
mately 80 % of patients initiate hemodialysis with a TDC. There 
are several advantages of TDCs. TDC provides immediate ac-
cess to the circulation, can be placed with relative ease and in 
an outpatient setting, and there is no pain because it does not re-
quire cannulation of the arm with needles. However, TDCs have 
significant disadvantages and complications, which limit their 
successful long-term use. These disadvantages and complica-
tions include frequent thrombosis, stenosis, and infection. Fur-
thermore, numerous studies have shown a significant mortality 
and hospitalization risk in patients utilizing catheters compared 
to AVF or AVG [98–102].

6.3.3.1  Etiologies of TDC Dysfunction
TDC dysfunction is defined by KDOQI as “failure to attain and 
maintain an extracorporeal blood flow sufficient to perform 
hemodialysis without significantly lengthening treatment” [3]. 
Early impairment in TDC function is usually associated with 
poor TDC position and placement techniques [103–106]. Late 
TDC dysfunction, which is generally more common than early 
dysfunction, is typically associated with thrombus formation 
(intraluminal or extraluminal) or fibrin sheath development 
[104, 107]. Thrombosis is a major cause of TDC dysfunction. 
Extraluminal thrombus formation is related to either central 
vein thrombosis or right arterial thrombosis. The frequency of 
central vein thrombosis has been reported to range from 2 to 
64 % [108, 109]. The majority of TDC dysfunction related to 
flow impairment is the result of intrinsic thrombi, which is in-
traluminal, at the tip of the catheter, or surrounding the TDC 
in a sheath-like configuration [104, 110]. Upon insertion of the 
TDC, the vascular endothelium is injured leading to the initia-
tion of inflammatory and coagulation cascades which activate 
leukocytes and platelets and results in thrombi formation [106]. 
Prevention of thrombosis includes TDC lock solutions. The 
most common catheter lock solution is heparin administered 
in concentrations ranging from 1000 to 10,000 U within the 
lumen. The incidence of TDC thrombosis ranges from 4.0 to 
5.5 episodes/1000 catheter days [106, 111, 112]. Trisodium ci-
trate lock has been evaluated as an alternative to heparin and 
reported to be equivalent if not superior to heparin to prevent 
thrombosis [111, 113]. Finally, results from a recent randomized 
clinical trial reported that tissue plasminogen activator (tPA), 
once weekly instead of heparin, reduces TDC thrombosis [114].
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Development of a fibrin sheath is another common cause of 
TDC dysfunction and may also contribute to thrombi formation. 
Fibrin sheaths develop within 24 h dialysis catheter placement 
at the point of TDC contact with the vessel wall and can fre-
quently encase the entire vessel wall [106, 107]. The pathophys-
iology of fibrin sheath development remains poorly understood 
but is thought to involve an inflammatory reaction that occurs at 
the time the catheter contacts the vessel wall and is exacerbated 
with constant movement of the catheter and irritation of the for-
eign body against the vessel wall [106, 115]. Histologically, the 
fibrin sheath layer is primarily composed of a collagenous layer 
with smooth muscle cells and overlying endothelial cell layer 
[115]. One treatment for TDC dysfunction from fibrin sheaths is 
stripping or disruption of the fibrin sheath with a snare catheter 
under fluoroscopy [116–118]. An alternative approach is ex-
changing the catheter over a guidewire and disrupting the fibrin 
sheath at the time of catheter exchange [119, 120].

6.3.3.2  Infectious Complications of TDC Use
Complications from infection are another major reason for TDC 
loss. These infections can involve the exit site, tunneled track, or 
blood stream. TDC-related bacteremia is a frequent complica-
tion in dialysis patients who utilize TDCs for a prolonged period 
of time. An exit-site infection is a soft tissue infection localized 
primarily in the region from the catheter cuff to the exit site. 
Common features of exit-site infections include erythema, site 
tenderness, and purulent drainage. Exit-site infections can also 
spread down the tunnel track if timely treatment is not initiated. 
The large majority of exit-site infections result from Staphylo-
coccus aureus infections [3, 121].

A tunnel infection is suspected when the catheter tunnel su-
perior to the cuff develops erythema, tenderness, or develops 
drainage through the exit site that is culture positive [3]. The in-
fection often can spread more centrally resulting in TDC-related 
bacteremia. Unfortunately, there is no standard uniform defini-
tion for TDC-related bacteremia, which is critical for diagnostic 
and treatment purposes. KDOQI has established three defini-
tions for diagnosis of TDC-related bacteremia (possible, prob-
able, and definite catheter-related bacteremia) based on Center 
for Disease Control definitions [3]. KDOQI [3] considers a: (1) 
possible TDC-related infection as “defervescence of symptoms 
after antibiotic treatment or after removal of catheter in the ab-
sence of laboratory confirmation of bloodstream infection in 
a symptomatic patient with no other apparent source of infec-
tion,” (2) probable TDC-related infection as “defervescence of 
symptoms after antibiotic therapy with or without removal of 
catheter, in the setting in which blood cultures confirm infec-
tion, but catheter tip does not (or catheter tip does, but blood 
cultures do not) in a symptomatic patient with no other appar-
ent source of infection,” and (3) a “definite bloodstream infec-
tion as the same organism from a semiquantitative culture of the 
catheter tip (> 15 colony-forming units per catheter segment) 

and from a peripheral or catheter blood sample in a symptom-
atic patient with no other apparent source of infection.” How-
ever, there are many limitations to clinical application of these 
definitions, such as availability of the patients’ dialysis units 
resources to make the diagnosis and exclude other etiologies of 
infection, the patients’ peripheral veins are often unavailable to 
obtain blood, and the catheter not being removed prior to initia-
tion of antibiotic therapy and drawing blood cultures. Thus, a 
more practical definition may be the presence of positive blood 
cultures in a patient who is catheter-dependent, where there is 
no clear source or etiology of infection [66, 122].

6.3.3.3  Pathogenesis of TDC-Bacteremia
The pathogenesis of TDC-related bacteremia begins from the 
attachment of the microorganism to the catheter, which leads to 
development of a biofilm. A biofilm is a self-sustaining colony 
of microorganisms protected by an exopolysaccharide matrix 
that is stimulated and secreted by the bacteria [123–125]. The 
polysaccharides form the matrix that connects the microorgan-
ism to one another and to the surface of the catheter (Fig. 6.10). 
The exopolysaccharide layer of the biofilm may be 100-fold 
greater than the microorganisms it protects, making it very chal-
lenging to penetrate and eradicate with antibiotic therapy [125, 
126]. The most common organisms present within the biofilm 
layer include Staphylococcus, Candida, and Pseudomonas 
[123–125]. Determinants of biofilm development include the 
type of microorganism, type of material of the dialysis catheter, 
and the type of fluid and fluid hemodynamics within the cath-
eter. Thus, it appears a critical component of management of 
TDC-related bacteremia is to prevent biofilm development on 
the catheter.

6.3.3.4  Prevention and Treatment of TDC 
Infections

Since 80 % of patients initiate hemodialysis in the USA with a 
TDC [17], both prevention and treatment of TDC-related bac-
teremia is critical in the overall care of patients utilizing cath-
eters for dialysis. Routine sterile technique from dialysis nurses 
should be performed during each dialysis session. KDOQI rec-
ommends that dialysis staff should adhere to uniform sterile 
precautions and hygienic measures and wear masks and sterile 
gloves while manipulating the catheter [3, 125]. The site should 
be cleaned with either 2 % chlorhexidine, 70 % alcohol, or 10 % 
povidone-iodine solution every treatment [3, 125, 127]. How-
ever, several randomized studies have shown that chlorhexidine 
is the preferred and superior antiseptic agent for cleansing of 
the exit site [125, 128–133]. Multiple studies have shown that 
administration of topical antibiotic ointment at the exit site re-
duces TDC-related bacteremia by 75–93 % [125, 134–137]. 
The major antibiotic topical ointments evaluated to date include 
mupirocin, povidine-iodine, and polysporin [138]. However, 
use of topical antibiotics may promote development of resis-
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tant microorganisms. Staphylococcus aureus nasal colonization 
has also been shown to be a major risk factor for development 
of infections in dialysis patients [139]. Both rifampin and mu-
pirocin have been shown to reduce nasal carriage of Staphy-
lococcus aureus nasal carriage and bacteremia [139, 140], but 
may also lead to emergence of resistant strains [139]. Recently, 
prophylactic TDC lock solutions have emerged as a promis-
ing strategy to prevent TDC-related bacteremia. Prophylactic 
TDC lock solutions compared to standard heparin locks have 
been reported to reduce TDC-related infections in the range of 
51–99 % (Table 6.1) [141–157]. While prophylactic TDC lock 
therapies have demonstrated excellent ability to reduce TDC-
related bacteremia, the main concern regarding their long-term 
use is the emerging reports of antibiotic-resistant gram-positive 
organisms [158, 159].

While the ideal goal is to prevent TDC-related bacteremia 
from occurring, TDC-bacteremia will, nevertheless, remain 
a frequent complication of the dialysis treatment. The fre-

quency of catheter-related bacteremia ranges from 2.0 to 5.5 
episodes/1000-catheter-days [66, 134, 145, 160–167]. Serious 
complications associated with TDC-related bacteremia include 
endocarditis, osteomyelitis, septic arthritis, epidural abscess, 
or death [66, 122]. Thus, immediate treatment is imperative 
for suspected TDC-related infection. The initial treatment of 
TDC-related bacteremia consists of broad-spectrum antibiot-
ics to empirically cover both gram-positive and gram-negative 
organisms. Due to the high prevalence of methicillin-resistant 
Staphylococcus aureus in the dialysis population, vancomycin 
should be included as an initial choice of antibiotics. Antibiotic 
therapy needs to be modified once specific culture and sensitiv-
ity results are obtained. The most common strategies to manage 
TDC-related bacteremia include: (1) catheter salvage without 
antibiotic locking, (2) catheter salvage with antibiotic locking, 
(3) catheter removal with delayed placement, and (4) catheter 
exchange over guidewire. Intravenous antibiotics alone rarely 
treat TDC-related infections successfully. The majority of clini-

Fig. 6.10  Biofilm development in tunneled dialysis catheter. Panel on 
the left shows the scanning electron microscopy (SEM) of lumen of 
new catheter showing no biofilm. On the right panel is SEM of the 

lumen of a 6-week old tunneled catheter removed after arteriovenous 
fistula maturation. The 6-week old tunneled dialysis catheter demon-
strates substantial biofilm development

 

Table 6.1  Summary of clinical trials of catheter lock solutions for prophylaxis for catheter-related bacteremia
Study Type of lock solution Rate of catheter-related bacteremia per 

1000 catheter-days
P value

Control Intervention
Dogra et al. [145] Gentamicin 4.2 0.3 0.003
Allon [146] Taurolidine 5.6 0.6 < 0.001
McIntyre et al. [147] Gentamicin 4.0 0.3 0.02
Betjes et al. [148] Taurolidine 2.1 0 0.047
Weijmer et al. [149] 30 % citrate 4.1 1.1 < 0.0001
Kim et al. [150] Gentamicin/cefazolin 3.1 0.4 0.031
Saxena et al. [151] Cefotaxime 3.2 1.4 < 0.001
Al-Hwiesh et al. [152] Vancomycin/gentamicin 13.1 4.54 0.05
Winnett et al. [153] 46.7 % citrate 2.1 0.81 < 0.001
Power et al. [154] 46.7 % citrate 0.7 0.7 0.9
Venditto et al. [155] Gentamicin 2.9 0.4 0.06
Solomon et al. [157] Taurolidine/citrate 2.4 1.4 0.1
Moran et al. [156] Gentamicin/citrate 0.9 0.28 0.003
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cal studies have reported > 75 % recurrence of bacteremia in at-
tempting to salvage infected TDC with intravenous antibiotics 
alone [163, 166, 168–172]. Studies evaluating exchange of the 
TDC over a guidewire with antibiotics for TDC-related bactere-
mia have demonstrated high cure rates [166, 173–175]. In fact, 
a nonrandomized controlled study has shown that the infection 
free survival time among patients with guidewire exchange is 
equivalent to those patients with TDC removal and delayed 
placement of a new catheter [176]. Successful treatment with 
intravenous antibiotics and antibiotic locking solution varies de-
pending on the type of organism present. Cure rates have been 
reported to be between 87–100 % for gram-negative infections, 
75–84 % for Staphylococcus epidermidis infections, but only 
55 % for Staphylococcus aureus infections [165, 177, 178]. Fi-
nally, in these subset of patients the TDC should always be im-
mediately removed with delayed placement of TDC [125]: (1) 
patients who are clinically unstable, (2) patients with persistent 
fever for 48 h despite intravenous antibiotic therapy, (3) pres-
ence of a tunnel infection, (4) metastatic infectious complica-
tions, (5) recurrence of TDC-related bacteremia after exchange, 
(6) and TDC-related infection with fungemia.

6.4  Interventional Nephrology

As prevalence of ESRD patients grows, medical care for this 
population is burdened to a significant extent by its fragmented 
care. There are many responsibilities that are shared by nephrol-
ogists, radiologists, and surgeons in the vascular access care of 
patients, sometimes without a recognizable leader. Interven-
tional nephrology was born out of necessity to streamline care 
for vascular access by capitalizing on nephrologists’ familiarity 
with vascular access complications in the settings of dialysis 
clinics, longitudinal nature of ESRD care and close relationship 
with other specialists involved in the process.

As a very young field, interventional nephrology has relied 
on and borrowed from other, more traditional specialties, such 
as radiology and cardiology. Even today there are very few tools 
and equipment designed specifically for vascular access inter-
ventions. However, application of well-known interventional 
tools and techniques to treat dialysis access complications was 
pioneered by nephrologists in the private practice sector driven 
in part by their desire to improve patient satisfaction and reign 
in growing costs. As a great example of such an approach, Ger-
ald Beathard was able to demonstrate in the early 1990s that 
percutaneous angioplasty can be used to treat venous stenosis—
a common problem plaguing AVFs and AVGs [70, 72, 75, 179]. 
The procedure proved to be safe and effective and the ability to 
perform it in outpatient settings helped minimize disruption of 
ESRD care and drove down the costs. At present, percutaneous 
angioplasty is performed using an angioplasty balloon catheter 
(Fig. 6.11) inflated at the stenotic segment of an AVF or an AVG 
(Fig. 6.12a, b). In cases of elastic or rapidly recurrent stenosis, 

where success cannot be achieved with angioplasty alone, a 
bare metal stent can be deployed to provide support to the ves-
sel wall (Fig. 6.13). In cases of iatrogenic venous dissection, 
large aneurysms or refractory stenoses, a graft (covered) stent 
can be placed to seal off a vascular defect (Fig. 6.14). Gradually, 
interventional nephrologists acquired progressively more com-
plex procedures in their armamentarium and many now perform 
AVG stenting for elastic venous stenoses, coil deployment for 
accessory venous tributaries, banding of large caliber AVFs in 
cases of steal syndrome and many others [180, 181].

Early success of interventional nephrology pioneers capti-
vated audiences of their colleagues translating into rapid initial 
growth of this field with multiple interventional nephrology 
centers emerging across the USA [182–186]. Interventional ne-
phrologists are now estimated to perform at least a quarter of all 
vascular access procedures in this country [185–187]. However, 
further growth of the specialty has been limited by scarce op-
portunities to disseminate proper knowledge and skills to those 
nephrologists interested in performing vascular access interven-
tions. Traditionally, a single interventionalist would share his 
or her expertise with members of a particular private practice 
group leading to the establishment of a vascular access center 
able to provide care for hemodialysis patients followed by this 
group. Resultant divergence of practice standards across the 
country and difficulty in assessing their relative success empha-
sized the need for establishing a governing body. In 2000, the 
American Society of Diagnostic and Interventional Nephrology 
(ASDIN) was founded with the mission “to promote the proper 
application of new and existing procedures in the practice of 
nephrology with the goal of improving the care on nephrology 
patients” [188, 189]. With nephrologists in leadership positions, 
the ASDIN has been gaining weight in medical community by 
accrediting training programs in interventional nephrology, cer-
tifying physicians in specific procedures, and establishing prac-
tice standards. ASDIN was successful in promoting its goals by 
incorporating post-graduate courses in interventional nephrol-
ogy within the American Society of Nephrology (ASN) meet-
ings and maintaining a vibrant section in its official journal, 

Fig. 6.11  Inflated angioplasty balloon over guidewire. This figure 
depicts a representative angioplasty balloon utilized for arteriovenous 
fistula and graft interventions
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Seminars in Dialysis. ASDIN’s own annual scientific meeting 
serves as an annual platform for evaluating the specialty’s prog-
ress, launching new initiatives, and exchange of ideas among 
attendees from wide spectrum of medical specialties, nurses, 
technologists, and industry representatives.

Evolving into a full-fledged discipline interventional ne-
phrology faces challenges in its goal to further dialysis patient 
care. Clinical and translational research plays a quintessential 

role in enabling physicians to improve patients’ life expectancy 
and well-being. Many nephrologists have embraced this belief 
generating vast amounts of new and unique information through 
clinical trials that have dramatically changed the landscape of 
interventional nephrology in the past decade [2, 51, 66, 190]. 
Unfortunately, interventional nephrology trials constitute a very 
trivial proportion of all nephrology trials in a recent review of 
ClinicalTrials.gov database [191]. Moreover, nephrology as a 
whole is known to be woefully lagging behind other medical spe-
cialties in quality and sheer number of clinical trials [192–194]. 
While many factors have been identified adversely affecting the 
quality of published studies (e.g., high rates of loss to follow-
up and heterogeneous methods for handling missing data), the 
conclusions that are usually drawn highlight the importance of 
standardization of trial protocols, establishing common clinical 
endpoints for research community, and collaboration between 
different medical centers. Interventional nephrologists are 
uniquely positioned to promote such endeavors in the field of 
dialysis access. In fact, ASDIN and Interventional Nephrology 
Advisory Group (INAG) for ASN have recently spearheaded 
efforts directed at defining meaningful clinical outcomes in the 
framework of vascular access clinical studies [195].

While clinical trials can produce data valuable for day-to-day 
clinical care of dialysis patients, there is a growing recognition 
of limitations of such studies, as our understanding of clinical 
problems deepens. Identification of neointimal hyperplasia as a 
culprit in the process of stenosis formation in arteriovenous fis-
tulas and grafts led to the rapid expansion of our knowledge of 
its pathophysiology drawing from the expertise of vascular bi-
ologists, pathologists, and cardiologists. However, most publi-
cations on this subject are generated by a handful of scientists in 
this country [1, 2, 47, 50, 51, 93, 196–198]. Further understand-
ing of this important issue necessitates greater involvement by 
interventional nephrologists nationwide and major advances in 
therapeutics designed to control neointimal hyperplasia will re-
quire a bench-to-bedside approach using in vitro experimenta-
tion and animal models. Interventional nephrologists are ideal 
candidates for leadership roles in these research efforts, but 
with most of them practicing in private sector (similarly to other 
medical subspecialties), procurement of translational research 
skills and collaboration with basic scientists will be challenging.

6.5  Therapies for Hemodialysis Vascular 
Access Dysfunction

At present there are few, if any, effective therapies to treat he-
modialysis vascular access dysfunction. The standard therapy to 
date to treat vascular access dysfunction in AVF and AVG has 
been balloon angioplasty with stent therapy when warranted. 
This section will discuss clinical trials from systemic therapies 
in AVF and AVG and current studies evaluating novel therapies 
and delivery systems in AVF and AVG.

Fig. 6.14  Complication during angioplasty procedure in arteriovenous 
fistula. Contrast extravasation (arrowhead) due to fistula dissection, 
partially covered by graft-stents (arrows)

 

Fig. 6.13  Bare metal stent for dialysis access. This figure depicts a 
representative bare metal stent used to treat recurrent venous stenosis 
and vascular recoil

 

Fig. 6.12  Arteriovenous fistula stenosis before and after angioplasty. 
Two segments of near-occlusive stenosis (arrows) affecting transposed 
brachiobasilic fistula before (a) and after (b) percutaneous angioplasty
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6.5.1  Pharmacologic Therapies for AVGs

There have been several randomized controlled studies evaluat-
ing pharmacologic therapies in AVGs (Table 6.2). Two of these 
smaller studies have shown that both dipyridamole [199] and 
fish oil [200] decrease graft thrombosis. Recently, two larger 
clinical trials evaluating the dipyridamole and aspirin combina-
tion and fish oil have recently been published [201, 202]. The 
first study was a multicenter randomized controlled trial, spon-
sored by the National Institutes of Health Dialysis Access Con-
sortium, which evaluated dipyridamole and aspirin compared to 
placebo [201]. To date this study is the largest randomized con-
trolled trial in AVGs. The primary outcome from this study was 
1-year primary unassisted patency. In the treatment group which 
received dipyridamole and aspirin ( n = 321) the 1-year primary 
unassisted patency was 28 % compared to 23 % in the placebo 
group ( n = 328, p = 0.03). While the patients in the dipyridamole 
and aspirin group showed a significant but modest benefit in 
improvement of primary unassisted patency, 72 % of patients 
still lost AVG patency within 1 year of AVG placement [201]. 
Whether dipyridamole and aspirin is a cost-effective therapy to 
prevent AVG failure remains debatable. The second study was 
a Canadian multicenter randomized controlled trial evaluating 
the impact oral fish oil therapy ( n = 99) compared to placebo 
( n = 97) [202]. The primary outcome was to evaluate 12 month 
loss of native AVG patency. There was no significant difference 
in loss of native patency within 12 months between the fish oil 
group compared to placebo (48 vs. 62 %; p = 0.06) [202]. This 
was in part likely due to the investigators not reaching target 
recruitment goals and the study being slightly underpowered, 
as there was a trend toward benefit in the fish oil group. How-
ever, among the clinical meaningful secondary outcomes, fish 

oil showed significant benefit when compared to placebo when 
evaluating rates of thrombosis, frequency of AVG interventions, 
and cardiovascular events [202]. One randomized study has 
evaluated warfarin and showed no decrease in AVG patency, 
but increased in major bleeds in the warfarin group [203].

6.5.2  Pharmacologic Therapies for AVFs

The major hurdle that remains to improve incident and prevalent 
AVF rates is addressing the problem of AVF maturation failure. 
Small randomized studies focused on antiplatelet agents to pre-
vent early AVF thrombosis have showed that they may reduce 
the risk for early thrombosis after AVF creation [204]. Recently, 
the largest multicenter randomized controlled trial to date in 
AVFs, sponsored by the National Institutes of Health Dialysis 
Access Consortium, was completed and evaluated clopidogrel 
therapy compared to placebo in newly created AVFs [21]. The 
primary outcome of this study was to determine whether clopi-
dogrel therapy for 6 weeks after creation of AVF reduces AVF 
thrombosis at 6 weeks. In patients who received clopidogrel 
( n = 441), AVF thrombosis was significantly reduced at 6 weeks 
compared to placebo ( n = 436), 12.2 versus 19.5 %, respectively 
( p = 0.18) [21]. However, the most pertinent outcome from this 
study was the more clinically relevant outcome, AVF suitability, 
which the investigators defined as use of the AVF on the dialysis 
machine at a minimum pump rate of 300 ml/min during 8 out 
of 12 dialysis sessions during 1 month [21]. In the clopidogrel 
group, 61 % of patients and in the placebo group 60 % patients 
had suitability failure [21]. This study has lead to a renewed 
interest in understanding the pathobiology of AVF maturation 
and neointimal hyperplasia development [205].

Table 6.2  Randomized studies of pharmacologic therapies to prevent graft stenosis and thrombosis
Reference Pharmacologic agent Total number 

of subjects
Primary outcome Results P-value

Sreedhara et al. [198] Dipyridamole, aspirin, 
or dipyridamole + 
aspirin

84 Cumulative thrombosis rate 21 % dipyridamole alone, 42 % 
dipyridamole and aspirin, and 
80 % aspirin alone

0.02

Schmitz et al. [199] Fish oil 24 Primary patency at 1 year 14.9 % in placebo and 75.6 % in 
fish oil group

< 0.03

Crowther et al. [202] Warfarin 107 Time to AVG failure 83 days in placebo and 199 days 
in warfarin

0.74

Kaufman et al. [203] Clopidogrel + aspirin 200 Cumulative incidence on time 
to first episode of thrombosis

HR 0.81 in favor of aspirin 
and clopidogrel group versus 
placebo

0.45

Dixon et al. [200] Dipyridamole + aspirin 649 Loss of primary unassisted 
patency at 1 year

Loss of unassisted primary 
patency at 1 year 23 % in aspirin 
+ dipyridamole group and 28 % 
in placebo group

0.03

Lok et al. [201] Fish oil 196 Loss of native patency within 
12 months

43 % in fish oil group and 62 % 
in placebo group

0.064
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6.5.3  Novel Therapies to Treat Dialysis Access 
Dysfunction

In recent years, a number of novel therapies have been devel-
oped and tested to both prevent and treat vascular access steno-
sis. The main rationale of local delivery therapies is to deliver 
a target drug directly at the site of the AV anastomosis in AVF 
and AVG because this is the area where neointimal hyperpla-
sia and vascular stenosis most commonly develops. There have 
been several early phase randomized controlled trials evaluating 
local delivery therapies. These include perivascular-delivered: 
(1) endothelial cell implants [206, 207], (2) recombinant elas-
tase [208–210], (3) and sirolimus [211]. These studies have all 
demonstrated appropriate safety and feasibility for these novel 
drugs. Endothelial cell implant and recombinant elastase thera-
pies are currently being evaluated in phase III studies. Recently, 
a novel arteriovenous anastomotic conduit device was tested in 
early phase studies and showed good safety and feasibility as 
well as promising efficacy when assessing maturation and as-
sisted patency [212]. This device is also currently being tested 
in phase III clinical trials. Far-infrared therapy is a novel and 
local therapy that has demonstrated to prolong AVF patency 
after dialysis initiation and angioplasty and promote AVF matu-
ration in several randomized controlled studies [213–215]. To 
date far-infrared therapy is the only therapy shown to be consis-
tently effective in treating AVF dysfunction.

The primary therapy to treat vascular access dysfunction 
in AVF and AVG remains balloon angioplasty with or without 
stent therapy. As described in previous sections, these therapies 
unfortunately have very poor patency outcomes due to frequent 
restenosis. However, there are currently randomized controlled 
trials underway to evaluate drug-coated balloons and drug-elut-
ing stents to reduce frequent restenosis after balloon angioplasty 
[216].

6.6  Future Perspectives to Improve 
Hemodialysis Vascular Access Outcomes

The current epidemiologic landscape from the United States 
Renal Data System (USRDS) data projects a continued increase 
in both the incident and prevalent hemodialysis population 
for the foreseeable future [17]. Thus, the current hemodialysis 
vascular access challenges, such as improving AVF utilization 
and maturation failure, decreasing overall dialysis catheter use, 
reducing stenosis and thromboses in AVG, etc. will likely be 
magnified in future years. In order to successfully address these 
current and future issues in dialysis access, a balanced approach 
needs to be taken to improve the processes of care issues and 
biological issues related to hemodialysis vascular access dys-
function.

6.6.1  Improving Processes of Care Issues for 
Vascular Access Care

The most common process of care issues related to improv-
ing vascular access care include early referral to nephrologist, 
referral to a dedicated vascular surgeon, and timely placement 
of a permanent access prior to initiation of hemodialysis. Con-
tinued improvement of each of these benchmarks will impact 
vascular access utilization at dialysis initiation and will require 
coordinated multidisciplinary care. However, new and emerg-
ing issues related to process of care, which need more clinical 
research, include access selection, individualization of care, and 
end of life care in the elderly. The elderly population is the one 
of the fastest growing ESRD populations. In this population, 
both quality life (pain, number of vascular access interventions 
to promote maturation, life expectancy, etc.) and patient pref-
erences need to be balanced with both guidelines and quality 
initiatives, which do not acknowledge the trade-offs involved in 
managing the elderly patients with multiple chronic conditions 
and limited life expectancy or the value that patients place on 
achieving these outcomes [217, 218]. Approximately 30 % of 
AVF placed in elderly patients are never utilized for dialysis 
because they die prior to initiating dialysis [219, 220]. Further-
more, among elderly patients, the initial choice of vascular ac-
cess (AVF or AVG) does not significantly affect survival after 
initiating dialysis [102, 221]. Thus, the goals in this population 
may need to be aligned to a more patient-centered approach that 
focuses and addresses the extent to which the process of deci-
sion-making of vascular access selection support the goals and 
preferences of the individual patient [221, 222].

6.6.2  Advancing the Understanding of 
the Pathobiology of Vascular Access 
Dysfunction

Currently, there are few, if any, effective therapies to prevent 
or treat vascular access dysfunction. A better fundamental un-
derstanding of the biology of vascular stenosis and neointimal 
hyperplasia development, utilizing a “bench-to-bedside” ap-
proach, will be necessary to improve therapeutic targets. This 
will require utilizing animal models, imaging technology, and 
human biological samples from veins, arteries, and AVFs. Cur-
rently, the National Institutes of Health has invested in a mul-
ticenter consortium (Hemodialysis Fistula Maturation Consor-
tium) to study both clinical, anatomical, and biological predic-
tors of AVF maturation utilizing a prospective observational 
study [205] in 600 patients. There must be further and continued 
investment from government and industry resources to develop 
and translate therapies from the “bench to the bedside.”

Another major hurdle in development of novel vascular ac-
cess therapies is the paucity of randomized controlled trials in 
vascular access [193]. However, recently the ASN has founded 
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a collaborative partnership with the Federal Drug Administra-
tion (FDA), the Kidney Health Initiative, where the kidney 
community can interact more efficiently to enhance the process 
of optimizing the evaluation of drugs, biologics, devices, and 
food products [223]. The goal of this initiative is to foster an 
environment and partnerships (academic institutions, industry, 
and FDA) that will facilitate development and delivery of in-
novative therapies in a timely fashion to patients with kidney 
disease, including those requiring novel therapies for dialysis 
access [223].

6.7  Conclusions

The vascular access remains the lifeline to achieving success-
ful hemodialysis therapy for ESRD patients. Achieving optimal 
vascular access outcomes will require improving our processes 
and delivery of care, as well as incorporating a more patient-
centered approach when considering vascular access selection. 
Moreover, there is currently an unmet need to better understand 
the biological mechanisms of vascular access dysfunction in 
AVF, AVG, and TDC, so that this knowledge can be success-
fully translated and developed into new innovations and tech-
nologies to treat vascular access dysfunction in hemodialysis 
patients.
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7.1  Anemia

Anemia occurs over 95 % of patients with end-stage renal 
disease requiring dialysis [1]. The three most important 
causes of anemia in dialysis patients are: erythropoietin defi-
ciency, because the kidney is the exclusive producer of eryth-
ropoietin; iron deficiency, because patients on dialysis have 
both reduced intestinal absorption of iron and some degree 
of blood loss during dialysis from frequent blood draws and 
loss of blood in the dialysis tubing and filter; and inflamma-
tion, which is almost ubiquitous among dialysis patients [1].

In most patients on dialysis, the assumption should be that 
erythropoietin deficiency, iron deficiency, and inflammation 
combine to varying degrees in determining the degree of ane-
mia [1–3]. Understanding this balance is key to effectively 
managing anemia in dialysis patients. Figure 7.1a provides a 
practical alogrithm for managing patients. At various points, 
iron deficiency may be a dominant issue—for example, early 
in the initiation of erythropoiesis-stimulating agent (ESA) 
where a burst of erythropoiesis may consume available iron 
and exacerbate iron deficiency, which if uncorrected leads to 
a state of iron-restricted erythropoiesis. At other times, with 
a smoldering infection or a rejected allograft in place, an in-
flammatory mileau may induce a profound state of eryth-
ropoietin resistance where the anemia persists despite large 
doses of both ESA and intravenous iron [1].

Understanding the differential contribution of each of the 
three major causes of anemia requires work-up of patients for 
anemia, with a particular focus on excluding the possibility 
of iron deficiency, and for inflammation. Kidney Disease—
Improving Global Outcomes (KDIGO) recommendations 

on how frequently to measure hemoglobin (Hb) and iron 
parameters are listed in Tables 7.1 and 7.2, respectively 
[1]. Although assessment of iron by a bone marrow biopsy 
may represent the gold standard in assessing iron stores, it 
is clinically impractical and measurement of serum ferritin 
and transferrin saturation provides the best indicators of iron 
stores [4, 5]. The serum ferritin is an “acute phase reactant” 
and is affected by inflammation. Thus, ferritin values are 
of greatest predictive value when low (< 100 ng/mL), but 
of limited value when elevated. In this setting, a transfer-
rin saturation (TSAT; serum iron × 100 divided by total iron-
binding capacity) measures circulating iron that is available 
for erythropoiesis, and may provide actionable information 
on body iron stores.

The observation that there is sluggish or suboptimal cor-
rection of anemia despite treating with ESA and iron should 
prompt a search for an inflammatory source [6]. There are 
more precise definitions of ESA resistance [1]. One definition 
that remains in use is from the National Kidney Foundation, 
which defines ESA resistance as the failure to achieve the 
target Hb in the presence of adequate iron stores with epoetin 
at doses of 450 IU/kg/week intravenously or 300 IU/kg/week 
subcutaneously within 4–6 months of treatment initiation, 
or a failure to maintain the target Hb subsequently at these 
doses [7]. The most common laboratory indicators of ESA 
resistance are two acute phase reactants—ferritin and albu-
min—the ferritin is usually markedly elevated with a normal 
or low transferrin saturation, and the albumin is low despite 
an absence of weight loss. A CRP can also be measured and 
is markedly elevated in the context of inflammation.

7.1.1  The Target Hb in Patients with CKD 
Anemia

Four large randomized control trials (RCTs) have explored 
the effect of anemia correction on clinical outcomes [8–11]. 
These studies have examined both non-dialysis and dialysis 
patients.
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The Normal Hematocrit study evaluated symptomatic di-
alysis patients and tested the hypothesis that the correction 
of anemia with epogen in hemodialysis patients with clinical 
evidence of congestive heart failure or ischemic heart disease 

would result in improved outcomes (Fig. 7.2). The primary 
endpoint was the length of time to death or a first nonfatal 
myocardial infarction. Patients were randomized to either a 
higher Hb concentration of 13–15 g/dL or a lower Hb arm of 

Fig. 7.1 a Algorithm for managing anemia in dialysis patients. b An alternative approach for identifying an individualized hemoglobin (Hb) 
concentration
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9–11 g/dL. Patients were treated with a mean epoetin dosage of 
460 U/kg/week in the high Hb arm and 160 U/kg/week in the 
low Hb arm. The study was halted at the third interim analysis 
on the recommendation of the Data Safety Monitoring Board. 
At 29 months, there were 183 deaths and 19 first nonfatal 
myocardial infarctions in the group with a normal hematocrit 
and 150 deaths and 14 nonfatal myocardial infarctions in the 
low hematocrit group (risk ratio (RR), 1.3; 95 % confidence 
interval (CI), 0.9–1.9). There was also a higher rate of vascu-
lar thrombosis and strokes in patients in the higher Hb arm as 
compared to patients randomized to the lower Hb arm [8].

Three RCTs have evaluated non-dialysis chronic kidney 
disease (CKD) patients—Cardiovascular Reduction Early 
Anemia Treatment Epoetin beta (CREATE), Correction of 
Hemoglobin and Outcomes in Renal Insufficiency (CHOIR), 
Trial to Reduce Cardiovascular Events with Aranesp Therapy 
(TREAT) [9–11]. In all three studies, no improvement with 
anemia correction but instead harm with respect to a com-

posite mortality and cardiovascular endpoint or components 
of the composite endpoint was observed. Taken collective-
ly, the Normal Hematocrit, CREATE, CHOIR, and TREAT 
demonstrate that there is increased risk for either death or 
cardiovascular disease (CVD) outcomes or renal outcomes 
with targeting a higher Hb with higher doses of ESA. Recent 
meta-analyses have also reached similar conclusions. In the 
meta-analysis by Phrommintikul et al. [12] nine RCTs were 
selected on the basis of quality, sample size, and follow-up, 
and lumped together for a total sample of 5143 patients. Both 
dialysis and non-dialysis CKD trials were included. There 
was a higher risk of all-cause mortality (RR, 1.17; 95 % CI, 
1.01–1.35; p = 0.031) and arteriovenous access thrombosis 
(RR, 1.34; 95 % CI, 1.16–1.54; p = 0.0001) in the higher Hb 
target group compared to the lower Hb target group. Howev-
er, it remains uncertain whether normalization of anemia ver-
sus treatment with an ESA explains the higher risk of CVD. 
Synthesizing secondary analyses of the randomized trials and 
taking the results of the observational studies into account, 
the preponderance of evidence suggests that a relationship 
between ESA exposure and adverse outcomes is plausible—a 
conclusion that is also supported by evidence of adverse out-
comes in non-renal populations. The US Food and Drug Ad-
ministration (FDA) now recommends more conservative dos-
ing guidelines for ESAs commensurate with these concerns.

The US FDA has also provided guidelines on the target 
Hb level when treating dialysis (and non-dialysis) patients 
with an ESA [13] (Table 7.3). While emphasizing the im-
portance of individualizing therapy, the FDA recommends a 
narrow Hb “window” for treatment: initiating ESA therapy 
when the Hb level is < 10 g/dL and interrupting or reducing 
ESA dose when the Hb level approaches or exceeds 11 g/dL.

The Hb targets recommended by the FDA are reasonable 
in a stable chronic dialysis patient, although these recom-
mendations have generated much controversy [1, 13, 14]. 
However, when a dialysis patient has an acute illness and 
becomes more severely anemic, it becomes very challeng-
ing to manage anemia. In these circumstances, an alternative 
approach should be considered for identifying an individual-
ized Hb concentration at which to intervene—identifying, if 
you will, the patient’s “Hb trigger” (Fig. 7.1b).

The Hb trigger is the Hb level at which the patient becomes 
symptomatic and an intervention should be considered. For 

Fig. 7.2  Vitamin D action

 

Table 7.3  FDA recommendations for anemia treatment with an eryth-
ropoiesis-stimulating agent
Individualize therapy using the lowest ESA dose possible to reduce 
the need for red blood cell transfusions, and weighing the possible 
benefits of using ESAs to decrease the need for red blood cell trans-
fusions against the increased risks for serious adverse cardiovascular 
events
For patients with CKD who have anemia and are receiving dialysis, 
ESA should be started when the hemoglobin level is less than 10 g/
dL, and the dose should be reduced or interrupted if the hemoglobin 
level approaches or exceeds 11 g/dL

ESA erythropoiesis-stimulating agent, CDK chronic kidney disease

Table 7.1  Testing for anemia and investigation of anemia
For CKD patients without anemia, measure Hb concentration when 
clinically indicated and
 At least annually in patients with CKD 3
 At least twice per year in patients with CKD 4–5 ND
 At least every 3 months in patients with CKD 5HD and 5PD
For CKD patients with anemia not being treated with an ESA, mea-
sure Hb concentration when clinically indicated and
 At least every 3 months in patients with CKD 3–5 ND and 5PD
 At least monthly in patients with CKD 5HD

CKD chronic kidney disease, Hb hemoglobin, ND not on dialysis, HD 
on hemodialysis, PD on peritoneal dialysis, ESA erythropoiesis-stimu-
lating agent

Table 7.2  Use of iron to treat anemia in chronic kidney disease (CKD)
Evaluate iron status (TSAT and ferritin) at least every 3 months 
during ESA therapy, including the decision to start or continue iron 
therapy
Test iron status (TSAT and ferritin) more frequently when initiating 
or increasing ESA dose, when there is blood loss, when monitoring 
response after a course of IV iron, and in other circumstances where 
iron stores may become depleted

TSAT transferrin saturation, ESA erythropoiesis-stimulating agent
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each patient this may be different. Generally, increasing the 
ESA dose or treating the patient with iron is not required 
because the patient is already on an optimal ESA dose or al-
ready iron replete. Here, the acute illness has created a state 
of heightened inflammation, and either treatment of the un-
derlying acute problem is necessary or a blood transfusion 
is indicated because of patient-related factors. For a young 
dialysis patient, an Hb of 8 g/dL may necessitate treatment 
for symptoms of fatigue. In contrast, for a frail patient with 
underlying CVD, the Hb trigger might be 10 or 11 g/dL. 
How high or low one lets the Hb drift has generated much 
controversy [15, 16], but in general needs to be individu-
alized. Transfusing blood might be a reasonable strategy to 
maintain the patient above his or her individualized Hb trig-
ger [17, 18].

Another scenario in which individualization may be nec-
essary is when there is a need to use ESAs sparingly. For ex-
ample, the KDIGO guidelines recommend caution in using 
ESAs in patients with a history of a stroke or in patients ac-
tively being treated with chemotherapy for a curable cancer 
[1]. Here, especially in a patient with cancer, a dialysis pa-
tient may be managed on a low dose or even no ESA, and 
decisions around transfusion will depend on the patient’s 
individualized Hb trigger [19] .

7.1.2  Erythropoiesis-Stimulating Agents

In the era prior to the discovery of epoetin alfa (Epo), that is, 
before 1989, the treatment of CKD anemia consisted largely 
of blood transfusion and anabolic steroids. With the intro-
duction of Epo, a transformation occurred in the manage-
ment of anemia. By the 1990s, almost all patients on dialysis 
were receiving Epo therapy. At least initially, normalization 
of the Hb level in dialysis patients was recommended be-
cause observational studies, dating back to the 1990s, sug-
gested an association between better outcomes and higher 
levels of Hb—lower rate of cardiovascular complications, 
lower mortality risk, and higher health-related quality of 
life. However, in 1998 with the publication of the Normal 
Hematocrit trial in hemodialysis patients, and in 2006 and 
2009 with the publication of the CHOIR and TREAT stud-
ies in non-dialysis patients, respectively, it became clear that 
treatment of mild anemia with normalization of the Hb was 
not associated with clinically meaningful benefits. Rather, 
there was an increased risk of cardiovascular complications 
and kidney disease progression without clinically meaning-
ful improvement in quality of life in patients assigned to a 
higher Hb target level. Based on these studies, the US FDA 
has recommended that end-stage renal disease (ESRD) pa-
tients should be treated to Hb target less than 11 g/dL.

The 2012 KDIGO Anemia guidelines backed this up by 
recommending against normalization of the Hb concentration 

and advocated for a target Hb of 9.0–11.5 g/dL [1]. The guide-
lines emphasized that ESAs should be used “cautiously, if at 
all, in patients with a prior history of a stroke or a history 
of cancer.” The KDIGO guidelines recommend that anemia 
treatment in dialysis patients should be individualized based 
on the rate of fall of Hb concentration, prior response to iron 
therapy, the risk of needing a transfusion, and the risks at-
tributable to anemia as well as those related to ESA therapy.

7.1.3  ESA Therapeutic Options

There are many ESAs currently in the market, but only two 
currently in the USA (Table 7.4) [19–24]. Available ESAs 
can be broadly divided into short- and long-acting agents. 
The very first ESA was Epo, marketed in the USA as Epogen 
and approved in 1989 by the US FDA, which is short-acting 
(half-life (t1/2) of approximately 8.5 h). Epo can be adminis-
tered subcutaneously or intravenously. Epo is the only short-
acting ESA available currently in the USA. There are three 
other short-acting ESAs available in non-US markets: epo-
etin-beta, epoetin-omega (Repotin®, South Africa), epoetin-
theta (Biopoin®, Eporatio®, Ratioepo®, Europe). Differences 
exist in potency, safety, tolerability, and immunogenicity 
among these various forms of epoetin. In addition, to dif-
ferent classes of short-acting Epos, Epo biosimilars are also 
widely available. Biosimilars are “copy-cat” agents to the 
innovator or originally developed ESA. Currently, no Epo 
biosimilar has received approval from the US FDA, although 
the emergence of biosimilar agents in the USA is imminent 
[25].

The most commonly used long-acting Epo is darbepoetin 
alfa (Aranesp®, Amgen, Thousand Oaks, CA, USA). Dar-
bepoetin alfa is a hyperglycosylated Epo analogue designed 
for prolonged survival in the circulation and with consequent 
greater bioavailability than the shorter-acting epoetins (dar-
bepoietin has a three-fold longer t1/2 than Epo: 25.3 vs. 8.5 h) 
[26]. Although darbepoietin alfa was approved by the US 
FDA and the European Medicines Agency (EMA) in 2001, it 
is currently used mostly in non-dialysis CKD patients, even 
though it has a much longer half-life than epoetin and can 

Table 7.4  Types of ESAs currently available
Available in the USA
Type of ESA Duration of action
Epoetin alfa (Epogen®/Procrit®) Short acting
Darbepoetin-alfa (Aranesp®) Longer acting
Not available in the USA
Epoetin omega (Epomax) Short acting
Epoetin delta (Dynepo) Short acting
Epoetin beta (NeoRecormon®) Short acting
CERA (Mircera®) Longer acting
ESA erythropoiesis-stimulating agent
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therefore be dosed less frequently (t1/2 of darbepoetin-alfa 
compared with Epo is 54 vs. 16–24 h in dialysis patients).

The other long-acting epoetin that is approved world-
wide is “Continuous Erythropoietin Receptor Activator 
(CERA)” [27]. Notably, CERA is approved in the USA but 
not marketed because of patent infringement issues. CERA 
is a molecule that has a water-soluble polyethylene glycol 
(PEG) moiety added to the epoetin beta molecule. The t1/2 
after intravenous administration is approximately 134 and 
139 h after subcutaneous administration, and the dose is the 
same by either route. Peginesatide, introduced with much ex-
citement a few years ago [28, 29], has now been withdrawn 
because of a series of unexpected adverse effects, including 
over 50 deaths among dialysis patients.

7.1.4  Iron Supplementation to Treat Anemia in 
Dialysis Patients

Iron deficiency is a common finding in patients in dialysis 
patients. Absolute iron deficiency reflects no stores of iron, 
and occurs when both transferrin saturation and ferritin lev-
els are low (< 20 % and 100 ng/mL, respectively; reviewed 
extensively in reference [1] and references [30–34]). Func-
tional iron deficiency is the inadequate release of iron to sup-
port erythropoiesis, despite the presence of adequate stores 
of iron. ESA therapy can be associated with functional iron 
deficiency when patients are inflamed (e.g., with a coexist-
ing smoldering infection or a failed kidney allograft still in 
place. Functional iron deficiency should be suspected when 
the serum ferritin is high but transferrin saturation is low. 
Iron deficiency can lead to decreased effectiveness of ESA 
therapy, and iron therapy without ESA therapy is usually un-
successful in patients with CKD. Untreated iron deficiency 
is a major cause of hyporesponsiveness to ESA treatment.

Iron deficiency is treated with iron administered either by 
the oral or intravenous route. Oral iron therapy is the pre-
ferred method of treating non-dialysis CKD patients. Various 
oral iron agents are available (Table 7.5).

Oral iron may be tried initially, but is generally not ef-
fective in hemodialysis patients because of concerns about 
lack of absorption due to a hepcidin-mediated functional 
block in absorption of iron at the level of the enterocyte iron 

channel. Recently, ferric citrate was approved for the control 
of serum phosphorus levels in ESRD patients. In addition, 
ferric citrate repletes iron in dialysis patients. In the ferric ci-
trate phase 3 trials, dialysis patients treated with ferric citrate 
attained a higher Hb and required less intravenous iron and 
ESA than control patients [35, 36].

Four intravenous agents are currently used the USA: iron 
dextran, ferrous gluconate, and iron sucrose. These agents 
have low molecular weight and are safer than high molecular 
weight iron dextran that preceded them and was associated 
with a high risk of anaphylaxis (Table 7.6).

The 2012 KDIGO Anemia Clinical Practice Guidelines 
make several recommendations about the use of iron [1]. 
Most of these recommendations are based on opinion rather 
than evidence derived from randomized trials. The KDIGO 
guidelines recommend that decision-making around the 
route of iron therapy should be governed by the severity of 
iron deficiency, availability of venous access, response to 
prior oral or intravenous iron therapy and tolerance of side 
effects, patient compliance, and cost. Furthermore, KDIGO 
suggests that decisions to continue iron therapy may be 
based on recent patient responses to iron therapy, TSAT and 
ferritin, Hb concentration, ESA responsiveness, ESA dose, 
ongoing blood losses, and patient’s clinical status. There 
is much debate about when to administer intravenous iron, 
particularly in relation to the TSAT and ferritin levels [37]. 
Table 7.7 summarizes one approach that is consistent with 
KDIGO.

When oral iron is being considered in correcting iron de-
ficiency in a dialysis patient, it is important to dose iron ad-
equately. In general, 200 mg of elemental iron is necessary 
(ferrous sulfate 325 mg three times daily). If iron supple-
mentation with oral iron after a 1–3-month trial is ineffec-
tive (measured by no rise in Hb level and/or no fall in ESA 
requirement) then it is appropriate to consider intravenous 
iron. Intravenous iron can be administered as a single large 

Table 7.5  Oral iron agents and elemental iron content
Iron preparations Number of pills 

required to provide 
~ 200 mg of iron

Tablet 
size (mg)

Amount of 
elemental iron 
(mg)/pill

Ferrous sulfate 3 325 65
Ferrous gluconate 6 325 35
Ferrous fumarate 2 325 108
Iron 
polysaccharide

2 150 150

Table 7.6  Intravenous iron preparations commonly used in treating 
iron deficiency in dialysis patients*
Product Indication Warnings Total dose 

infusion
Relative 
cost

Ferric 
gluconate
(Ferrlecit)

HD pts 
receiving 
ESA

General No $$$

Iron sucrose
(Venofer)

HD, PD, 
CKD pts

General No $$$

LMW iron 
dextran
(INFeD)

Iron-defi-
ciency anemia

Black box Yes $$

HMW iron 
dextran
(DexFerrum)

Iron-defi-
ciency anemia

Black box Yes $

ESA erythropoiesis-stimulating agent, CDK chronic kidney disease, 
LMW low molecular weight, HMW high molecular weight
*Ferumoxytol is approved but not commonly used
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dose or repeated smaller doses depending on the specific 
intravenous iron preparation used. The initial course of in-
travenous iron is approximately 1000 mg in divided doses, 
which may be repeated if there is no effect on Hb level and/
or decreased ESA dose.

Iron status should be monitored every 3 months with 
TSAT and ferritin while on ESA therapy [1]. When initiating 
or increasing ESA dose, in the setting of ongoing blood loss, 
or in circumstances where iron store may become depleted, 
it is also appropriate to monitor TSAT and ferritin more fre-
quently. A common setting in which to monitor iron status 
more frequently is infection or inflammation.

7.2  Metabolic Bone Disease

Disturbances in calcium and phosphorus metabolism are 
common in CKD patients [38–40]. The spectrum of dis-
orders observed in CKD patients has been defined by the 
KDIGO guideline group (Fig. 7.3).

As glomerular filtration rate (GFR) declines, the kidney’s 
ability to excrete phosphorus decreases as a result of lower 
nephron mass and the serum phosphate level rises. In order 
to maintain normophosphatemia there is increased secretion 
of fibroblast growth factor 23 (FGF23) [41, 42], the main 
hormonal regulator of phosphorus homeostatis. In patients 
with early CKD, FGF23 stimulates increased phosphate ex-
cretion in order to maintain phosphorus homeostasis. How-
ever, in more advanced CKD, FGF23 is unable to enhance 
renal phosphate excretion, and hyperphosphatemia results. 
In addition to its effects on phosphate excretion, FGF23 
stimulates parathyroid hormone (PTH) production by the 
parathyroid glands and reduces 1,25(OH)2D3 levels through 
inhibition of 1-alfa hydroxylase, an enzyme produced in the 

kidney. Advanced kidney failure independently contributes 
to reduced activity of 1 alfa hydroxylase [43, 44]. Reduced 
1,25(OH)2D3 levels result in reduced gastrointestinal (GI) 
calcium absorption and hypocalcemia [45].

The parathyroid gland is highly sensitive to even very 
small changes in ionized extracellular calcium and rapidly 
releases PTH in response to a decrease in calcium concentra-
tion. This response is mediated by the calcium-sensing re-
ceptor (CaR), the primary regulator of PTH secretion.

Calcitriol inhibits gene transcription of precursors of 
PTH, and therefore a decline in calcitriol leads to increased 
PTH production (Fig. 7.2). Decreased calcitriol has also 
been linked to decreased expression of vitamin D receptors 
(VDR) and of CaR in parathyroid tissue, which also contrib-
utes to increases in serum PTH levels.

High PTH results in osteoclast-mediated bone demineral-
ization and in the long-term renal bone disease or osteodys-
trophy [43, 44].

Elevated PTH is known to contribute to pathogenesis of 
renal osteodystrophy and has also been implicated in damage 
to other systems, including cardiac, cutaneous, endocrine, 
immunologic, and nervous systems [45–47]. Associated im-
balances in mineral homeostasis probably also contribute to 
organ system damage.

7.2.1  Hyperphosphatemia

In dialysis patients, the focus of management is to prevent 
metabolic bone disease by aiming for a serum phosphorus 
level within normal limits [48–51]. The normal ranges are 
listed in Table 7.8.

This is accomplished by controlling the serum phospho-
rus and PTH to normal or near-normal levels. In patients 
with stage 5 CKD, the target serum level of phosphorus is 
between 3.5 and 5.5 mg/dL [1]. To achieve these levels, a 
phosphate-restricted diet  (800–1000 mg/day) and treatment 
with a phosphate binder to decrease dietary absorption of 
phosphate is necessary.

In patients on dialysis, it is necessary to use both a cal-
cium-containing and non-calcium-containing phosphate 
binder because use of only a calcium-containing binder fre-
quently results in a positive calcium balance and a higher 
risk of arterial calcification. On the other hand, managing 
hyperphosphatemia with only non-calcium-containing bind-
ers requires large doses of the binders leading to higher risk 

Table 7.7  Practical approach to repleting iron in end stage renal disease 
(ESRD) patients

Hb at target Hb < target Hb < target Hb < target
TSAT > 20 % 
Ferritin 200–500

TSAT > 20 % 
Ferritin 200–500

TSAT > 20 %
Ferritin 500–800

TSAT >  20 %
Ferritin > 800

No iron Iron Individualize iron Hold iron
TSAT transferrin saturation

Table 7.8  Normal ranges for mineral bone density (MBD) biochemi-
cal parameters
Normal phosphorus 2.5–4.5 mg/dL
Normal calcium 8.5–10 mg/dL
Normal iPTH 15– 65 pg/mL (varies 

with the assay used)Fig. 7.3  Spectrum of mineral bone density (MBD)
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of side-effects from these agents (e.g., bloating and GI dis-
comfort with the use of sevelemar) and greater expense.

7.2.1.1  Calcium-Containing Binders
Calcium-containing phosphate binders are available as the 
calcium salts of carbonate, acetate, and citrate [52]. Calcium 
citrate increases aluminum absorption and should be avoid-
ed. Calcium acetate is the most potent phosphate binder in 
this class. Although calcium-containing binders provide an 
effective means of controlling phosphorus, their use may not 
be without risk. Calcium excess induced by the prescription 
of large doses of calcium-containing phosphate binders has 
been associated with calcifications of the aorta and the ca-
rotid and coronary arteries; calcium-containing phosphate 
binders have been implicated in the acceleration of vascular 
disease that accompanies advancing CKD. Widespread use 
of these drugs may also play a contributory role in the devel-
opment of calciphylaxis.

Calcium-containing binders should not be used if the pa-
tient has hypercalcemia (> 10.2 mg/dL), a PTH < 150 pg/mL, 
or evidence of severe extraskeletal calcification. The total 
intake of elemental calcium should not exceed 2000 mg/day, 
and the total dose of elemental calcium provided by calcium-
based binders should not exceed 1500 mg/day.

7.2.1.2  Non-Calcium-Containing Binders
There are 4 types of non-calcium-containing phosphorus 
binders: Sevelamer, lanthanum, aluminum hydroxide, and 
ferric citrate [53–55].

Sevelamer is available as sevelemar hydrochloride (Re-
naGel) or sevelamer carbonate (Renvela). Both are calcium- 
and aluminum-free phosphate binders that control serum 
phosphorus and reduce PTH levels without inducing hyper-
calcemia. In addition, both lower serum cholesterol levels. 
Sevelamer hydrochloride is an exchange resin that releases 
chloride in exchange for phosphate. The subsequent forma-
tion of hydrochloric acid creates an acid load and may cause 
metabolic acidosis; sevelamer carbonate is less likely to 
cause acidosis.

Lanthanum carbonate (Fosrenol) is also a calcium- and 
aluminum-free binder that is approved for the treatment of 
hyperphosphatemia in patients with ESRD. The initial clini-
cal experience has shown the drug to be both effective and 
well tolerated. Oral bioavailability of lanthanum is very low, 
and the drug is excreted largely unabsorbed in the feces. 
There has been concern about the long-term safety of lantha-
num because of reports of tissue deposition of lanthanum in 
the liver, lung, and kidney in animal models exposed to lan-
thanum. However, no long-term toxicity has been reported 
in humans.

Aluminum is a powerful phosphate binder because it 
forms a very strong ionic bond with phosphorus. However, 
because of concerns about long-term toxicity, including de-

mentia and aluminum bone disease, aluminum-containing 
binders have largely fallen from favor. In patients with se-
vere hyperphosphatemia refractory to treatment, aluminum-
containing compounds such as aluminum hydroxide and 
aluminum carbonate may be used as a short-term therapy 
(for up to 1 month); thereafter, they should be replaced with 
either lanthanum or sevelamer.

Ferric citrate is a newly approved phosphate binder, effec-
tive in both reducing hyperphosphatemia and correcting iron 
deficiency [56]. Ferric citrate works as well as sevelemar or 
calcium carbonate as a phosphate binder. Ferric citrate also 
effectively reduces both intravenous iron and ESA utilization 
and thus could become the default therapeutic agent in dialy-
sis patients, both for phosphate control and iron repletion. A 
maximum of 12 tablets of ferric citrate may be given with 
meals. It is likely, however, that 12 tablets each day (doses as 
much as 12 g of ferric citrate) are unlikely to be well toler-
ated by patients—the most common adverse effects being GI 
(nausea, vomiting, diarrhea, and constipation). Each tablet of 
ferric citrate (1 g ferric citrate) is 210 mg of ferric iron.

7.3  Metabolic Bone Disease

There are a spectrum of metabolic bone disease abnormali-
ties in ESRD patients [57] (Fig. 7.3). On one end of the 
spectrum is low turnover “adynamic bone disease” (ABD), 
which occurs in a minority of patients. On the other side of 
the spectrum is secondary and tertiary hyperparathyroid-
ism—high-turnover bone disease osteitis fibrosa.

7.3.1  Low Turnover Adynamic Bone Disease

ABD is characterized by extremely low bone turnover with 
reduced synthesis of bone matrix owing to decreased osteo-
blastic and osteoclastic activity [58]. In association with re-
duced bone formation rates (BFR), there is a lack of osteoid 
accumulation differentiating this abnormality from osteoma-
lacia. Whether ABD is a benign, asymptomatic condition of 
ESRD has been a matter of debate since its first description. 
The two major concerns with ABD are the frequent episodes 
of hypercalcemia with possible soft tissue calcification, and 
increased risk for fractures due to the impaired remodeling 
process. The most likely mechanism for the occurrence of 
ABD is the relative hypoparathyroidism seen in these pa-
tients. As the serum-ionized calcium level is one of the most 
powerful factors affecting PTH secretion, a continuously 
positive calcium balance associated with oral calcium car-
bonate (CaCO3) treatment, vitamin D administration, and 
supraphysiological dialysate calcium may lead to oversup-
pression of parathyroid gland activity.
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7.3.2  High Turnover Bone Disease

When PTH levels remain persistently elevated, secondary 
hyperparathyroidism develops. Left untreated, secondary 
hyperparathyroidism can progress to refractory hyperpara-
thyroidism, a condition in which the parathyroid glands 
become autonomous and release high amounts of PTH out 
of proportion to a patient’s hypocalcemia or hyperphospha-
temia; this may occur in late-stage CKD or in ESRD. Sec-
ondary hyperparathyroidism is associated with effects on 
bone—ostitis fibrosis cystica, where osteoclasts stimulated 
by chronically elevated concentrations of PTH cause severe 
bone loss and predispose patients to fractures and bone cysts.

Monitoring and treatment of an elevated PTH level may 
help prevent the development of secondary hyperparathy-
roidism. The KDIGO guidelines recommend a PTH target in 
dialysis patients of 2–9 times the upper limit of the normal 
PTH range (the Kidney Disease Outcomes Quality Initiative 
(KDOQI) target is 150–300 pg/mL). The target values for 
PTH in patients with dialysis patients is higher than normal 
because higher levels are thought to be required for normal 
bone remodeling, and suppression of PTH to normal non-
uremic values may be associated with a higher prevalence 
of adynamic bone disease. Monthly monitoring of PTH is 
necessary in order to calibrate the use of active vitamin D 
therapy. Monthly monitoring of serum calcium and phospho-
rus levels is also recommended.

In addition to vitamin D and its analogues, cinacalcet 
(Sensipar) is now widely used [59–61]. Cinacalcet was ap-
proved in 2004 and is a calcimimetic that binds to the calci-
um-sensing receptor in the parathyroid gland and leads to re-
ductions in PTH release. However, to date, there is no defini-
tive proof that cinacalcet improves hard outcomes in patients 
with CVD or bone disease. In this regard, EValuation Of 
Cinacalcet Hydrochloride Therapy to Lower CardioVascu-
lar Events (EVOLVE) [62–64], a double-blind randomized 
trial of 3883 hemodialysis patients with moderate to severe 
hyperparathyroidism (cinacalcet versus placebo) was null 
with respect to the primary composite endpoint of time to 
death,  myocardial infarction (MI), hospitalization for unsta-
ble angina, heart failure, or a peripheral vascular event [62]. 
The fracture rate between the two arms of the study was not 
different. However, patients randomized to cinacalcet had a 
50 % lower rate of parathyroidectomy, but hypocalcemia was 
common in the active treatment arm. Importantly, however, 
the trial has been criticized for the high rate of cross-overs 
between the two arms of the study and for imbalances in 
baseline characteristics [63, 64].

As with active vitamin D therapy, cinacalcet effectively 
lowers the circulating levels of PTH; however, it does not 
cause the increased GI absorption of calcium and phospho-
rus associated with vitamin D therapy. Hypocalcemia can 
occur in a small percentage of patients. In patients with 
ESRD, combination therapy with cinacalcet and active 

vitamin D is advantageous, but the optimal mix has not yet 
been determined.

7.3.3  Parathroidectomy in Dialysis Patients

While most dialysis patients are now managed successfully 
with cinacalcet, active vitamin D, and management of hy-
perphosphatemia, some patients become refactory to medi-
cal management. These patients are usually characterized by 
severe clinical, biochemical, and radiological hyperparathy-
roidism. The PTH levels are usually very high (8–20-fold 
higher than the upper limit of normal (ULN) for PTH) and 
resistant to high-dose vitamin D and cinacalcet therapy. The 
serum calcium is either normal or more commonly elevated. 
Morphologically, there is evidence of nodular hyperplasia in 
very enlarged parathyroid glands. There is also evidence of 
monoclonality (monoclonal proliferation) in the nodules.

While ethanol injection into the largest parathyroid glands 
is sometimes used to treat refractory hyperparathyroidism, the 
mainstay is surgical parathyroidectomy [65, 66]. There are 
three surgical options: subtotal parathyroidectomy, total para-
thyroidectomy with parathyroid autotransplantation, and total 
parathyroidectomy without autografting. The main disadvan-
tage of the first two options is recurrence of hyperparathyroid-
ism, whereas the main disadvantage of the latter approach, that 
is, total parathyroidectomy without autografting is the risk of 
adynamic bone disease and vascular calcification. Even with 
this approach, however, detectable PTH levels have been re-
ported because residual tissue is left behind following surgery.
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8.1  Introduction

Peritoneal dialysis (PD)  is a home dialysis modality that pro-
vides patients with flexibility and control over their dialysis 
treatments and often the freedom to continue employment. 
In addition, for reasons that are incompletely understood—
perhaps related to greater hemodynamic stability—perito-
neal dialysis is associated with a slower decline in residual 
renal function. On the other hand, patients performing home 
dialysis must assume the responsibility for administering 
and monitoring the therapy. In contrast to home hemodialy-
sis , PD can be performed as a continuous therapy without 
the need for vascular access. However, in order for PD to be 
successful, numerous technical details of the therapy need to 
be optimized. This chapter will describe the best practices 
regarding peritoneal catheter placement, PD solutions, and 
efforts to maintain a healthy peritoneal membrane.

8.2  Peritoneal Dialysis Catheter

A well-functioning PD catheter is crucial for the long-term 
success of PD. Catheters that have migrated or have been 
trapped in omentum may not drain appropriately leading 
to fluid retention and inadequate solute clearance. Dialy-
sate leaks at the catheter exit site can impair ultrafiltration 
and adversely affect patients’ quality of life. Finally, since 
peritonitis and catheter infections are leading causes of PD 
technique failure, catheter designs and implantation practic-
es that minimize infection risk may also improve technique 
survival.

8.2.1  Catheter Characteristics

PD catheters have many potential modifications (Table 8.1). 
Catheters are made from polyurethane or silicone rubber. 
The intra-abdominal portion of the catheter can be coiled or 
straight and the portion within the anterior abdominal wall 
can have one or two cuffs. Furthermore, there are many mod-
ifications that can be made in the subcutaneous portion of the 
catheter to guide the catheter exit from the abdominal wall. 
Since the catheter possesses “memory,” they tend to revert 
to their initial conformation. Swan-neck catheters possess 
a preformed bend that promotes a downward-directed exit 
from the abdominal wall exit site as well as a downward di-
rection of the intraperitoneal portion of the catheter thereby 
preventing catheter migration. Other catheters have a straight 
segment between two cuffs to promote a lateral exit. Some of 
the above modifications have been compared in randomized 
trials; however, many of the trials have significant method-
ological limitations that limit the conclusions.

As compared to catheters made of silicone rubber, poly-
urethane catheters have greater tensile strength with a thin-
ner wall and larger internal diameter. Those characteristics 
are desirable as they will positively influence dialysate flow 
rate. However, polyurethane is prone to damage with numer-
ous antimicrobial solutions. Mupirocin ointment (containing 
polyethylene glycol) and alcohol have both been reported to 
cause damage to the catheter wall. Spontaneous rupture of 
the PD catheter has been reported with mupirocin ointment 
[1]. Therefore, most catheters used today are made of sili-
cone rubber.

Table 8.1  Modifiable components of peritoneal dialysis (PD) 
catheters
Silicone or polyurethane composition
Coiled or straight intraperitoneal segment
Single or double cuffed catheter
Curved (swan-neck) or straight catheter
Abdominal exit site or extender for presternal exit site
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Catheters with a coiled intraperitoneal segment offer 
some potential advantages over straight catheters. Coiled 
catheters were designed to create better separation between 
loops of bowel and contain numerous side ports. Since a 
smaller amount of dialysate moves through each side port, 
coiled catheters may reduce infusion pain. However, clear 
benefits of coiled catheters have not been seen in most stud-
ies. Comparisons between coiled and straight catheters have 
been the subject of numerous trials [2]. Most of the early 
randomized trials were small (fewer than 50 total patients) 
and reached different conclusions regarding the superiority 
of either catheter. Furthermore, some of the earlier studies 
had very high rates of catheter dysfunction raising questions 
about the generalizability of the results. The two most recent 
randomized studies of straight versus coiled catheters have 
also been the largest, enrolling 80 and 132 patients, respec-
tively. The smaller study found that catheter migration oc-
curred more commonly with coiled catheters [3]. The study 
by Johnson et al. demonstrated better catheter survival with 
straight catheters, an effect thought to be related to improved 
small solute clearance [4]. Given small sample sizes from all 
studies, firm recommendations from the trials are not pos-
sible. It should also be noted that the surgical implantation 
techniques and exit site management may differ significantly 
between the study sites and other PD centers.

After exiting the peritoneal cavity, catheters can be an-
chored in the subcutaneous space with either one or two 
cuffs. Two cuffs may more firmly anchor the catheter in the 
subcutaneous space. It has been suggested that a double-cuff 
catheter may also provide a better barrier to bacterial spread 
along the catheter tunnel. The largest randomized study to 
test this benefit enrolled 60 patients and randomized them 
to either a double-cuff or single-cuff catheter [5]. The study 
demonstrated no benefit in peritonitis, exit site infections, or 
catheter infection with the double-cuff catheter. A retrospec-
tive study did demonstrate a benefit to preventing peritonitis 
with the use of double-cuffed catheters; however, this effect 
is lost in the post-2000 era [6]. Alignment of the intercuff 
segment of a double-cuff catheter can also improve a cathe-
ter’s success. Since plastic catheters will maintain “memory” 
and revert to the original position, aligning the intercuff seg-
ment in the original position may help maintain the intraperi-
toneal segment in the pelvis.

The catheter conformation in the subcutaneous segment 
may either be curved (swan neck) or straight. The swan-neck 
conformation is designed to maintain a low, pelvic location 
of the intra-abdominal component as well as a downward-
facing exit site. If a straight catheter has a downward-facing 
exit site, catheter “memory” may increase the likelihood of 
the intraperitoneal segment migrating to the upper abdomen. 
As with the other modifications, the swan-neck or straight 
catheters have been compared in small, randomized trials 

[2]. The trials have shown no difference in infection rates 
or migration. However, observational studies have suggest-
ed that swan-neck catheters have fewer episodes of catheter 
dysfunction [7].

8.2.2  Implantation Technique

The implantation procedure is as important as catheter char-
acteristics for long-term catheter performance. The surgical 
technique can be performed blindly, using a laparoscopic 
approach, or through an open surgical approach. The blind 
approach (using the Seldinger technique) may be associated 
with more complications, such as bowel injury. A major dis-
advantage to this approach is the inability to simultaneously 
repair hernias or perform omentopexy [8]. Both surgical ap-
proaches (open and laparoscopic) are safe and allow the si-
multaneous repair of hernias.

Regardless of the specific implantation technique, the 
catheter tip should lie in the true pelvis. If the tip is located 
higher in the peritoneal cavity, there is a much higher risk for 
omental entrapment and catheter dysfunction. It is thought 
that placement in the left pelvis may be preferred over the 
right pelvis as peristalsis may continue to push the catheter 
in a downward direction. After catheter placement, tip mi-
gration can certainly be seen, often with constipation. If re-
lief of constipation does not revert the catheter tip into the 
pelvis, surgical correction can often return the tip to the pel-
vis without requiring surgical placement of a new catheter.

Since omental entrapment often impairs catheter drain-
age, there are numerous approaches that attempt to prevent 
this complication. One described approach has been pro-
phylactic removal of omentum [9]. However, this procedure 
significantly increases the complexity of the surgery and 
may be too aggressive since most patients never have omen-
tal entrapment. Another approach to manage the omentum 
has been described by Crabtree [8]. In this approach, the 
surgeon first examines the omentum to see if it will border 
the catheter tip in the pelvis. If the exam does suggest that 
there could be omental–catheter interactions in the pelvis, 
an omentopexy is performed. Omentopexy involves tacking 
the omentum to the abdominal wall and can be performed 
more quickly than an omentectomy. Omentopexy has been 
demonstrated to be a safe procedure and appears to confer 
good long-term outcomes for peritoneal catheters [10–12].

8.2.3  Externalization Procedure

Catheter externalization may be done immediately at the 
time of catheter placement. Alternatively, the catheter may 
be placed several weeks to months prior to the anticipated 
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need for dialysis (Moncrief–Popovich technique). Imme-
diate catheter externalization is widely performed and has 
a number of advantages. The major advantage with exter-
nalization at the time of catheter placement is the ability to 
start dialysis immediately. In patients presenting with ure-
mic symptoms or urgent dialysis needs, prompt PD catheter 
placement and dialysis initiation may obviate the need for 
a temporary hemodialysis catheter. The ability to perform 
urgent PD will allow patients with urgent dialysis needs to 
choose between hemodialysis and PD. It should be noted, 
however, that patients with a newly placed and immedi-
ately externalized peritoneal catheter may not tolerate large 
dialysate volumes as they are prone to dialysate leaks due 
to increased intra-abdominal pressure. Therefore, the major 
limitation to this approach is that dialysis is usually done in 
a recumbent position (overnight) with small drain volumes.

Delayed externalization offers certain advantages to the 
patient as well. At the time of catheter placement, after the 
catheter is flushed, the external portion of the catheter is bur-
ied in the subcutaneous space. Ideally, the patient will not 
need dialysis for at least 2 weeks and the catheter tunnel 
can heal in a sterile environment. For patients with chronic 
kidney disease (CKD) who choose PD, this proactive ap-
proach will likely preempt the need for a temporary hemodi-
alysis catheter. When the patient develops a clinical need for 
dialysis, the catheter can be externalized via a small incision 
made under local anesthesia and full dose dialysis can be 
initiated. Burying PD catheters also eliminates the need for 
exit site care, supplies, and catheter flushes until the cath-
eter is in use. The absence of an open exit site potentially 
lowers the infectious risk although that has not been clearly 
demonstrated in the literature. Whether or not prolonged pe-
riod of embedding negatively affects catheter performance is 
unclear. Data from one PD center suggested that prolonged 
embedding does harm catheter performance, while another 
recent retrospective study did not show any deleterious ef-
fects from prolonged embedding [13, 14].

There has been one prospective study comparing the two 
externalization techniques. Danielsson et al. randomized pa-
tients at two centers to immediate catheter externalization or 
delayed externalization [15]. Sixty patients were enrolled in 
the study and infectious complications were compared. After 
2 years of follow-up, there was no significant difference in 
exit site infections or peritonitis between the two groups. 
Rates of catheter dysfunction were not specifically quanti-
fied in the study.

8.2.4  Exit Site Characteristics

Creation of a good exit site will also improve the likelihood 
of success for a peritoneal catheter. After the catheter is ex-
ternalized, providers should employ appropriate measures 

to maintain a sterile exit site. Sutures should be avoided at 
the exit site due to the risk of foreign body reaction; rather, 
Steri-Strips should be used. The exit site should be directed 
downwardly or laterally and away from the belt line or skin 
folds [7, 16]. Since patients will be responsible for caring for 
the exit site, it is crucial that the patients can see and reach 
the exit site.

For many patients, a presternal catheter is an appropri-
ate choice. Presternal exit sites are created by connecting an 
extender catheter to the PD catheter and creating a presternal 
exit site. The catheter should not cross the sternum in case 
the patient will need cardiac surgery. Patients with morbid 
obesity are potential candidates for presternal catheters due 
to greater ease of catheter care. Other conditions that may 
warrant presternal catheters are the presence of abdominal 
stomas or urinary and fecal incontinence. Observational 
studies have shown that abdominal and presternal catheters 
have similar infection rates and overall survival [17, 18].

8.3  Dialysis Solutions

8.3.1  Dextrose-Based Solutions

Dextrose-containing solutions have been the most widely 
used dialysate solutions for decades. The electrolyte compo-
sition of the commonly used solutions is shown in Table 8.2. 
A high dextrose concentration provides an osmotic gradient 
favoring water movement into the peritoneal space. Lactate 
is used as the buffer since bicarbonate will precipitate with 
dialysate calcium. The pH of the solutions is acidic (5.0) 
to minimize production of glucose degradation products 
(GDPs) during sterilization.

The degree of solute and water removal with dextrose 
solutions depends on the characteristics of the individual 
patient’s peritoneal membrane. These characteristics have 
been quantified using the peritoneal equilibration test (PET) 
[19]. During a standard PET, 2.5 % dextrose dialysate is in-
stilled into peritoneal cavity for a 4-h period. The dialysate 
glucose concentration at 4 h is compared to the dialysate glu-
cose concentration at the beginning of the dwell (D/D0 glu-
cose). The concentration of dialysate urea and creatinine are 
compared to their relative plasma concentration (D/Purea and 

Table 8.2  Composition of dextrose-based peritoneal dialysate 
solutions
Component Concentration
Dextrose 1.5 %, 2.5 %, 4.25 %
Sodium 132 mEq/L
Calcium 2.5 or 3.5 mEq/L
Magnesium 0.5 mEq/L
Chloride 96 mEq/L
Lactate 40 mEq/L
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D/Pcreatinine). Patients designated as rapid transporters have 
rapid systemic absorption of dialysate glucose and quick 
equilibration of urea and creatinine. Most patients on PD are 
high- or low-average transporters [20]. In this patient popu-
lation, approximately 40 % of dialysate glucose is absorbed 
after 4 h. Since urea is a small molecule, dialysate urea is 
roughly 90 % of plasma urea by 4 h, while dialysate creati-
nine is approximately 65 % of plasma creatinine.

Ultrafiltration with the use of dextrose solutions occurs 
by water transport down an osmotic gradient. Some water 
transport occurs concurrently with solute transport via the 
small pores in peritoneal capillaries. Another component of 
water transport is mediated by aquaporin-1 water channels 
and is independent of solute transport. In low- or high-aver-
age transporters, water will continue to enter the peritoneal 
cavity for more than 6 h after instillation of 2.5 % dextrose 
dwell. However, since there is a constant rate of lymphatic 
absorption of peritoneal dialysate, dextrose solutions may 
lead to net fluid reabsorption if an individual dwell remains 
in the peritoneal cavity for a prolonged period [21].

Both local and systemic adverse effects can be seen with 
dextrose-containing solutions. In some patients, infusion of 
the dextrose solutions can lead to pain, possibly as a result of 
the non-physiologic pH. The solutions can also be associated 
with adverse metabolic consequences. Systemic absorption 
of dextrose can increase the daily caloric load, potentially 
leading to hypertriglyceridemia and worsening control of di-
abetes mellitus. The increase in calories from dextrose may 
worsen obesity or, alternatively, may paradoxically lead to 
malnutrition by decreasing appetite and protein intake.

In addition to the clinical effects listed above, some re-
search suggests that dextrose-containing solutions may nega-
tively affect the health of the peritoneal membrane. Longitu-
dinal studies have established that the peritoneal membrane 
thickens over years of PD with increased angiogenesis and 
vessel density [22, 23]. Studies have supported the hypoth-
esis that the non-physiologic pH of the solutions as well as 
GDPs and advanced glycosylated end products (AGEs) may 
promote peritoneal thickening. In vitro and animal studies 
have demonstrated negative effects of dextrose solutions on 
mesothelial cells [24, 25]. Establishing a causal relationship 
between dialysate solutions and peritoneal membrane pa-
thology is more difficult. Most studies have reported effluent 
levels of cancer antigen 125 (CA-125), vascular endothelial 
growth factor (VEGF), and interleukin-6 (IL-6) as surrogate 
markers of peritoneal health. CA-125 is used as marker for 
mesothelial cell mass although the relationship between me-
sothelial cell mass and effluent CA-125 has not been rig-
orously tested. Similarly, VEGF levels are assumed to be a 
proxy for angiogenesis and IL-6 is reported to measure in-

flammation. In some studies, there is discordance between 
the markers. Nonetheless, based on the above studies, the 
hypothesis that chronic use of dextrose solutions negatively 
affects membrane health seems probable.

In vitro studies have also suggested that the high GDP 
levels negatively affect the function of peritoneal immune 
cells and potentially increase the risk of peritonitis. High 
GDP levels and low pH decrease survival of peritoneal leu-
kocytes [26, 27]. Retrospective, observational studies have 
detected an increase in peritonitis rates. However, the data 
from RCTs published to date has not consistently demon-
strated that alternative dialysis solutions lead to an improve-
ment in peritonitis rates.

8.3.2  Icodextrin

A solution with 7.5 % icodextrin is approved for use a single 
daily dwell (daytime dwell in patients on automated PD and 
nighttime dwell for patients performing continuous ambula-
tory PD). Icodextrin is an iso-osmolar solution of large mo-
lecular weight starch molecules. It is slowly metabolized to 
maltose, a monosaccharide that is subsequently absorbed. 
The electrolyte composition in an icodextrin solution match-
es that of the standard dextrose solutions.

Since icodextrin is a large molecule and is slowly ab-
sorbed, it provides for sustained peritoneal ultrafiltration. 
For the first 2–4 h of a dwell, icodextrin solutions provide 
similar ultrafiltration to 2.5 % dextrose solutions. While 
4.25 % dextrose solutions deliver more rapid ultrafiltration 
than icodextrin, the latter solution allows for more ultrafil-
tration over a 12–14-h period. Furthermore, the amount of 
carbohydrate absorbed from icodextrin is less than that of a 
4.25 % dextrose solution. Icodextrin solution also has fewer 
GDPs although the clinical significance of this difference is 
unknown. Clinical studies have shown that icodextrin pro-
vides equivalent ultrafiltration to 4.25 % dextrose solutions 
over 8–12 h, reduces glucose and hemoglobin A1C levels, 
and possibly serum triglycerides [28–30].

In patients with rapid transporter status, icodextrin solu-
tions offer a significant advantage over dextrose solutions 
[31–34]. In this patient population, dextrose is rapidly ab-
sorbed and fluid overload can be seen with long dwells; 
icodextrin can provide improved ultrafiltration with long 
dwells. A randomized, controlled trial in automated perito-
neal dialysis (APD) patients with high-average or high trans-
porter status demonstrated superior ultrafiltration, improved 
small solute clearance, and reduced carbohydrate absorption 
with icodextrin [31].
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Patients with other transport characteristics may also ben-
efit from icodextrin instillation during long dwells. Icodex-
trin can improve ultrafiltration and small solute clearance in 
low-average transporters although that has not been a univer-
sal finding [31, 32]. A small minority of PD patients exhibit 
a low transport status. Since dialysate glucose is absorbed 
slowly in low transporters, icodextrin would not be predicted 
to have a significant beneficial effect. In clinical trials, ico-
dextrin has not demonstrated improved ultrafiltration in low 
transporters; however, no study has enrolled a large number 
of patients with low transporter status [31, 32, 35].

Although most studies evaluating icodextrin have been 
short-term studies, there is evidence that a sustained ultrafil-
tration benefit is maintained for up to 2 years. At 1 year, there 
is improved weight loss in patients on ultrafiltration. Patients 
treated with icodextrin for 1 year appear to have fewer epi-
sodes of volume overload [29, 35]. In one study, icodextrin 
improved technique survival by decreasing episodes of vol-
ume overload [35]. Most studies involving icodextrin have 
been short-term studies and were unable to study technique 
survival. In summary, the bulk of data from randomized 
controlled trials validates the hypothesis that icodextrin im-
proves ultrafiltration and volume status in patients on PD, 
although this effect is most robust in high-average or high 
transporters.

While icodextrin is well tolerated in clinical studies, 
there are adverse effects associated with icodextrin. Icodex-
trin degradation products such as maltose are absorbed and 
serum amylase levels are reduced probably as an artifact of 
measurement methods. Whether either consequence directly 
causes harm is unknown but both do have implications for 
patients. There is a significant safety precaution that must be 
taken in patients with diabetes mellitus. Many glucometers 
used for home glucose monitoring do not differentiate be-
tween glucose and maltose, placing patients at risk for hypo-
glycemia if insulin doses are inappropriately raised [36]. It is 
therefore crucial that providers ensure that each diabetic pa-
tient receiving icodextrin has a glucometer compatible with 
this therapy. The incorrect levels of amylase suggest that a 
low serum amylase alone cannot exclude pancreatitis in pa-
tients for whom there is clinical suspicion [37]. Icodextrin 
has also been linked to an exfoliative rash on palms and soles 
[33]; patients with this complication should have icodextrin 
temporarily stopped.

8.3.3  Amino Acid Solutions

A 1.1 % amino acid (AA) solution is approved for exchanges 
in PD patients in Europe but not in the USA. AA solutions 

provide similar ultrafitration and small solute clearance to 
1.5 % dextrose solutions but contain no dextrose. The pH 
of the AA solutions is higher than standard dextrose solu-
tions and, given the lack of dextrose, the solutions contain 
no GDPs. Given the relatively high rate of protein-calorie 
malnutrition in patients on dialysis and the daily loss of AAs 
in dialysate, AA solutions were designed to prevent protein 
loss and improve measures of malnutrition.

There is limited data from controlled trials regarding out-
comes with AA solutions. Substituting a dwell of dextrose 
dialysate with AA dialysate does not significantly change ul-
trafiltration or dialysis adequacy [38]. Short-term studies do 
demonstrate an improvement in surrogate markers of muscle 
anabolism, such as an increase in serum insulin-like growth 
factor-1 (IGF-1), serum albumin, and serum pre-albumin 
[39, 40]. Whether or not AA solutions can significantly 
modify endpoints such as technique survival or mortality has 
not been tested in adequately powered studies. Given the in-
crease in AA and nitrogen absorption, AA solutions have the 
potential to provoke uremic symptoms in a dose-dependent 
manner [41].

8.3.4  Biocompatible Dextrose-Based Solutions

Since standard dextrose solutions contain low pH and GDPs, 
it has been hypothesized that, after use for long periods of 
time, these solutions can harm the peritoneal membrane and 
peritoneal immune function. Recently, many different “bio-
compatible” solutions characterized by normal pH and low 
GDPs have been studied. Some solutions have lactate buf-
fer while others employ a dual chamber system with bicar-
bonate-based buffer. Recently, studies have been published 
using a low glucose-icodextrin hybrid solution [42].

As with most studies evaluating dialysate solutions, clini-
cal trials with biocompatible solutions have been relatively 
small and short. A summary of large trials with low-GDP 
solutions is presented in Table 8.3 [43–49]. The biocompat-
ible solutions appear to improve urine volume but have no 
significant effect on glomerular filtration rate [50]. However, 
the solutions also lead to lower ultrafiltration. The change in 
urine volume may not be due to a lower rate of GDP absorp-
tion but may be secondary to volume overload. Long-term 
studies have not demonstrated an improvement in volume 
status or left ventricular hypertrophy nor has there been re-
producible data demonstrating an improvement in technique 
survival or the incidence of peritonitis.
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9.1  Introduction

Peritoneal dialysis (PD) can be performed either manually 
(continuous ambulatory peritoneal dialysis, CAPD) or by 
using a cycler (automated peritoneal dialysis, APD). Ideally, 
adequate treatment of renal failure by PD should replace the 
normal renal function for both treatment modalities. Thus, 
adequate dialysis could be defined as a treatment that results 
in patients with an acceptable quality of life, no physical 
complaints, and a morbidity and mortality that equals that of 
the healthy population. Unfortunately, this objective cannot 
be reached. In the early days of dialysis, Scribner proposed 
to assess dialysis adequacy by using a combination of pa-
tient variables, dialysis system variables, and careful clini-
cal observation of the patient [1]. However, many of these 
variables are subjective and/or difficult to quantify, so the 
focus has moved to indices of the removal of low-molecular 
weight solutes. At present, mainly Kt/V urea (urea clearance 
normalized to total body water) and to some extent weekly 
creatinine clearance (normalized to body surface area) are 
used as estimates of dialysis adequacy. These parameters can 
easily be calculated from a 24-h collection of dialysate and 
urine and used in retrospective and prospective analyses of 
dialysis outcome. However, an adequate control of the fluid 
status of the patient has often been neglected and is probably 
even more important than solute removal parameters [2, 3]. 
Dialysis adequacy should also involve many other aspects of 
the treatment, such as control of anemia and acidosis, min-
eral metabolism, treatment of comorbidity, and prevention 
of cardiovascular and infectious complications. Neverthe-
less, this chapter focuses on how to prescribe PD treatment 
to achieve adequate solute and fluid removal.

9.2  Current Recommendations and Targets 
for Peritoneal Solute Clearances

Recently, several guidelines have been published on ad-
equate solute clearances in CAPD and APD [4–7]. In these 
guidelines, peritoneal and renal solute clearances are com-
bined. This policy is questionable because the amount of 
urine production and the magnitude of residual glomerular 
filtration rate (GFR) are related to mortality, while the re-
moval of urea and creatinine has no effect [8, 9]. Probably 
the effects of residual renal function overrule those of the 
dialysis dose. Nevertheless, there is a general agreement that 
the target Kt/V urea in PD patients should be 1.7 or higher. 
These recommendations are to a large extent based on two 
randomized controlled trials [10, 11]. These showed that 
increasing the dialysis dose from 1.65 to 2.0 had no effect 
on patient survival. To avoid insufficient dialysis for solutes 
larger than urea in APD due to incorrect use of short dwell 
times, either additional opinion-based targets have been 
formulated for creatinine clearance (> 45 L/week/1.73 m2) 
[4, 5], or the recommendation is given to take into account 
membrane transport characteristics [7]. An analysis in an-
uric patients showed that minimum values, below which 
mortality was increased, were 1.5/week for Kt/V urea and 
40 L/week for creatinine clearance [12]. How to measure 
peritoneal transport, its impact on solute and fluid removal, 
and its importance for an optimal dialysis prescription is dis-
cussed later in this chapter.

9.3  Current Recommendations and Targets 
for Peritoneal Fluid Removal

Only the European Best Practice Guidelines on Peritoneal 
Dialysis recommend a minimum ultrafiltration target in an-
uric patients of 1000 mL/24 h [4]. These recommendations 
are based upon several retrospective and prospective studies 
showing that mortality is higher when net ultrafiltration is 
lower [4]. In the absence of a well-conducted randomized 
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controlled trial, other guidelines merely recommend achiev-
ing euvolemia and monitoring the peritoneal ultrafiltration 
[5–7]. The determination of the dry weight of a patient re-
mains difficult as long as reliable clinical tools are missing. 
As overhydration is frequently present in dialysis patients 
[13, 14], the volume status of the patient is an important fac-
tor in the daily prescription of PD patients.

9.4  Peritoneal Transport Characteristics and 
Its Consequences for the Treatment

Unlike the specifications of an artificial kidney, the proper-
ties of the peritoneal membrane for solute and water trans-
port vary individually and can change in time. Several tests 
are available for monitoring the peritoneal function, and it 
is recommended to repeat the test at least once a year [15]. 
The majority of these tests are based upon the appearance of 
low-molecular weight solutes during a 4-h dwell. According 
to the speed of low-molecular weight solute transport from 
blood to the dialysate, patients can be categorized into four 
groups of slow, slow-average, fast-average, and fast trans-
port. Slow transport is defined by a dialysate to plasma creat-
inine ratio (D/PCr) less than the mean − 1 standard deviation 
(SD) or a dialysate glucose to initial dialysate glucose ratio 
(D/Do) exceeding the mean + 1 SD. Slow-average transport 
means a D/PCr between the mean and mean − 1 SD or a D/
Do between the mean and mean + 1 SD. Analogously, the 
other two groups are defined. Fluid transport should be mea-
sured using the most hypertonic solution, glucose concentra-
tion (3.86:4.25 %), during a standardized dwell of 4 h. Ul-
trafiltration failure is defined as net ultrafiltration  > 400 mL 
[16].

Recommendations have been made on the mode and 
quantity of PD according to the solute transport velocity of 
the patients [17, 18]. This is illustrated in Table 9.1. By and 
large, these recommendations can be summarized into two 
rules:

1. For adequate solute removal, the dwell time should be 
inversely related to the transport velocity of low-molec-
ular weight solutes. This implies that in patients with a 
slow transport, long dwell times are needed to accommo-

date sufficient time for equilibration for solute removal, 
while in patients with a fast transport, the dwell time can 
be reduced due to the more rapid saturation of the dialy-
sate.

2. For adequate fluid removal in patients with fast-average 
or fast transport, long dwell times should be avoided due 
to the rapid dissipation of the osmotic gradient of glucose. 
Alternatively, high-molecular weight solutes (such as ico-
dextrin) could be used for the long dwells.

9.5  Modifiable Treatment Variables in 
Peritoneal Dialysis

The number of variables that can be modified in PD treat-
ment are limited (Table 9.2). Most variables are one way or 
the other interrelated. As an example, to increase the total di-
alysate volume either the number of dwells can be increased 
or the dwell fill volume.

9.6  Fill Volume

In adult patients, only few data are available on the role of 
the fill volume on solute and fluid transport. In theory, three 
mechanisms can play a role, namely the impact of volume on 
the contact area between dialysate and peritoneal membrane, 
the effect of volume on the total amount of solute transport, 
and the effect of volume on net ultrafiltration.

9.6.1  The Relation Between Fill Volume and 
Dialysate/Membrane Contact

It is obvious that a lower threshold of the intraperitoneal 
volume does exist for optimal recruitment of the peritoneal 
membrane surface area. A study in ten patients using incre-
mental fill volumes up to 3.5 L demonstrated that diffusive 
capacity nearly doubled from 0.5 to 2 L but increased only 
marginally thereafter [19]. This implies that for adequate re-
cruitment of the membrane surface in clinical practice 2 L 
are sufficient.

Table 9.1  Treatment recommendations based on peritoneal transport characteristics
Transport velocity
Very slow Slow Fast Very fast

Expected UF Excellent Good Sufficient Poor
Expected solute transport Low, maybe inadequate Sufficient Good Very good, providing treatment is 

adjusted for loss of UF
Treatment of choice CAPD or APD with additional 

daily exchange
CAPD/APD APD/CAPD APD with icodextrin for long dwell

UF ultrafiltration, CAPD continuous ambulatory peritoneal dialysis, APD automated peritoneal dialysis
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9.6.2  The Effect of Fill Volume on Total Solute 
Removal

Apart from the above-described mechanism, a larger volume 
will result in an increased solute removal as more solute will 
be transferred before equilibrium is reached. As expected, 
low-molecular solute removal is enhanced when the volume 
is increased [20, 21].

9.6.3  The Effect of Fill Volume on Fluid Removal

The impact of increasing the fill volume on fluid removal is 
difficult to predict in the individual patient, as it is the resultant 
of two counteracting mechanisms. A larger volume will result 
in a longer maintenance of the osmotic gradient and there-
fore an increase in the transcapillary ultrafiltration. However, 
increasing the dwell volume will also result in a higher intra-
peritoneal pressure leading to an increased peritoneal fluid ab-
sorption [22, 23]. So, net ultrafiltration can either increase or 
decrease when dwell volume increases [20, 21]. Finally, most 
if not all studies that measured the effect of volume on intra-
peritoneal pressure were acute experiments. Whether patients 
might adapt to the increased volume and the effects of increas-
ing the volume during longer periods of time is not known.

9.6.4  Measurement of Intraperitoneal Pressure 
and Clinical Implications

Larger volumes than 2 L are often well tolerated, and patients 
even cannot always tell the difference among 2, 2.5, or 3 L 
[24–26]. To determine the maximum tolerable volume, intra-
peritoneal pressure can be measured. It is determined easily 

by measuring the height of the dialysis fluid in the drain tub-
ing [27]. To avoid clinical symptoms, it is advised to keep 
the intraperitoneal pressure lower than 18 cmH2O [28]. In 
a group of 61 APD patients in which the dwell volume was 
chosen to avoid an intraperitoneal pressure > 16 cmH2O, no 
relation was found between intraperitoneal pressure and the 
occurrence of hernias, late leakage, and gastroesophageal re-
flux [29]. Only an association between intraperitoneal pres-
sure and enteric peritonitis was found.

9.7  Total Drained Volume

Total drained volume is the result of fill volume, number of 
dwells, dwell time per fill, and ultrafiltration volume. For 
low-molecular weight solutes such as urea, total drained vol-
ume is the only determinant of its peritoneal clearance as 
long as the dwell time for each dwell is long enough to reach 
equilibrium [30]. When the dialysis is performed manually, 
this is usually the case. In view of the above, all guidelines 
for CAPD only advise to measure Kt/V of urea to determine 
the dialysis adequacy.

9.8  Dwell Time and Number of Dwells

The dwell time (and thereby also its intertwined variable 
number of dwells) is for short dwells probably the most 
critical parameter in the prescription of PD treatment. It is 
evident that solute transport decreases when the dwell time 
is reduced due to the lower dialysate saturation. However, 
for short dwells the transport characteristics of the individual 
patient have a major impact on the degree of saturation, and 
thereby total low-molecular weight solute removal. When the 
majority of the dwells during 24 h are short dwells, patients 
with a slow- or slow-average peritoneal transport might not 
reach the targets for adequate dialysis. Also the amount of ul-
trafiltration depends on the dwell time and transport type of 
the patient. The peak of the intraperitoneal volume is reached 
earlier when the peritoneal transport is faster.

As long as the dwell time is long (> 4 h) and the number 
of dwells is low (3–5 exchanges), dialysis adequacy is only 
determined by the earlier discussed total drained volume and 
the net fluid removal by the osmotic agent in the dialysate. In 
a study of 50 patients, one additional daytime 2-L exchange 
was added to a regimen of 3 or 4 exchanges a day [31]. As 
can be expected, Kt/V increased about 20 %.

Only limited data are available on the effect of increasing 
the number of exchanges when patients are treated with a cy-
cler during the night. Most published data are based on math-
ematic modeling and not tested in clinical studies. In one 
study assuming net ultrafiltration was negligible, it was cal-
culated that using 2 L exchanges for 5–6 cycles was optimal 

Table 9.2  Treatment variables, interconnections, and influencing 
factors
Treatment variables Related treatment 

variables
Other influencing 
factors

Total treatment time
Total dialysis volume Fill volume

Dwell time
Number of dwells

Fill volume Intraperitoneal 
pressure

Dwell time Number of dwells Peritoneal transport 
characteristics

Number of dwells Dwell time
Dialysate Peritoneal transport 

characteristics
Ultrafiltration volume Dialysate Intraperitoneal 

pressure
Fill volume Peritoneal transport 

characteristicsDwell time
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for urea removal when D/P of urea was 0.6 or lower, and 8–9 
exchanges when the D/P urea was 0.7 or higher [32]. How-
ever, urea removal only very moderately increased when 
more than six exchanges were used. Another study modeled 
fluid removal and found that when the number of dwells ex-
ceeded five this had a negative impact on net fluid removal 
during the night [33]. In PD patients, the effects of 5 × 2 L, 
7 × 2 L, and 9 × 2 L (average glucose concentrations around 
2.25 %) were studied on urea clearance, creatinine clear-
ance, and net ultrafiltration [34]. In slow and slow-average 
transport patients, urea clearance increased 4 %, creatinine 
clearance 11 %, and net fluid removal 14 % when seven in-
stead of five exchanges were used. Adding two more dwells 
resulted in a further increase of urea clearance of 14 %, cre-
atinine clearance of 13 %, and net ultrafiltration of 22 %. In 
fast-average and fast-transport patients, these data were for 
urea clearance 18 and 5 %, creatinine clearance 23 and 3 %, 
and net ultrafiltration 51 and 1 %. The authors concluded that 
5 × 2 L significantly underutilizes the potential for APD to 
deliver high clearances.

9.9  Dialysate

For the dosing of PD only, the capacity to attract fluid from 
the circulation is important. For the removal of fluid only 
glucose, amino acids, and icodextrin are available. Apart 
from the removal of surplus of fluid, this also contributes to 
the removal of solutes by convection.

Glucose has been used as an osmotic agent since the 
introduction of PD. It is available in three concentrations 
(1.36:1.5 %, 2.27:2.5 %, and 3.86:4.25 %). Due to its low 
molecular weight of 180 Da, it disappears rapidly out of the 
peritoneal cavity by diffusion. So, it is most effective for fluid 
removal during short dwells. During a 4-h dwell comparing 
1.36–3.86 % in ten patients, net ultrafiltration increased from 
an average of − 55 to 500 ml, which resulted in an increase in 
peritoneal clearance of urea of 25 % [34]. However, net ultra-
filtration can vary markedly in individual patients depending 

on their peritoneal membrane characteristics as mentioned 
earlier. An example of fluid kinetic modeling in patients with 
a fast-average peritoneal transport is shown in Fig. 9.1. As a 
causal relationship between glucose and/or glucose degra-
dation products and peritoneal morphological changes has 
been suggested [35–38], high glucose concentrations in the 
dialysate should be avoided when possible.

Amino acids can be used once a day to reduce the glucose 
exposure to the patient. Net ultrafiltration is similar to glu-
cose 1.36 % dialysate [39]. It can also be used to supplement 
protein intake in malnourished patients [40].

The glucose polymer icodextrin is a high molecular 
weight osmotic agent with an average molecular weight of 
16,800 Da. Its disappearance from the peritoneal cavity will 
mainly be by uptake into the lymphatic system due to its high 
molecular weight. As its absorption is only 16–20 % during 
6–12-h dwells, icodextrin is effective in the removal of fluid 
during long dwells (Fig. 9.1). During an 8-h dwell in ten pa-
tients, average net ultrafiltration was 344 mL [41]. Again, in 
individual patients a wide range existed of − 65 to 673 ml. 
Recently, a few studies in patients with ultrafiltration failure 
showed a beneficial effect when icodextrin was used twice 
daily [42].

9.10  Treatment Modalities

PD can be performed either manually or automatically using 
a cycler. Both treatments are equal in terms of clinical out-
come [3]. When needed both modes can be used in the same 
patient. Usually the treatment is given during 24 h. In gen-
eral, when residual renal function has disappeared, only in 
patients with a fast transport is a dry day feasible [43].

9.10.1  Continuous Ambulatory Peritoneal 
Dialysis

The dosing of PD in CAPD is straightforward. The number 
of manual exchanges is limited to 3–5 times a day (Fig. 9.2). 
Due to the burden of the treatment, more exchanges are 
scarcely ever acceptable for a patient. Because of the long 
dwells, only the total drained volume, and not the peritoneal 
membrane characteristics, is relevant for dialysate adequacy. 
Increasing the dwell volume (taking into account the effect 
of fill volume on fluid removal) and thereby decreasing the 
number of dwells is advantageous for the treatment burden 
of the patient and is cost effective.

The initial prescription when some residual renal function 
is still present usually consists of 3–4 exchanges with 1.5–2 L 
of low-glucose-containing dialysate. When a glucose-spar-
ing regimen is followed, one of the short dwells with glucose 
can be replaced by amino acids. When more ultrafiltration 

Fig. 9.1  Profiles of net ultrafiltration for glucose-containing solutions 
and icodextrin using kinetic modeling in ten patients with a fast-aver-
age peritoneal transport. (Unpublished data)
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is needed, to avoid high glucose concentrations, icodextrin 
should be introduced for the long dwell first. Until now, only 
scarce evidence existed that glucose-sparing strategies are 
beneficial either for preservation of the peritoneal membrane 
[44] or for the metabolic control of diabetic patients [45].

To increase the dialysis dose, the only available options 
are increasing the volume to the maximum the patient can 
tolerate (taken into account the impact on net ultrafiltration) 
and increasing the volume to five exchanges a day.

9.10.2  Automated Peritoneal Dialysis

The dosing of APD is more complex compared to CAPD as 
many variables can be modified and patient characteristics 
have to be taken into account. Nevertheless, most patients 
are probably treated with a treatment scheme of 4–5 dwell 
during the night and one long daily dwell [46].

The initial prescription when some residual renal func-
tion is still present usually consists of 4–5 exchanges dur-
ing 8–9 h with 1.5–2 L of low-glucose-containing dialysate 
during the night (Fig. 9.2). When a glucose-sparing regimen 
is followed, one of the short dwells with glucose can be re-
placed by amino acids. For the long dwell also, low-glucose-
containing dialysate can be used. When more ultrafiltration 
is needed to avoid high glucose concentrations, icodextrin 
should be introduced for the long dwell.

Before increasing the dose in APD, it is essential to assess 
the peritoneal membrane characteristics of the patient. These 
data are needed to judge the effect of the various modifiable 
factors on dialysate adequacy and net ultrafiltration. The data 
can also be used to predict the effect of the treatment changes 
by kinetic modeling using computer programs [47–49]. Such 
a program is also used as a tool to recommend clinical prac-
tices for maximizing the treatment [43]. Taking into account 

the earlier described effects of changing treatment variables, 
in general the first step should be to increase the fill volume. 
When acceptable then the nightly treatment time can be pro-
longed with 1–2 h. Third, when both increasing the nightly 
number of dwells and adding additional daily exchange are 
feasible (Fig. 9.2), the latter is usually more effective and/or 
cost saving [43, 50]. An extra exchange given by the cycler 
before connecting for the nightly treatment can be chosen 
alternatively [51, 52].

To reduce the glucose exposure, two recently published 
strategies can be followed. Icodextrin can be used to replace 
one of the night dwells [53], or it can be added as an ad-
ditional daily exchange in combination with simultaneously 
reducing the night dwells in one cycle [54] .

9.10.3  Tidal Peritoneal Dialysis

To enhance the efficacy of APD, tidal peritoneal dialysis 
(TPD) was introduced in the late 1970s. In tidal dialysis, 
only part of the initial inflow volume (usually 50–75 %) is 
exchanged during each following dwell (Fig. 9.2). The the-
ory behind this concept is based on two principles. Firstly, 
down time, that is the time the peritoneal cavity is almost 
empty during draining, is avoided by TPD resulting in longer 
dialysate—membrane contact. Secondly, as the outflow of 
dialysate slows down after about 80 % of the drained volume 
as can be seen in Fig. 9.3 [55], more exchanges can be done 
within the same total treatment time. However, incomplete 
drainage also results in loss of the concentration gradient 
needed for diffusive solute transport. After reviewing the 
literature, it has been concluded that in home PD patients, 
TPD generally provides no advantage of improved small-
solute and middle-molecule clearances and no better fluid 
removal as compared to conventional nontidal APD [56]. It 
is nowadays mostly used to reduce abdominal discomfort 

Fig. 9.3  Typical drainage pattern of the peritoneal cavity showing an 
initial fast outflow, followed by a decrease in outflow velocity

 

Fig. 9.2  Treatment schedules of continuous ambulatory peritoneal di-
alysis (CAPD), automated peritoneal dialysis (APD), and tidal perito-
neal dialysis (TPD). PD peritoneal dialysis
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and nightly alarms during the treatment in case of catheter 
outflow problems or abdominal complaints during complete 
drainage.

In the prescription for TPD, net ultrafiltration has to be 
predicted in order to keep the intraperitoneal volume con-
stant during the treatment. Although events caused by an 
increased intraperitoneal volume are also reported during 
APD, its incidence is highest in TPD [57].

9.11  Sodium Removal During Peritoneal 
Dialysis

The removal of sodium by diffusion is limited due to the 
small concentration gradient for sodium between plasma 
and dialysate (around 10 m mol/L). So, convective transport 
is important for sodium removal from the circulation. With 
hypertonic solutions, sodium sieving occurs early in the 
dwell due to aquaporin-1-mediated transcellular water trans-
port. The dialysate concentration of sodium decreases dur-
ing the initial phase of the dwell using hypertonic solutions 
followed by a gradual rise. The minimum value is usually 
reached after 1–2 h, and the decrease is more pronounced 
with a more hypertonic solution (Fig. 9.4). In short dwells, 
this results in peritoneal removal of relatively more water 
than sodium [58]. When dwells are prolonged, diffusive and 
convective sodium transport into the peritoneal cavity in-
creases continuously until equilibrium between plasma and 
dialysate is reached. The consequence of this phenomenon is 
that the removal of sodium is impaired in APD as compared 
to CAPD [59, 60]. Although sodium removal increased after 
introducing icodextrin in APD, it remained lower compared 
to CAPD [59]. Thus, special attention should be given to the 
fluid status in APD when using many short dwells.
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10.1  Introduction

Peritoneal dialysis (PD) is the dominant modality for home 
dialysis in end-stage kidney failure (ESKF), although its up-
take varies enormously worldwide, ranging between 2 and 
74 % of dialysis populations [1]. Despite proven economic 
advantage [2–4], improved quality of life [5, 6], higher lev-
els of satisfaction with treatment [7], early survival advan-
tage [8, 9], delayed need for vascular access procedures [10, 
11], reduced blood transfusion requirements [12], reduced 
hepatitis virus transmission rates [13] and better preserva-
tion of residual renal function [14, 15], PD is a greatly un-
derutilised dialysis modality [16], and there is decreased 
uptake across North America, Australia and New Zealand, 
with greater variability within Europe [16–18]. Infection risk 
and concern about inferior outcomes are the most commonly 
cited reasons for preferential uptake of haemodialysis (HD) 
[16, 18]. Despite this impression, research indicates that HD 
and PD patients have similar overall infection risk [19] and 
that improvements in PD outcome have outperformed those 
seen with in-centre HD [20]. Nonetheless, the complications 
of PD represent barriers to its widespread implementation, 
and their management and prevention are key to maintaining 
PD technique and overcoming clinicians’ prejudices.

10.2  Infectious Complications

10.2.1  Peritonitis

10.2.1.1  Epidemiology and Risk Factors

PD-related peritonitis is the most frequent, serious complica-
tion of PD and is the most common reason for transfer to HD 

[21]. PD peritonitis contributes to about 20 % of PD tech-
nique failure [21] via increased risks of catheter removal and 
permanent HD transfer. Long-term peritonitis damages the 
peritoneal membrane, resulting in ultrafiltration failure and 
dialysis inadequacy and may contribute to the most feared 
complication—encapsulating peritoneal sclerosis [22]. PD-
related peritonitis increases mortality risk, accounting for 
16 % of PD deaths [23–25] and increases morbidity in terms 
of hospitalisation and reduction in residual renal function 
[26].

Rates of PD-related peritonitis vary enormously across 
different centres and countries. Reported rates range from 
0.06 to 1.66 episodes per patient-year [27], although the 
literature suffers from a paucity of well-performed studies 
dominated by single-centre reports. Even within the same 
country, there is considerable variation in the rates of PD 
peritonitis regardless of centre size. The Australian and New 
Zealand Dialysis and Transplant (ANZDATA) Registry 
has demonstrated a tenfold variation in PD peritonitis rates 
among centres [21] (Fig. 10.1),  epidemiological studies per-
formed in Scotland and the UK irrespective of centre size, 
patient-to-staff ratio or duration of PD training time [28]. 
Poor PD outcomes reflect variations in clinical practice and 
deviations from international guidelines, particularly with 
respect to prophylaxis practices with exit-site mupirocin and 
antifungal therapy during episodes of bacterial peritonitis 
[21].

Contributing to this observed variation in peritonitis rates 
are inconsistencies in the definitions adopted by heteroge-
neous studies. The International Society of Peritoneal Di-
alysis (ISPD) has standardised diagnostic criteria along with 
the definitions for recurrent, relapsing, repeat, refractory and 
catheter-related infections [24]. Peritonitis patients present-
ing with cloudy effluent should be presumed to have peri-
tonitis, which is confirmed by obtaining effluent cell count, 
differential and culture. Peritonitis should, however, always 
be included in the differential diagnosis of any PD patient 
with abdominal pain or fever, even if the effluent is clear. An 
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effluent cell count with white blood cells numbering more 
than 100/µL following a dwell time of at least 2 h with at 
least 50 % polymorphonuclear neutrophilic cells reflects sig-
nificant peritoneal inflammation and peritonitis is the most 
likely cause. The ISPD guidelines emphasise the percentage 
of polymorphonuclear cells rather than the absolute number 
of white cells to diagnose peritonitis and endorse an empiri-
cal approach to antibiotic therapy largely irrespective of the 
initial Gram stain as it is frequently negative or misleading 
[24, 29]. The role of the Gram stain is primarily to identify 
the presence of yeast or other fungal elements and thereby 
prompt early initiation of antifungal therapy and removal of 
the Tenckoff catheter [24]. Effluent samples should be in-
oculated into two blood culture bottles at the bedside and 
brought within 6 hours to the laboratory. Identification of 
causative organisms is not only important for determining 
antibiotic sensitivities and guiding antibiotic selection, but 
also for assisting in elucidating the source of contamina-
tion and risk stratifying the patient with regards to relaps-
ing, recurrent and repeat infection. Questioning the patient 
about lapses in technique and, in particular, contamination or 
disconnection, may frame re-education attempts following 
resolution of the infection. Likewise, clinical features that 
suggest a gastroenterological source, such as recent endos-
copy, constipation and the presence of localised tenderness 

suggestive of appendicitis or cholecystitis, may indicate the 
presence of an underlying surgical issue. The catheter should 
be inspected for evidence of exit-site and tunnel infection.

There is currently inadequate evidence to recommend 
the use of flow cytometry or multiple enzyme-linked im-
munosorbent assay to distinguish between Gram-positive 
and Gram-negative infections [28]. This novel development, 
however, suggests a future possibility for point of care test-
ing and the emergence of more timely and targeted peritoni-
tis therapy [30].

The ISPD guidelines state that rates of culture-negative 
peritonitis should not be greater than 20 % of episodes and 
could be further improved by culturing the sediment after 
centrifuging 50 mL of effluent [24]. The species cultured is 
useful for prognostication purposes. Relapsing peritonitis is 
an infection with the same organism or a sterile episode oc-
curring within 4 weeks of completion of therapy, whereas 
recurrent peritonitis involves a different causative organism, 
still within 4 weeks of completion of therapy. Relapsing and 
recurrent peritonitis complicate 14 and 5 % of peritonitis 
episodes, respectively, and carry increased risk of catheter 
removal and permanent transfer to HD therapy [31]. By con-
trast, repeat peritonitis, defined as infection caused by the 
same organism after 4 weeks of completion of therapy, has 
more benign implications [32]. The detection of bacterial 

Fig. 10.1  Peritoneal dialysis rates by treating centre in Australia and New Zealand in 2011, as captured by the ANZDATA registry. (ANZDATA 
2012 Annual Report)
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fragments in PD effluent following an episode of peritonitis 
may predict relapse or repeat peritonitis but has not yet been 
adopted into clinical practice [33].

Rates of peritonitis escalate where units deviate from 
ISPD guidelines [34]. A rate of 1 episode every 18 months 
(0.67/year at risk) has been deemed acceptable [24], al-
though units should strive to improve beyond this. PD peri-
tonitis rates as low as 0.36 episodes per patient-year (1 epi-
sode every 33 patient-months at risk) are considered achiev-
able with adoption of best practice [29]. Departures from 
ISPD guidelines predict inferior PD outcomes and reduced 
technique survival [34, 35]. In Australia, the most recent 
official overall peritonitis rate is 0.43 episodes per patient-
year (1 episode per 28 patient-months; Fig. 10.2). Surveys 
however indicate poor adherence (< 50 %) to evidence-based 
practices, such as administering prophylactic antibiotics at 
the time of Tenckoff catheter insertion, prescribing topical 
antimicrobial prophylaxis [36] or selecting appropriate anti-
biotics for treatment of peritonitis [37]. PD peritonitis rates 
in other parts of the world are likewise suboptimal [24, 34]. 
Although implementation of ISPD guideline recommenda-
tions into clinical practice remains suboptimal, the “Call 
to Action” initiative in Australia has demonstrated that the 
systematic adoption of standardised unit protocols based on 
ISPD Guidelines, education of young nephrologists in PD 
management, establishment of national peritonitis registry, 
introduction of a national key performance indicator proj-

ect based on benchmarked peritonitis rates and conduct of 
ongoing surveillance of PD practice and patient outcomes 
[34] has achieved dramatic reductions in PD peritonitis rates 
across Australia [21] (Fig. 10.2).

Risk factors for PD peritonitis include advanced age, 
frailty and comorbidity along with lower socioeconomic sta-
tus and indigenous racial origin [21, 28]. Smoking and obe-
sity increase risk of infection generally and PD peritonitis 
more specifically, while pets and rural living emphasise the 
importance of good hygiene to successful PD technique [21]. 
Preserved residual renal function and the prior use of HD 
also increase risk [35, 38]. Patient preference for PD predicts 
technique success [39], while depression and anxiety predict 
higher rates of PD peritonitis [29]. In their discussion of PD 
peritonitis risk factors, Cho and Johnson [28] emphasise that 
there is no high-level evidence that modifying these risk fac-
tors will lead to reduced peritonitis rates, nor that for patients 
with nonmodifable risk factors increased home support, in-
creased training frequency or more intensive infection pro-
phylaxis mitigate peritonitis risk.

10.2.1.2  Empirical Management
The mainstay of peritonitis management is the timely initia-
tion of empirical antimicrobial agents that are likely to eradi-
cate the most common causative organisms, as endorsed by 
ISPD. Empiric antibiotics must cover both Gram-positive 
and Gram-negative organisms and should be based on local 

Fig. 10.2  Improved rates of peritoneal dialysis (PD)-related peritonitis following the “Call to Action” initiative and the launch of the PD Academy 
educational program. (ANZDATA Registry annual report 2012)
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antimicrobial susceptibility data [24, 33, 35]. Vancomycin 
or cephalosporins may be used for Gram-positive organism 
cover along with third-generation cephalosporin, aminogly-
coside or carbopenam for Gram-negative organism cover. 
First-generation cephalosporins, such as cefazolin or cepha-
lothin, demonstrate generally equivalent outcomes to glyco-
peptides (e.g. vancomycin), although glycopeptide regimens 
were more likely to achieve a complete cure (3 studies, 370 
episodes: risk ratio (RR) 1.66, 95 % confidence interval (CI) 
1.01–2.72) [40]. On the other hand, cephalosporin adminis-
tration may be associated with a lower risk of selecting for 
multiresistant organisms [41]. Short-term use of gentamicin 
(< 5 days) has not been shown to be associated with more 
rapid decline of residual renal function [26, 42]. This fac-
tor, together with the risk of ototoxicity, should, however, 
be considered during prolonged courses of more than 1–2 
weeks duration where alternative agents should be sought 
[40].

Intraperitoneal (IP) administration of antibiotics is supe-
rior to intravenous (IV) dosing for treating peritonitis [40]. 
Intermittent versus continuous IP antibiotic dosing results in 
comparable clinical outcomes [40]. Rapid exchanges in auto-
mated peritoneal dialysis (APD) may lead to inadequate time 
to establish effective dialysate concentrations of antibiotics 
[24], although it is presently unknown whether or not APD 
patients with peritonitis should be temporarily switched from 
APD to continuous ambulatory peritoneal dialysis (CAPD) 
for the duration of their peritonitis treatment. One retrospec-
tive, observational study reported no differences in perito-
nitis-related relapse rates, catheter removal rates or death in 
239 PD patients continued on APD during peritonitis treat-
ment compared with 269 patients managed on CAPD [43]. 
Although further research in the area is clearly warranted, 
the ISPD Guidelines recommend that APD patients treated 
for PD-related peritonitis using an intermittent IP dosing 
regimen should dwell their antibiotic-loaded dialysis fluids 
for at least 6 h to facilitate adequate antimicrobial concentra-
tions and effect [24].

Monitoring of serum antibiotic levels (vancomycin, gen-
tamicin) during treatment of PD peritonitis has not been 
clearly demonstrated to result in improved efficacy or safety, 
but is often performed [44–46]. Re-dosing is generally ad-
vised when serum vancomycin levels fall below 15 µg/mL 
and serum gentamicin levels fall below 0.5 µg/mL.

It is imperative that antifungal prophylaxis, in the form of 
either nystatin or daily fluconazole, is administered during 
antibiotic therapy based on previous randomised controlled 
studies that such an approach reduces the risk of subsequent 
fungal peritonitis [47–50]. Unfortunately, registry data sug-
gest that less than one in ten patients in Australia and New 
Zealand receive antifungal prophylaxis and risk-adverse out-
comes following severe fungal peritonitis [35, 49].

Once culture results and sensitivities are known, anti-
biotic therapy should be adjusted to appropriate specific 

therapy. Efficacy of therapy should be assessed on clinical 
grounds; most patients with PD peritonitis show consider-
able improvement with 48 h of commencement of therapy. 
Repeated cell counts of ≥ 1090/mm2 within dialysis effluent 
predict treatment failure and catheter removal is indicated 
[51]. Refractory peritonitis, defined as failure of PD efflu-
ent to clear after 5 days of appropriate antibiotic treatment, 
should be treated with immediate catheter removal, as per 
ISPD Guidelines [24]. Prolonged attempts to treat refractory 
peritonitis with antimicrobial agents but without catheter 
removal result in extended hospital stay, peritoneal mem-
brane damage and increased risks of fungal peritonitis and 
death. Catheter removal is also indicated in all cases of fun-
gal peritonitis and many cases of Pseudomonas and relaps-
ing peritonitis [31, 49, 52]. Following catheter removal and 
transfer to HD, patients who subsequently return to PD have 
comparable peritonitis-free, technique and patients survival 
rates to those PD patients who experienced peritonitis and 
did not have a catheter removed [53]. The survival of such 
patients was also comparable to those of PD patients who 
permanently transferred to HD following catheter removal 
for peritonitis [53]. Thus, patients who transfer to HD fol-
lowing a severe peritonitis episode should not be discour-
aged from returning to PD. The optimal timing of return to 
PD is not known at present.

For PD peritonitis that does respond promptly to IP anti-
biotic therapy (typically 70–80 % of cases), the ISPD guide-
lines endorse a minimum duration of antimicrobial therapy 
for peritonitis of 2 weeks for mild infections but 3 weeks for 
moderate-to-severe infection (e.g. Staphylococcus aureus, 
Gram-negative organism, enterococci, polymicrobial).

10.2.1.3  Microbiology

 Gram-Positive Peritonitis
Historically, Gram-positive organisms and particularly Co-
agulase-negative Staphylococcus account for the majority of 
PD peritonitis cases. Such infections are typically of milder 
severity and generally reflect touch contamination and a 
break in technique. The introduction of disconnect systems 
rather than standard spike systems particularly improved 
the rates of Gram-positive contamination-related PD peri-
tonitis [54–58]. Such infections typically respond rapidly 
to antibiotic therapy and may be appropriate for outpatient 
therapy. In some units, there is a very high rate of methicil-
lin-resistance, which may necessitate the use of vancomycin 
as empiric therapy. Relapsing coagulase-negative peritonitis 
is suggestive of biofilm formation, which can be addressed 
through catheter replacement under antibiotic coverage as 
a single procedure [28]. A recent Cochrane systematic re-
view demonstrated that, based on a single small study, si-
multaneous catheter removal and replacement was better 
than urokinase at reducing treatment failure rates (RR 2.35, 
95 % CI 1.13–4.91) in the setting of relapsing or persistent 
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peritonitis [40]. Streptococcus and Enterococcus peritonitis 
tend to present with more severe and painful infection and 
may reflect a metastatic source such as gastrointestinal tract, 
genitourinary tract, exit-site or tunnel infection, or dental ab-
scess. Touch contamination should also be considered. En-
terococccal infections carry a high risk of catheter removal 
(52 %), permanent transfer to HD (52 %) and death, which 
may be averted by timely removal of the PD catheter [24, 
28]. Ampicillin remains the antibiotic of choice in vanco-
mycin-resistant enterococcal (VRE) infection, but linezolid 
or quinupristin/dalfpristin may be required if ampicillin re-
sistance is detected. S. aureus causes severe peritonitis and 
is frequently accompanied by exit-site or tunnel infection. S. 
aureus infection with concurrent exit-site or tunnel infection 
is frequently refractory and requires catheter removal and a 
rest period of at least 2 weeks off PD. Methicillin-resistant 
S. aureus infections are typically refractory and carry a high 
risk of permanent transfer to HD. Both vancomycin and ri-
fampicin can be used intraperitoneally.

 Gram-Negative Peritonitis
The most common causes of Gram-negative peritonitis epi-
sodes are Pseudomonas, E. coli and Klebsiella and clinically 
manifest as severe peritonitis with high rates of hospitalisa-
tion, catheter removal and permanent transfer to HD. Cath-
eter removal is indicated if there is accompanying catheter 
infection. A review of 210 episodes of Enterobacteriaceae 
peritonitis found that recent antibiotic use and concurrent 
exit-site infection were predictors of this type of peritoni-
tis with 10 % of patients dying within a month of peritonitis 
onset [59]. This emphasises the need for aggressive and ap-
propriate therapy to prevent mortality and catheter loss. An 
assessment should be made for constipation, diverticulitis 
and colitis, which allow the transmural migration of coli-
forms. Gram-negative organisms have a high risk of relapse 
due to biofilm formation and require a longer duration of 
therapy. Pseudomonas infections should always be managed 
with two antipseudomonal antibiotics and must be contin-
ued for 2 weeks while the patient is temporarily transferred 
to HD. Stenotrophomonas peritonitis may follow the use of 
carbapenems, fluoroquinolones and late-generation cephalo-
sporins, which select for this multiresistant organism. Ther-
apy must be prolonged (3–4 weeks) and utilise two drugs; 
usually a combination of trimethoprim/sulphamethoxazole, 
ticarcillin/clavulanate and/or oral minocycline [24].

 Polymicrobial Peritonitis
Polymicrobial infections, particularly those involving the 
presence of anaerobic organisms, carry a high risk of death 
and should prompt surgical evaluation for the possibility of 
underlying intra-abdominal pathology, such as cholecysti-
tis, ischaemic bowel, appendicitis or abscess. Nevertheless, 
most recent reports suggest that polymicrobial peritonitis is 

associated with a relatively low incidence of catastrophic 
surgical pathology, ranging from 2.8 to  9 % [60–63]. Un-
derlying surgical peritonitis should be suspected if patients 
present with haemodynamic instability, sepsis, lactic acido-
sis or elevations in peritoneal fluid amylase. The Gram stain 
may identify a mixed bacterial population and should prompt 
early surgical opinion, abdominal imaging and management 
with ampicillin, metronidazole and aminoglycoside in the 
recommended IV doses. Early catheter removal should be 
considered.

 Fungal Peritonitis
Fungal peritonitis occurs in 1–23 % of peritonitis episodes 
[64]. Risk factors include multiple episodes of bacterial 
peritonitis, particularly polymicrobial, and recent (within 
1 month) treatment with broad-spectrum antibiotics in the 
absence of adequate fungal prophylaxis [49, 60]. Outcomes 
following fungal peritonitis are generally poor with a risk of 
death as high as 25 % [51]. Fungal peritonitis necessitates 
immediate removal of the catheter and empirical manage-
ment with amphotericin B or flucytosine and thereafter 
based on culture and susceptibility results [24].

 Tuberculous Peritonitis
Peritonitis due to mycobacteria is a rare occurrence, but 
should be considered when peritonitis persists or relapses 
despite antimicrobial therapy, in patients with systemic fea-
tures and when the peritoneal effluent demonstrates a lym-
phocytosis. Outcomes are poor with very high rates of cath-
eter loss (80 %) and significant mortality (40 %) [40]. Smears 
should be examined for acid fast bacteria with Ziehl-Neelsen 
stain but smear-negative disease is common. Although ex-
amination of dialysate effluent for mycobacterial DNA and/
or adenosine deaminase is useful, exploratory laparoscopy 
with biopsy of the peritoneum has a higher diagnostic yield 
and should be considered when tuberculous peritonitis is 
suspected. Treatment reflects general tuberculosis protocols 
with the avoidance of ethambutol due to increased risk of 
optic neuritis in end-stage renal failure. Typical regimens 
include rifampicin, isoniazid, pyrazinamide and ofloxacin. 
Catheter removal is usually advised.

 Culture-Negative Peritonitis
As previously indicated, rates of culture-negative peritonitis 
can be minimised by improved PD fluid sampling and cul-
ture techniques and should be below 20 % in all PD units. A 
history of previous antibiotic use is a recognised risk factor 
and should be sought on presentation. Outcomes following 
culture-negative peritonitis are relatively benign with higher 
rates of cure with antibiotics alone, less need for hospitali-
sation, less mortality, less catheter removal and increased 
maintenance of PD modality [65, 66]. Special culture tech-
niques may identify lipid-dependent yeast, Mycobacteria, 
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fungi, Campylobacter, Legionella and other fastidious bac-
teria. In clinical practice, if a patient is improving clinically 
on empirical therapy, it can be continued for duration of 2 
weeks provided the effluent clears rapidly.

10.2.1.4  Outcomes Following PD Peritonitis
The majority of patients who suffer an episode of PD perito-
nitis will respond to therapy and continue with this dialysis 
modality. Studies indicate 80–85 % of peritonitis episodes 
are successfully treated [39]. In certain areas, including Aus-
tralia, rates of suboptimal outcomes are higher and include 
a 14 % risk of relapse, 5 % risk of recurrence, 22 % risk of 
catheter removal and 18 % rate of permanent HD transfer 
[35, 49, 50, 52, 67, 68]. In their recent Cochrane Review, 
Ballinger and colleagues considered catheter removal to be 
equivalent to treatment failure [40]. Other bodies regard the 
need for catheter removal as a marker of the severity of the 
episode [69]. Certainly, a delay in catheter removal is associ-
ated with high rates of transfer to permanent HD and should 
be considered early in peritonitis cases caused by S. aureus 
[35, 69], Pseudomonas [35, 69], Enterococci [68], fungi [49] 
and multiple organisms [35, 60]. In their study of patients 
with severe peritonitis requiring catheter removal, Szeto 
and colleagues concluded that PD can be resumed in only 
a small number of patients and, when successful, predicts 
both patient and technique survival [69]. Other studies have 
likewise reported a low rate (about 20 %) [70] of successful 
reinsertion and resumption of PD following peritonitis. The 
timing of reinsertion is not clear but anecdotal recommen-
dations endorsed by the Caring for Australasians with renal 
impairment (CARI) guidelines range from simultaneous re-
moval and reinsertion to waiting a minimum of 3 weeks [71].

Peritoneal transport characteristics are dramatically al-
tered by an episode of severe peritonitis with marked decline 
in ultrafiltration and increase in D/P creatinine ratio at 4 h, 
but dialysis adequacy and nutritional status can be main-
tained regardless of this [69]. It is interesting to that note 
that, in general, Asian patients enjoy better post-PD peritoni-
tis outcomes than do Caucasian patients [34, 37, 69].

Epidemiological studies of cases of PD peritonitis report 
an association with PD peritonitis and mortality with highest 
risk in the first 30 days but extending until 120 days fol-
lowing an episode of infection [25, 27]. Low serum albumin 
predicts technique failure and death in patients on PD [72], 
which likely reflects its role as an acute phase reactant and 
marker of inflammation but may also reflect malnutrition. 
Hypoalbuminaemia also predicts catheter loss in PD perito-
nitis [73].

10.2.2  Exit-Site and Tunnel Infections

Exit-site infection is suggested by the presence of erythema-
tous skin surrounding the catheter and definite in the pres-

ence of purulent drainage. A positive culture in the absence 
of these clinical findings may reflect simple colonisation 
rather than infection. Thus, the diagnosis requires experience 
and clinical judgement. Tunnel infection may occur with or 
without accompanying exit-site infection and manifests as 
erythema, oedema and tenderness, although is frequently 
clinically occult. Tunnel infection may be confirmed with 
the use of ultrasound. Aggressive management is recom-
mended for S. aureus and Pseudomonas exit-site infection as 
there is often concomitant tunnel infection. Empirical antibi-
otic therapy may be initiated immediately and should always 
cover S. aureus or may be deferred until culture and sensitiv-
ity results become available to guide therapy. Oral antibiotic 
therapy is as effective as intraperitoneal antibiotic therapy. 
Gram-positive exit-site and tunnel infection can be managed 
with a first-generation cephalosporin, such as cephalexin. 
Alternatives include clindamycin, doxycycline and minocy-
cline. These drugs do not require dose adjustment for renal 
failure. In slowly resolving or severe S. aureus infection, ri-
fampicin 600 mg daily should be added. Pseudomonas exit-
site infections are particularly difficult to treat and require 
prolonged duration of therapy. Oral fluoroquinolones as 
monotherapy may be a reasonable treatment option for mild 
cases. However, severe, refractory or recurrent pseudomonal 
exit-site infection requires a second antipseudomonal drug. 
Antibiotic therapy should be continued until the exit site ap-
pears normal. ISPD guidelines recommend a duration of 2 
weeks for most exit-site infections, which is extended to 3 
weeks in the case of pseudomonal exit-site infection [24]. 
Progression to peritonitis or concomitant peritonitis is an in-
dication for catheter removal.

10.2.2.1  Prevention of Peritoneal Dialysis-Related 
Peritonitis and Exit-Site Infection

Practices to reduce infection risk in PD patients include a 
number of interventions already mentioned, including ap-
propriate selection of patients, training and retraining of pa-
tients and staff education to increase professional confidence 
in PD and to champion its role in renal replacement therapy. 
The role of hand hygiene cannot be overemphasised. Patient 
education should teach routine exit-site care with water and 
antibacterial soap or non-cytotoxic antiseptics. Furthermore, 
units should establish ongoing surveillance of their infec-
tion rates and perform root cause analysis of all episodes of 
peritonitis [34]. Nasal carriage status of S. aureus should be 
sought and documented on all patients entering a PD pro-
gram and eradication attempted. Nasal carriage of S. aureus 
is associated with an increased risk of catheter exit-site in-
fection and its eradication with mupirocin has been shown to 
improve rates of both exit-site infection and PD peritonitis 
[74, 75].

There is currently no evidence to support the use of any 
particular catheter other than the standard silicone Tenck-
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off catheter for the prevention of peritonitis. The use of 
double-cuff catheters initially showed promise, but with the 
widespread adoption of prophylactic intranasal and exit-site 
ointments their role has diminished [28]. Prior to catheter 
placement, proper bowel preparation and skin cleansing, in-
cluding removal of hair where indicated, can improve rates 
of peritonitis and exit-site infection [27, 76]. Catheter place-
ment by an experienced surgeon with prophylactic single-
dose IV antibiotics decreases the risk of subsequent infection 
[77]. There is some evidence that vancomycin may be supe-
rior to cephalosporin [27]. Newly inserted catheters should 
be immobilised but sutures at the exit site increase infection 
and are contraindicated [75].

Disconnect systems utilising twin-bag and Y-sets are su-
perior to spiking of dialysis bags, and this is supported by 
randomised control trial evidence and systematic review [77, 
78]. There are equivalent rates of PD peritonitis among APD 
and CAPD patients [79].

Exit-site infection and peritonitis caused by S. aureus 
and other Gram-positive organisms are prevented by the 
use of topical exit-site mupirocin. A number of studies have 
demonstrated efficacy, while meta-analysis data reveal re-
ductions in the rates of peritonitis by 40–66 % and exit-site 
infection by 62–77 % [74]. Hence, the use of topical exit-
site mupirocin is endorsed by the ISPD [29]. Gentamicin and 
Polysporin Triple ointment were also found to be effective in 
preventing bacterial exit-site and peritoneal infection at the 
cost of increased rates of fungal infection at these sites [80–
82]. The ISPD guidelines recommend against their use and 
raise concern over the particular risk of inducing gentami-
cin resistance, which remains a useful drug for treatment of 
PD peritonitis [27]. Likewise, mupirocin resistance has been 
documented and it is expected that high-level resistance will 
eventually result in clinical failure or unacceptable relapse 
rate. The HONEYPOT trial proposed that medical grade, an-
tibacterial honey has antimicrobial properties without induc-
ing antimicrobial resistance and may have a role in prevent-
ing exit-site infections and hence PD peritonitis [83]. This 
multicentre open-label trial randomly assigned 371 patients 
to either topical exit-site honey or intranasal mupirocin. The 
rate of infection within the honey group was equivalent to 
that seen in the mupirocin group. Diabetics randomised to 
honey, however, had increased rates of exit-site and peri-
toneal infection and use of honey was poorly tolerated and 
greater numbers of patients withdrew from this arm com-
pared to the mupirocin group. Thus, current evidence does 
not support the use of honey in PD patients.

Fungal peritonitis is predicted by the use of antibiotics 
for both bacterial peritonitis and nonperitoneal infections 
[49]. Fungal prophylaxis with oral fluconazole or nystatin 
has demonstrated benefit and should be routinely employed, 
particularly during prolonged courses of antibiotics for con-
ditions, such as foot ulcer or osteomyelitis.

Severe constipation and diarrhoea may precipitate epi-
sodes of PD peritonitis via the transmigration of microor-
ganisms across the bowel wall [84]. Hypomotility and gas-
troparesis likewise increase risk, and constipation is a com-
mon clinical problem that is often poorly recognised by the 
chronic PD patient. These disorders should be sought and 
managed appropriately to prevent PD peritonitis. Gastroin-
testinal pathology, such as cholecystitis, ischaemic bowel, 
diverticulitis and colitis, can cause an enteric peritonitis, 
which is frequently polymicrobial. Many nephrologists con-
sider inflammatory bowel disease to be a contraindication to 
PD. The occurrence of surgical issues such as these may be 
an indication for catheter removal and transfer to HD.

Invasive procedures, such as colonoscopy, hysteroscopy 
and performance of dental work, can also lead to peritonitis 
at a rate of up to 6 in every 100 patients [85]. Ampicillin 
prophylaxis eradicated all cases of post-procedural perito-
nitis, although the difference was not statistically significant 
due to the relatively low event rates. The ISPD guidelines 
recommend emptying the abdomen of fluid prior to the pro-
cedure and giving consideration to pre-procedural antibiotic 
prophylaxis [27].

Combining and implementing all of the above prevention 
strategies in “bundle-of-care” programs delivered by experi-
enced units with regularly trained doctors, nurse and patients 
can help to ensure adherence to evidence-based best prac-
tices, thereby effectively reducing peritonitis rates in con-
tinuous cycles of quality improvement [76].

The BalANZ trial recently demonstrated a potential role 
for neutral pH, low glucose degradation product (GDP), and 
“biocompatible” PD fluids in preventing PD peritonitis [86, 
87]. This multicentre open-label randomised controlled trial 
assigned 185 incident PD patients with residual renal func-
tion to pH-neutral, low GDP dialysis solution or convention-
al dialysis solution for 2 years. The biocompatible group ex-
hibited significantly longer times to first peritonitis episode 
and lower rates of peritonitis as well as longer times to the 
development of anuria. This same study also observed that 
use of novel dialysis solutions resulted in shorter peritonitis-
related duration of hospitalisation, suggesting that biocom-
patible solutions reduced both the likelihood and severity 
of peritonitis. This finding has not been upheld in a recent 
Cochrane review of biocompatible dialysis fluids, but identi-
fied limitations in trial heterogeneity, definitions of perito-
nitis and high rates of attrition bias in included studies other 
than the BalANZ trial [88].

10.3  Noninfectious Complications

10.3.1  Catheter Complications

The success of chronic PD depends upon safe and permanent 
access to the peritoneal cavity [89]. A review of recent litera-
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ture reveals catheter failure rates of up to 35 % at 1 year [90]. 
Catheter-related problems contribute to a significant propor-
tion of failed PD cases and necessitate transfer to HD within 
the first year in up to 20 % of cases [91, 92]. Prevention, 
early recognition and appropriate management of these com-
plications are important to avoid patient morbidity and disil-
lusionment with the PD technique, which may undermine a 
patient’s willingness to persevere with PD [91].

A number of different variations to the standard Tenck-
off catheter have been developed, including variation on the 
number of cuffs (one vs two), the design of the subcutaneous 
pathway (bent or “swan neck” vs straight) and the profile 
of the intraperitoneal portion (straight vs coiled). Systemic 
review and meta-analysis data reveal an advantage in favour 
of straight compared to coiled catheters [90]. There is in-
adequate evidence to recommend single versus double cuff 
catheters [89]. The use of a “swan neck” catheter is associ-
ated with the lowest rates of drainage dysfunction [90] and is 
endorsed by the ISPD [89].

Presurgical evaluation should include assessment for pre-
existing abdominal wall herniation, as this will likely worsen 
when subjected to increased intraperitoneal pressures. A his-
tory of prior abdominal surgeries and most particularly ab-
dominal catastrophe should be sought [89]. Skin and bowel 
preparation has been covered elsewhere. Insertion technique, 
either by laparoscopic route or open procedure, does not pre-
dict infectious outcome nor catheter survival [77]. The expe-
rience of the surgeon, however, is critical in optimising cath-
eter outcomes [34, 89]. The catheter tip should sit deep in the 
pelvis and ideally within the left lower quadrant to minimise 
risk of incomplete drainage [89]. Some groups describe an 
advanced laparoscopic technique with rectus sheath tunnel-
ling, prophylactic adhesiolysis and prophylactic omentopexy 
to fix redundant omentum to the upper abdomen via a suture 
[93]. They report reduction in the rate of catheter flow com-
plications to < 1 % compared with 12 % with standard laparo-
scopic technique [93]. The advanced laparoscopic technique 
may be employed in patients with risk of catheter malfunc-
tion, such as prior abdominal surgery [91]. ISPD guidelines 
suggest catheter survival of > 80 % at 1 year is a reasonable 
goal [89].

10.3.2  Inflow Pain

Pain on dialysate infusion may occur in the absence of infec-
tion and is a common occurrence in PD patients. The pain 
typically diminishes with the duration of the dwell period 
and usually improves with increasing time on PD as the peri-
toneal membrane adapts. Some patients, however, experi-
ence severe and persistent pain that necessitates the discon-
tinuation of PD. The pain is attributed to the acidic pH of 

conventional lactate-buffered dialysate (usually pH 5.2–5.5) 
and bioincompatible hypertonic, high glucose concentration 
and dialysate temperature as well as catheter tip position. In 
their systematic review of biocompatible PD fluids, Cho and 
colleagues concluded that there was a significant reduction 
in inflow pain with the adoption of bicarbonate-buffered pH 
neutral, low glucose dialysate [94] and this was supported 
by meta-analysis [88]. Slowing the rate of infusion may also 
alleviate pain. It has been hypothesised that other sequelae 
of non-physiologic dialysate fluids, such as loss of peritoneal 
mesothelial cell viability and function, compromised perito-
neal immune function, promotion of fibrosis and vascular 
remodelling within the peritoneal membrane are also revers-
ible with the adoption of biocompatible fluids [94].

10.3.3  Outflow Failure

Outflow failure is defined as the incomplete recovery of in-
stilled dialysate fluid within a reasonable time frame (30–
45 min), which may be precipitated by constipation, catheter 
migration, intraluminal catheter obstruction by thrombus or 
fibrin, catheter kinking or catheter occlusion (e.g. by redun-
dant omentum or adhesions). This issue complicates approx-
imately 10 % of PD cases. It is not explained by catheter type 
(straight vs coiled intraperitoneal segment) [90], although 
may be amenable to advanced laparoscopic technique (de-
scribed above) [93]. A kinked catheter usually demonstrates 
resistance to both inflow and outflow of dialysate and may 
be identified by plain abdominal radiograph. Likewise, the 
presence of constipation can be assessed by abdominal im-
aging. Catheter malposition is usually apparent within days 
of first using the catheter, while omental occlusion compli-
cates PD several weeks after catheter placement. Physical 
examination can exclude leakage as a differential to outflow 
failure.

Management of outflow failure depends primarily on the 
cause identified. Liberal use of laxatives including supposi-
tories and enemas can be used to treat constipation, and the 
resumption of bowel movement cures the majority of cases 
of outflow failure [95]. Intraluminal instillation of heparin 
and thrombolytics [96] may resolve both inflow and outflow 
obstruction, and guide-wire manipulation [97–99] can be 
considered when there is radiographic evidence of migra-
tion. Studies report an initial good success rate (85 %) but 
warn this is short-lived and prone to recurrence in the long 
term [97]. Laparoscopic repositioning and/or replacement of 
a nonfunctioning catheter remains a valuable recourse for 
long-term patency [97, 99] and is usually required if a cath-
eter fails to flip down or unblock after 2–3 days of aperients 
and when no other cause has been identified. Occluded cath-
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eters may need to be managed by adhesiolysis, omentectomy 
or catheter replacement, as necessary.

10.3.4  PD Fluid Leakage

Leakage of dialysate may occur around the catheter (manifest 
as an accumulation of high glucose-containing fluid around 
the PD catheter exit site, subcutaneous swelling, genital oe-
dema and/or apparent ultrafiltration failure), into the genita-
lia via a patent processus vaginalis, or into the pleural cav-
ity (manifesting as dyspnoea, weight gain and ultrafiltration 
failure). The incidence (5 %) appears higher in CAPD, pre-
sumably related to upright posture and increased pressures 
on the abdominal wall but is widely under-reported [100]. 
Risk factors for pericatheter leaks include weak abdominal 
wall musculature following pregnancy or multiple abdomi-
nal surgeries, early initiation of PD following catheter place-
ment, use of large intraperitoneal exchange volumes and fac-
tors impairing wound healing (e.g. diabetes mellitus, obesity, 
corticosteroid therapy, etc.) [95, 100]. There is no consensus 
on catheter choice for the avoidance of this complication but 
the use of a laparoscopic technique may reduce its incidence 
[95, 101]. Evidence favours a 14-day rest period following 
surgical catheter placement to allow postoperative healing 
[100], but urgent-start PD may employ low volumes in the 
supine position using a cycler [102].

Management of pericatheter leaks consists of decreased 
upright posture, temporary adoption of nocturnal APD, re-
duction in dialysis volumes and surgical repair. Genital oe-
dema responds to surgical ligation of the patent processus 
vaginalis. Pleural leaks are more resistant to intervention and 
often necessitate transfer to HD [103, 104]. Some centres 
report success with chemical pleurodesis using either talc 
[105, 106] or tetracycline [107]. Systemic volume overload 
and congestive cardiac failure should be excluded [103, 104].

10.3.5  Abdominal Wall Herniation

Abdominal wall herniation can be a troublesome compli-
cation of CAPD and its risk is increased by female gender, 
parity, small body size, increasing age, longer time on PD, 
autosomal dominant polycystic kidney disease, diabetes 
and prior abdominal surgery [108–110]. Sites of occurrence 
include the inguinal canal and patent processus vaginalis, 
umbilicus, linea alba and site of prior abdominal incisions 
[111]. Symptoms include swelling and disfigurement and 
can be complicated by intestinal obstruction, bowel incar-
ceration and strangulation. Diagnosis is made by physical 
examination and ultrasound imaging. Management consists 
of surgical repair employing a polypropylene mesh prosthe-
sis, which allows the resumption of PD within several days 
of hernia repair, usually via low-volume supine rapid cycling 

PD and graduated return to the former PD regimen [110, 
111]. The Bargman protocol for postoperative management 
of PD following hernia repair avoids interim transfer to HD 
while avoiding underdialysis and re-herniation [112].

10.3.6  Intestinal Perforation

Intestinal perforation can complicate catheter implantation 
due to direct injury or may occur later due to bowel wall 
erosion and ulceration. In patients with advanced vascular 
disease, intestinal perforation may be precipitated by isch-
aemia of the bowel wall. It is an uncommon complication 
that reflects the experience of the surgeon. Clues to presenta-
tion are the occurrence of polymicrobial peritonitis, bloody 
or feculent dialysate and diarrhoea following dialysate instil-
lation. Management includes cessation of PD with catheter 
removal and surgical repair of the bowel under antibiotic 
coverage [95].

10.3.7  Haemoperitoneum

Bloody peritoneal dialysate is an infrequent occurrence and 
may reflect a range of intra-abdominal events with both be-
nign and harmful significance. It should be remembered that 
a very small amount (< 1 ml of blood) can make peritoneal 
fluid appear blood tinged and that in the absence of PD many 
of these events may be clinically silent.

Benign causes of haemoperitoneum include menstrual 
bleeding, likely secondary to ovulation, retrograde men-
struation and endometriosis. Rapid flushes and the instilla-
tion of heparin can prevent obstruction of the PD catheter 
due to clots. Mild and spontaneously resolving bleeding can 
also follow catheter manipulation or insertion. To date, there 
is no evidence favouring coiled catheters over straight tip 
catheters with respect to the complication of catheter-related 
haemoperitoneum.

Intra-abdominal pathology, such as rupture of liver 
cysts and splenic injury, may cause intra-abdominal bleed-
ing, sometimes with surgical implications. Retroperitoneal 
events including rupture of kidney cysts may uncommonly 
cause haemoperitoneum accompanied by haematuria [113]. 
Intra-abdominal malignancy including liver carcinomatosis 
[114] and renal cell carcinoma [115] may potentially cause 
haemoperitoneum in PD. This possibility can be evaluated 
further with PD fluid cytology and computed tomography 
(CT) of abdomen.

10.3.8  Encapsulating Peritoneal Sclerosis

Encapsulating peritoneal sclerosis (EPS; formerly sclerosing 
encapsulating peritonitis) is a complication of PD character-
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ised by persistent, intermittent or recurrent adhesive bowel 
obstruction with peritoneal fibrosis and malnutrition. Its in-
cidence varies from 0.3 to 3.3 % and increases with time on 
PD with occurrences as high as 6.4 and 19.4 % in Australia 
and 2.1 and 5.9 % in Japan at 5 and 8 years, respectively [22]. 
Mortality rates have been reported to be as high as 50 % but 
more recent data from an Australian study suggest a con-
siderably lower mortality risk [116]. The ISPD guidelines 
emphasise that EPS is infrequent and its risk of occurrence 
should not time limit the delivery of PD [22]. In this way, it is 
comparable to the risk of infectious endocarditis or osteomy-
elitis in the HD population. Risk factors for EPS include time 
on dialysis [22, 117, 118], bioincompatible dialysate [120], 
dialysate contamination [119, 120, 122], catheter type and 
episodes of severe peritonitis [116–118, 121].

Clinical manifestations vary widely and there are no re-
liable biochemical or radiological screening tests. It is fre-
quently recognised following the cessation of PD. Patients 
present with clinical features of bowel obstruction, including 
anorexia, nausea, vomiting and weight loss. Other presenta-
tions include haemoperitoneum and sterile nonresolving PD 
peritonitis. Inflammatory markers may be present, such as 
raised serum C-reactive protein concentrations, anaemia and 
hypoalbuminaemia. Suggestive CT features include peri-
toneal calcification, bowel thickening, bowel tethering and 
bowel dilatation. Laparotomy is required for a definitive di-
agnosis [22].

Membrane transport characteristics may reflect a decline 
in ultrafiltration capacity and increase in peritoneal mem-
brane small solute transport over time, similar to that seen 
following episodes of severe peritonitis (see above) and with 
long-term PD [120]. However, screening for a rise in trans-
port characteristics is not helpful in risk-stratifying patients, 
as EPS can occur in patients with slow transport character-
istics.

Management consists of cessation of PD, removal of the 
catheter and transfer to HD. Nutritional support via parenter-
al nutrition may be necessary and many patients will recover 
with conservative therapy. Drug therapies include cortico-
steroids, tamoxifen and immunosuppression, although the 
evidence for these treatments is scant. Surgical enterolysis 
by an experienced surgeon may improve symptom burden 
and survival [22].

10.4  Conclusion

Peritonitis is a major complication that undermines the sig-
nificant lifestyle, survival and economic benefits of PD. It 
represents a major disincentive to uptake this dialysis mo-
dality and has profound morbidity, mortality and healthcare 
consequences. Central to the management of peritonitis is 
the adoption of appropriate prophylaxis strategies, continu-
ous quality improvement programs and the implementation 

of evidence-based practice and retraining programs. Non-
infectious complications of PD are likewise amenable to 
thoughtful presurgical evaluation and management based on 
best practice. Further collaborative research is required in 
this area to overcome the barriers to maintaining long-term 
PD.
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11.1  Introduction

Pediatric end-stage renal disease (ESRD) is a rare medical 
disorder, but with an exponentially increasing prevalence 
over the past 20 years. While the preferred treatment for pe-
diatric ESRD patients is renal transplantation, the majority 
of children receive dialysis prior to transplant. Peritoneal 
dialysis (PD) is the dialysis modality most commonly pre-
scribed to pediatric patients with ESRD worldwide, in large 
part due its ease of administration to infants, children, and 
adolescents and the cost-effective nature of the therapy. It 
also still has a substantial role in the treatment of acute kid-
ney injury (AKI)  around the globe. The widespread usage 
of the therapy underlies the importance of medical providers 
caring for pediatric patients with kidney disorders to have 
an understanding of key aspects of the clinical application 
of PD. In turn, this chapter will provide an overview of PD 
usage in the pediatric patient, with an emphasis on catheter 
selection, prescription, and the diagnosis and management of 
PD-related complications.

11.2  History of Pediatric Peritoneal Dialysis

The use of the peritoneum for saline injections as fluid re-
suscitation in children was first described at the beginning of 
the twentieth century [1]. Approximately 40 years later, the 
first descriptions of attempts to use the peritoneum to treat 

children with renal failure were published [2, 3]. Pediatric 
surgeons Swan and Gordon described what was considered 
the first successful demonstration of PD using continuous 
peritoneal lavage in three children with acute anuric kid-
ney injury in 1949 [3]. The use of intermittent PD followed 
continuous peritoneal lavage and was soon found to be well 
tolerated and effective for children of all ages, in part be-
cause of the lack of need for the large extracorporeal blood 
circuits required of hemodialysis (HD) . Subsequently, acute 
PD became the preferred renal replacement therapy (RRT)  
in children with AKI.

In the 1960s, Henry Tenckhoff developed the permanent 
indwelling peritoneal catheter and thereafter, the first home 
PD regimen was developed [4]. However, it was not until 
the description of continuous ambulatory peritoneal dialysis 
(CAPD)  by Moncrief and Popovich in 1976 that PD flour-
ished as a chronic dialytic therapy for pediatric patients [5]. 
CAPD was first used in a 3-year-old child in 1978 in Toronto 
and offered an RRT option for infants with ESRD, previ-
ously considered too small for chronic dialysis.

At the beginning of the 1980s, automated machines were 
developed for use with intermittent PD. Automated PD 
(APD) was first used in a child in 1981 by Price and Suki 
and became the preferred modality of pediatric programs in 
North America [6]. Before the 1980s, fewer than 100 pedi-
atric patients were reported to have been treated with CAPD 
worldwide. Currently, the 2013 United States Renal Data 
System (USRDS) Annual Data Report (ADR) describes 
more than 900 patients < 19 years on chronic PD and the 
International Pediatric Peritoneal Dialysis Network (IPPN) 
registry has voluntary enrollment of > 2500 pediatric PD pa-
tients worldwide [7, 8].

© Springer Science+Business Media, LLC 2016
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11.3  Principles of Peritoneal Dialysis

11.3.1  Physiologic and Anatomic Concepts of 
the Peritoneal Membrane in Children

Early studies by Putiloff more than 100 years ago revealed 
that the pediatric peritoneum possessed a greater surface area 
per scaled body weight when compared to adults [9]. Fol-
lowing this anatomic discovery, studies of the function of 
the peritoneum suggested that the pediatric peritoneal mem-
brane was also more efficient than the adult peritoneal mem-
brane related to the greater pediatric peritoneal surface area 
[10]. However, these early kinetic studies were flawed with 
inconsistencies in dialysis mechanics and research methods. 
Studies conducted over the past 25 years have instead es-
tablished a similar functionality of the pediatric and adult 
peritoneum [11].

The peritoneal exchange process involves two transport 
mechanisms, diffusion and convection. Diffusion refers to 
the exchange of solute down a concentration gradient be-
tween two solutions separated by a semipermeable mem-
brane. Convection refers to the movement of solute along 
with water across a semipermeable membrane down a pres-
sure gradient led by ultrafiltration (UF). The recruitment of 
the functional peritoneum for these forms of transport in 
children, as in adults, is dependent upon several physiologic 
factors, most notably the peritoneal capillary microcircula-
tion. It is currently proposed that the peritoneal membrane 
and the peritoneal microcirculation permit solute and water 
transport via a three-pore model [12]. The ultrasmall pores 
of the peritoneal capillary bed make up 1–2 % of the total 
pore area and are involved with approximately 40 % of the 
sodium-free water exchange. Small pores comprise 90 % 
of the total pore area and participate primarily in low mo-
lecular weight compound exchange (i.e., urea) via diffusive 
transport as well as some convective transport. Finally, large 
pores comprise 5–7 % of the total pore area and allow higher 
molecular weight compound (i.e., proteins, albumin) trans-
port driven by solvent drag associated with convective forces 
[12].

11.3.2  Diffusive Transport

Studies of diffusive transport demonstrate that the rate of dif-
fusive transfer is directly related to the functional membrane 
size, the dialysate concentration gradient, and a parameter 
known as the mass transfer area coefficient (MTAC). This 
parameter is essentially independent of dialysis mechan-
ics and is an expression of the diffusive permeability of the 
functional peritoneal membrane in the absence of an osmotic 
gradient between blood and dialysate [13]. Calculation of the 
MTAC is quite rigorous, and the studies in which the MTAC 

values were measured in pediatric patients have yielded 
mixed results. In the largest study, Warady et al. found that 
MTACs for potassium, glucose, and creatinine decreased in-
versely with increasing age, suggesting either an inverse re-
lationship between age and the functional peritoneal surface 
area or an age-related inverse relationship with the peritoneal 
permeability [14]. It should be noted that although the age-
related differences in the MTAC values obtained by Warady 
et al. were statistically significant, the differences were small 
and of arguable clinical importance.

In addition to the MTAC, the transmembrane concentra-
tion gradient, the peritoneal permeability, and any residual 
peritoneal volume also affect the rate of diffusive transport. 
The concentration gradient between blood and dialysate di-
minishes over time and is influenced by factors including 
cycle frequency and dialysate volume. The impact of dialy-
sate volume rests on the principle of geometry of diffusion, 
which states that the larger the volume of dialysate, the lon-
ger the transmembrane concentration gradient will persist 
and thereby drive diffusion. In children, this principle has 
been a confounding variable in many early PD studies in 
which exchange volumes were scaled to body weight as op-
posed to body surface area (BSA). Given that infants have 
a greater ratio of BSA to body weight compared to adults, 
earlier studies in pediatric PD patients in which exchange 
volumes were scaled to body weight resulted in relatively 
small dialysate volumes in the youngest patients and thus 
an inaccurate interpretation of enhanced membrane transport 
capacity [10]. Finally, the presence of residual exchange vol-
ume from previous exchanges diminishes the concentration 
gradient and thus limits solute transport. Studies have shown 
that the residual volume can be substantial in children [14].

11.3.3  Convective Transport

Convection involves the transfer of dissolved solute across 
the peritoneal membrane in association with ultrafiltered 
water, a process also known as solvent drag. Determina-
tion of the exact fraction of solute transport which occurs 
due to convection is complex due to the relationship with 
transperitoneal UF and peritoneal membrane permeability. 
Transperitoneal UF is a time-dependent process, which oc-
curs simultaneously with fluid absorption and can dilute the 
dialysate solute concentration, enhancing diffusive transport 
[15]. Therefore, mathematical models are often necessary to 
differentiate the amount of diffusive and convective solute 
transport that occurs during PD [16].

The membrane permeability is expressed as a sieving 
coefficient, which is the ratio of the dialysate concentration 
of solute and its plasma water concentration in the absence 
of diffusive transport. A study conducted by Pyle estimated 
that in a 4-h CAPD exchange with 4.25 % dextrose dialy-
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sis solution, the contribution of convection to urea removal 
was 12 %, 45 % for inulin, and 86 % for protein [17]. Thus, 
in the context of solute removal, convection is thought to 
contribute to a lesser degree to removal of small solutes and 
is primarily responsible for most large solute removal [18].

11.3.4  Ultrafiltration

UF describes the movement of fluid across the peritoneal 
membrane. It is a complex process that is primarily driven by 
the balance between osmotic pressures created by dextrose 
within the dialysis solution, most notably, and the uptake of 
fluid into the peritoneal and lymphatic tissues. Early stud-
ies of UF in infants and younger children suggested that ad-
equate UF was difficult to achieve because researchers noted 
a more rapid dissipation of the dialysate dextrose concentra-
tion in this population [19]. However, as noted above, earlier 
studies used exchange volumes scaled to body weight. Sub-
sequent pediatric PD studies with exchange volumes scaled 
to BSA demonstrated an age-independent UF capacity [20].

11.3.5  Peritoneal Lymphatic Absorption

Peritoneal lymphatic absorption involves the movement of 
fluid into the peritoneal interstitium driven by hydraulic 
pressure. It has been estimated to account for nearly a 20 % 
reduction of net UF. While there are limited studies on the 
contribution of lymphatic absorption to net UF in children 
receiving PD, studies by Schroder et al. and de Boer et al. 
found that net UF and lymphatic absorption were not age 
dependent [21, 22]. When lymphatic absorption rates were 
scaled to BSA in children, there were no differences when 
compared to adult reference values [23].

11.3.6  Peritoneal Dialysis for Acute Kidney 
Injury

PD was the first RRT used for the management of AKI in 
children. Although there have been many advancements in 
vascular access techniques as well as improvements in HD 
and continuous renal replacement therapies (CRRT) for the 
treatment of AKI, acute PD remains the modality of choice 
in many parts of the world, particularly in infants and small 
children [24]. Its advantages include its wide availability, the 
avoidance of the need for vascular access and large extracor-
poreal blood volume requirements, and its slow and well-
tolerated solute and fluid removal. Furthermore, while there 
have been no randomized clinical trials comparing the dif-
ferent dialysis modalities for the treatment of pediatric AKI, 
observational studies have not demonstrated a difference in 

mortality between children treated with PD and those treated 
with CRRT [25].

11.3.7  Indications for the Initiation of Acute 
Peritoneal Dialysis

In general, most of the indications for acute PD in the pe-
diatric age group mirror those seen in adults. Although the 
majority of cases of AKI can be managed conservatively, se-
vere metabolic disturbances, particularly hyperkalemia that 
is not responsive to medical management, mandate prompt 
initiation of dialysis. Additionally, there is accumulating 
evidence that fluid overload in the setting of AKI is asso-
ciated with adverse outcomes, particularly in the pediatric 
population [26–30]. A multicenter, prospective study of chil-
dren demonstrated that the percent fluid accumulation prior 
to starting RRT was significantly lower in survivors versus 
non-survivors [29].

11.3.8  Acute Peritoneal Dialysis Access

The two most commonly used accesses for acute PD are 
the percutaneously placed Cook catheter and the surgically 
placed Tenckhoff catheter. The Cook catheter offers the ad-
vantage of bedside placement by a nephrologist or intensivist 
via the Seldinger technique. Since only local anesthesia is re-
quired, it can be placed promptly, even in an unstable patient 
[31, 32]. However, its use is hampered by a very high rate of 
complications such as obstruction from omentum and leak-
age of dialysate from the catheter entry site on the abdominal 
wall. Chadha et al. [33] in a single-center retrospective study 
of infants and young children with AKI found that by day 6 
of dialysis, only 46 % of the Cook catheters were function-
ing without complications. In comparison, they found that 
over 90 % of surgically placed Tenckhoff catheters were free 
of complications at the same time point. Thus, the authors 
suggested that if dialysis is expected to be required for more 
than 5 days, a Tenckhoff catheter should either be placed 
initially or elective replacement of the Cook catheter with a 
Tenckhoff catheter should be performed in a timely manner. 
More recently, a multipurpose percutaneous catheter (Cook 
Mac-Loc Multipurpose Drainage catheter) showed promis-
ing results in a small cohort of infants with AKI with a mean 
complication-free survival of approximately 11 days [32].

Current pediatric recommendations from the Internation-
al Society of Peritoneal Dialysis (ISPD) reflect the published 
data and support a surgically placed Tenckhoff catheter as 
the “catheter of choice” for acute PD [34]. Additionally, the 
guidelines recommend that the catheter be inserted laparo-
scopically, given the reduced chance for leakage compared 
to placement by laparotomy. Methods to decrease the risk 
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of dialysate leakage are particularly important when dialysis 
is to be initiated emergently. There is preliminary evidence 
that the application of fibrin sealant (glue) at the peritoneum 
can be used to treat leaks that occur soon after the place-
ment of a Tenckhoff catheter and the implementation of PD. 
Rusthoven et al. demonstrated in eight infants, ages 0.8–57 
months that application of fibrin glue into the subcutaneous 
catheter tunnel through the exit site was able to successfully 
correct leaks that occurred within 48 h of initiating therapy 
while using a single-cuff Tenckhoff catheter [35]. Addition-
ally, Sojo et al. demonstrated that application of fibrin glue 
to the peritoneal cuff suture at the time of implantation re-
duced the incidence of leakage in the early postoperative 
period [36]. Dialysate leakage only occurred in 9 % of the 
fibrin glue group versus 57 % of the control group.

11.3.9  Acute Peritoneal Dialysis Prescription

Much like the chronic PD prescription (see below), there are 
four main components of the acute PD prescription: fill vol-
ume, dialysate composition, dwell times, and total length of 
dialysis therapy. The initial fill volume of 10 ml/kg should 
be used for at least the first 24–48 h to minimize the risk 
of dialysate leakage through the catheter insertion site. The 
fill volume can be gradually increased to a target volume 
of 30–40 ml/kg (800–1100 ml/m2 BSA) to achieve adequate 
fluid and solute removal goals [34]. Whether performing 
manual exchanges or automated exchanges, the initial dwell 
time should be at least 30–60 min, with gradual prolonga-
tion as the patient is stabilized and fluid and solute removal 
targets are achieved. Acute PD should be continuous for the 
first 1–3 days with gradual shortening of the total daily dura-
tion of dialysis as tolerated by the patient [34]. Given the use 
of rapid exchanges, often with higher dialysate dextrose con-
centrations, along with the continuous nature of the dialysis, 
close monitoring of electrolytes is mandatory. Patients un-
dergoing acute PD are at risk for hypernatremia secondary to 
sodium sieving, a consequence of disproportionately greater 
water to sodium transport via aquaporin-mediated pores, and 
hyperglycemia secondary to substantial dextrose absorption 
[37].

11.3.10  Causes of End-Stage Renal Disease in 
Children

While a variety of disorders result in ESRD during child-
hood, approximately one half are congenital in origin and 
one half are acquired lesions. The largest source of data on 
primary diagnoses comes from the dialysis registry of the 
North American Pediatric Renal Trials and Collaborative 
Studies (NAPRTCS) [38]. The most common diagnoses in 

the registry’s cohort of  > 7000 patients are focal segmental 
glomerulosclerosis, congenital aplasia/hypoplasia/dyspla-
sia, and obstructive uropathy, accounting for 14.4, 14.2 and 
12.6 % of cases, respectively (Table 11.1) [38].

11.3.11  Indications and Contraindications for 
Chronic Peritoneal Dialysis

In many cases, the choice of PD as the initial dialytic modal-
ity is based on patient/family preference and center philoso-
phy. In addition, however, an important aspect of the selec-
tion process for PD is a thorough evaluation of the family’s 
social, psychological, and economic background so as to 
best determine the likely ability of the family to cope with 
the “burden of care” associated with the provision of home 
dialysis therapy on a daily basis [39]. An evaluation of the 

Table 11.1  Primary renal disorders [38]
N %

All dialysis patients 7039 100.0
Primary diagnosis
FSGS 1016 14.4
A/hypo/dysplastic kidney 998 14.2
Obstructive uropathy 888 12.6
Reflux nephropathy 244 3.5
SLE nephritis 226 3.2
HUS 216 3.1
Chronic GN 214 3.0
Polycystic disease 201 2.9
Congenital nephrotic syndrome 182 2.6
Prune belly 144 2.0
Medullary cystic disease 140 2.0
Idiopathic crescentic GN 130 1.8
Familial nephritis 130 1.8
MPGN—Type I 116 1.6
Pyelo/interstitial nephritis 101 1.4
Cystinosis 99 1.4
Renal infarct 90 1.3
Berger’s (IgA) nephritis 86 1.2
Henoch-Schönlein nephritis 67 1.0
MPGN—Type II 64 0.9
Wilms tumor 55 0.8
Wegener’s granulomatosis 49 0.7
Drash syndrome 39 0.6
Other systemic immunologic disease 37 0.5
Oxalosis 32 0.5
Membranous nephropathy 29 0.4
Sickle cell nephropathy 21 0.3
Diabetic GN 10 0.1
Other 887 12.6
Unknown 528 7.5

FSGS focal segmental glomerulosclerosis, SLE systemic lupus erythe-
matosus, HUS hemolytic uremic syndrome, GN glomerulonephritis, 
MPGN membranoproliferative glomerulonephritis, IgA immunoglobu-
lin A
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parent or caregiver’s educational background and learning 
capacity is also desirable so that a realistic assessment of 
their ability to process the information necessary to carry out 
home dialysis can be made. All that being said, the absolute 
indications for PD in children with ESRD are a very small 
patient, lack of a vascular access, and the presence of contra-
indications to anticoagulation [40–45].

With recognition that the performance of PD requires a 
patent abdominal cavity and a functioning peritoneal mem-
brane, the only absolute contraindications to PD consists of 
the presence of one of the following: omphalocele, gastros-
chisis, bladder extrophy, diaphragmatic hernia, or an oblit-
erated peritoneal cavity. While the lack of an appropriate 
caregiver for home therapy is a relative contraindication, the 
presence of a colostomy, gastrostomy, ureterostomy, and/
or pyelostomy or a ventriculoperitoneal shunt does not pre-
clude chronic PD [46].

11.3.12  Chronic Peritoneal Dialysis Usage

Data on the use of chronic PD by children with ESRD are 
derived from a number of different registries from around 
the globe. The NAPRTCS has demonstrated that chronic PD 
was the initial dialysis modality prescribed to 62.9 % of more 
than 7000 patients, most commonly through the use of APD 
(see below) [1]. Noteworthy is the fact that 85 % of the chil-
dren < 5 years were prescribed chronic peritoneal dialysis 
(CPD) versus 51 % of those > 12 years. The USRDS ADR 
provides data on all patients 0–19 years old and on dialysis, 
in contrast to only those cared for in pediatric centers, as 
reported by the NAPRTCS [8]. In turn, the ADR recently re-
ported that only 28 % of 1410 incident patients received PD, 
in contrast to the 49 % who were prescribed HD. A decade-
old compilation of data from 12 European registries revealed 
that 34 % of the incident patients received PD (vs. 48 % HD), 
whereas European data published in 2013 showed that 50 % 
of the pediatric patients initiated therapy with PD and 34 % 
with HD, with patient/family choice and patient size being 
the most influential factors regarding modality selection [47, 
48].

11.4  Chronic Peritoneal Dialysis Prescription

11.4.1  Choice of Modality

In centers where APD is freely available and without finan-
cial constraints, this PD modality is generally preferred in 
the pediatric population. It is the modality used by 82.9 % of 
the infant, child, and adolescent PD patients in the USA [49, 
50]. The preference for APD is in large part because of the 
manual nature and daytime requirements of CAPD, in con-

trast to the nocturnal provision of multiple exchanges with 
APD, as well as the greater ability to tailor the PD prescrip-
tion to the patient’s needs. The peritoneal membrane trans-
port capacity can also influence the PD modality choice, 
with those individuals demonstrating high membrane trans-
port capacity more likely to require either continuous cycling 
peritoneal dialysis (CCPD) in which the dialysate is left in 
the abdomen following nocturnal cycling or nocturnal inter-
mittent PD (NIPD) in which the abdomen is left dry during 
the daytime to achieve adequate UF. Recent data from the 
IPPN have, in fact, revealed that 37.4 % of the patients were 
prescribed CCPD, 37.5 % NIPD, and 23.8 % CAPD. Finally, 
tidal PD, an APD variant in which only a portion of each 
exchange is drained until completion of the entire dialysis 
session, has been used to alleviate “drain pain” in children 
on PD [ 51].

11.4.2  Chronic Peritoneal Dialysis Access

The most important consideration for the successful place-
ment and long-term function of a Tenckhoff catheter in the 
pediatric patient with ESRD is the experience of the surgeon 
[52]. This can be particularly problematic at centers caring 
for a small number of patients, where the need to provide 
chronic dialysis to very young children may be a rare event. 
Because of the importance of the access and the desire for 
the outcome of placement to be complication free, surgical 
placement should ideally be limited to only a few surgeons 
per center and on rare occasion, it may be preferable to refer 
the patient to another, more experienced center for access 
placement, in a manner similar to what has been recom-
mended for vascular access [53].

There are a variety of configurations of pediatric-sized 
Tenckhoff catheters available from several manufactures 
(Baxter, USA; Medionics, Canada; Covidien, USA). Current 
data from the IPPN show that ~ 70 % and 30 % of 2290 pedi-
atric PD patients (median age 10.5 years) have curled versus 
straight catheters, respectively [54]. A majority of these cath-
eters (86 %) had two cuffs with a downward or lateral exit-
site orientation. Although there are limited data available to 
permit determination of the “best” configuration, observa-
tional data from the NAPRTCS suggest that a dual-cuffed, 
swan-neck (allows for downward facing exit site) catheter 
is associated with a reduction in infectious complications 
compared with other catheter configurations (Fig. 11.1) 
[55]. This information is especially relevant in infants and 
young children because of their increased rates of peritonitis 
compared to older children [55]. The exit site should also be 
placed outside of the groin area and away from the diaper re-
gion and any potential gastrostomy site, with the superficial 
cuff located approximately 2 cm from the skin surface [56]. 
While the catheter must be immobilized to minimize the risk 
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of exit-site trauma, no sutures should be placed at the exit 
site as they increase the risk of bacterial colonization [57].

A somewhat controversial aspect of catheter placement is 
the decision whether or not to routinely perform an omentec-
tomy. A survey of pediatric surgeons indicated that an omen-
tectomy was performed routinely in 53 % of the participating 
centers at the time of catheter placement [58]. The basis for 
its performance in children is that catheter obstruction (usu-
ally due to omental wrapping) is second only to peritonitis in 
terms of major catheter complications in this age group [59]. 
Ironically, most of the data in support of omentectomy come 
from the adult literature [60]. One retrospective study of chil-
dren by Cribbs et al. demonstrated a decreased risk of early 
catheter failure with omentectomy, and Rinaldi et al. noted 
improved catheter survival with omentectomy, especially in 
children less than 2 years of age [61, 62]. Additionally, in 
a retrospective study of 92 pediatric patients (mean age 5 
years), Conlin et al. demonstrated that the outflow obstruc-
tion rate was 5 % in patients who received an omentectomy 

versus 10 % in patients who did not [63]. Finally, another 
single-center retrospective review of 207 patients (median 
age 10 years) revealed that failure to perform an omentecto-
my was associated with a higher rate of catheter failure [64].

One additional unique consideration for catheter place-
ment in the pediatric age group is the timing and location 
of placement relative to the common need for gastrostomy 
tube (G-tube) placement in order to accommodate nutritional 
requirements (see below). As noted above, the catheter exit 
site should ideally be placed at a distance (often the contra-
lateral side) from the site of a current or potential G-tube 
to decrease the risk of contamination and possible perito-
nitis. Likewise, it is recommended that when possible, the 
PD catheter should be placed either simultaneously or after 
placement of a G-tube to avoid contamination of the perito-
neum from gastric contents [65]. When the catheter place-
ment precedes G-tube placement, the latter procedure should 
take place under prophylactic antibiotic and antifungal ther-
apy. Whereas percutaneous G-tube placement while on PD 

Fig. 11.1  Time to first peritonitis infection by peritoneal dialysis (PD) access characteristics [38]

 



14111 Peritoneal Dialysis in Children

should not be performed due to the high risk of infection 
and mechanical failure; placement via an open Stamm gas-
trostomy procedure is possible [66]. Conversely, PD catheter 
placement is possible in the setting of a well-established G-
tube with no increased risk of bacterial or fungal peritonitis 
[67–69].

Ideally, the use of a PD catheter for chronic dialysis 
should be postponed until the exit site is completely healed 
with dressing changes avoided during the first postoperative 
week, unless they are required because of soiling or bleeding. 
Generally, a minimum of 2–3 weeks delay is preferred, al-
though the exact timing will vary from patient to patient with 
complete healing taking up to 6 weeks in some patients [57].

A quality transformation effort, Standardizing Care to 
Improve Outcomes in Pediatric End Stage Renal Disease 
(SCOPE), is currently examining the impact of standardizing 
PD catheter care on infectious complications in 29 pediatric 
dialysis centers in the USA [70].

11.4.3  Peritoneal Dialysis Solutions

The peritoneal dialysis solutions (PDS) used are the same 
for children and adults. The composition of the PD solutions 
is aimed at promoting removal of water and solute waste 
products while maintaining electrolyte homeostasis and the 
long-term stability of the peritoneal membrane. Therefore, 
standard PD solutions contain an osmotic agent necessary 
to maintain a transmembrane osmotic gradient, a buffer to 
correct metabolic acidosis, magnesium, calcium, and elec-
trolytes. However, over the past decade, we have come to 
better understand the harmful effects of prolonged exposure 
of the peritoneum to the high glucose, lactate, and osmolar 
concentrations found in many of the commercially available 
PD solutions. Glucose concentrations used in PD solutions 
are particularly nonphysiologic, and the glucose degrada-
tion products (GDPs) generated during the heat sterilization 
process are directly toxic to the peritoneal membrane and 
vasculature. These have been shown to induce production of 
and crosslink with advanced glycation end products (AGE), 
all of which can contribute to diabetiform vascular changes, 
ultrafitration failure, and purification loss of the peritoneum 
[71].

The biocompatibility of PD solutions is of particular sig-
nificance in the pediatric population who might require fre-
quent, repeated, and a longer overall duration of exposure to 
PD solutions over a lifetime.

New PD solutions, which offer greater biocompatibility, 
are now available and offer lower GDP concentrations and 
are more pH neutral with a bicarbonate or bicarbonate/lac-
tate buffer (Table 11.2). In children, the use of biocompatible 
PD solutions has been associated with equally good acidosis 

control and better membrane preservation [72]. Additionally, 
the neutral pH of these PD solutions has been shown to in-
duce less pain at peritoneal filling.

Icodextrin, an isosmotic glucose polymer, is also a com-
mercially available alternative PD solution which offers a 
slower, sustained UF by means of colloid osmotic pressure 
[72, 73]. A 7.5 % icodextrin solution produces sustained UF 
over a 12–14 h dwell similar to that obtained with a 3.86 % 
glucose-containing solution [74]. The use of icodextrin in 
pediatric patients has been shown to significantly increase 
solute and water removal during long dwell periods and is 
generally used in instances of UF failure. Long-term experi-
ence with icodextrin is, however, limited in pediatrics, and 
the results in infants have been poorer than in older children 
[72, 75]. Its application should be generally limited to one 
exchange per day [73, 76].

11.4.4  Fill Volume

As mentioned previously, initial recommendations that fill 
volumes in children be prescribed per kilogram of body 
weight led to PD prescriptions with small, suboptimal fill 
volumes, particularly in infants and young children. The 
small fill volumes lead to premature loss of the osmotic gra-
dient and impaired UF capacity [20]. Given the age-inde-
pendent relationship between the peritoneal membrane sur-
face area and BSA, it was subsequently determined that the 
fill volumes in children should be based on BSA rather than 
weight [77]. In turn, the KDOQI clinical practice guidelines 
recommend that for children > 2 years of age, the fill vol-
ume should be 1100–1200 ml/m2 BSA (Fig. 11.2) [78]. This 
volume can be increased to an upper limit of 1400 ml/m2 as 
tolerated to achieve maximum recruitment of the peritoneal 
membrane vascular pore area [12]. In children < 2 years of 
age, a lower fill volume of 600–800 ml/m2 is recommended 
based more on tolerance [79]. Measurement of the intraperi-
toneal pressure (IPP) can be useful in determining the op-
timum PD volume to maintain a target IPP between 7 and 
14 cm H2O [80]. A fill volume that is too large and generates 
an IPP of > 18 cm H2O may contribute to complications such 
as abdominal pain, dyspnea, hydrothorax, hernia formation, 
GERD, and loss of UF due to increased lymphatic uptake.

11.4.5  Dwell Time

Determination of the length of each dialysis exchange, or 
dwell time, should also be selected based upon individual pa-
tient needs [12]. Long dwell times, as seen with CAPD, can 
be associated with insufficient UF, but are best for achieving 
phosphate purification. Most children, however, are treated 
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with APD, in which the dwell times can be manipulated to 
optimize both solute and fluid removal.

The majority of children on APD are prescribed an initial 
regimen of 6–12 exchanges over 8–10 h per night with a day-
time fill volume for patients on CCPD consisting of approxi-
mately 50 % of the nighttime volume [38, 81] (Fig. 11.2). 
Thus, the typical choice for an initial APD dwell time is ap-
proximately 1 h. However, the dwell time (as well as the 
fill volume) should be reevaluated periodically to ensure that 
the prescription is meeting the needs of the individual pa-
tient in terms of solute clearance and UF. The use of multiple 
short exchanges can also result in hypernatremia secondary 
to sodium sieving, as noted in the discussion of AKI man-
agement [37]. Additionally, short exchanges can contribute 
to poor phosphate clearance and the inherent increased risk 
for cardiovascular and metabolic bone disorders in children 
[12]. A clinically useful way to individualize dwell duration 
in pediatric patients on CPD is by determining the peritoneal 

membrane transport capacity with the peritoneal equilibra-
tion test (PET) .

11.4.6  Peritoneal Equilibration Test Evaluation 
in Children

PET was developed by Twardowski et al. to evaluate perito-
neal membrane function in the clinical arena [82]. Reference 
curves were constructed for adults based upon the kinetics 
of solute equilibration of creatinine and glucose between 
dialysate and plasma (D:P ratio), which made possible the 
categorization of adult PD patients into those with high, 
high average, low average, and low peritoneal membrane 
solute transport rates. Thus, PET data provide information 
which can guide the application of the most appropriate di-
alysis prescription in terms of dwell time [81]. It is recom-
mended that an initial PET evaluation should be conducted 

Table 11.2  Characteristics of currently available peritoneal dialysis solutions (PDS) [12]. (Source: Used with permission from Fischbach [12])
Manufacturer Potential drawbacks Potential benefits

Lactate buffered: Balance®, 
Gambrosol Tri®

Fresenius Gambro More physiological pH, but 
not neutral. Local and systemic 
glucose exposure

Lower GDP levels
More physiological pH (5.5–6.5)
Improved-peritoneal membrane biocompatibility
Preserved-membrane defense

Lactate/bicarbonate buffered: 
Physioneal®

Baxter Local and systemic glucose 
exposure. Does not eliminate 
peritoneal lactate exposure

Lower GDP levels
More physiological pH (7.4)
Improved-peritoneal membrane biocompatibility
Preserved-membrane defense
Reduced-infusion pain

Bicarbonate buffered: 
BicaVera®

Fresenius Local and systemic glucose 
exposure

Lower GDP levels
More physiological pH(7.4)
More peritoneal membrane biocompatibility
Preserved-membrane defense
Improved correction of acidosis

Lactate-buffered glucose 
containing Dianeal®

Baxter Low pH (5.5) Ease of manufacture; low cost
High GDP content
Poor peritoneal membrane 
biocompatibility
Infusion pain
Local and systemic glucose 
exposure

Icodextrin-containing; lactate 
buffered

Baxter Hypersensitivity Sustained ultrafiltration
Low pH (5.5) Preservation of RRF
Licensed for single daily use only Hypertonic glucose replacement
Lactate containing Reduced hyperglycemia

Improved short-term systemic hemodynamic 
profile
Desirable effects on metabolic profile and body 
composition

Amino-acid containing:
Nutrineal®

Baxter Low pH (6.7) No GDPs
Licensed for single daily use only 
(avoid exacerbation of uremic 
symptoms and acidosis)

Avoid systemic and peritoneal glucose exposure
Peritoneal membrane protection
Enhance nutrition

GDP glucose degradation product, RRF residual renal function
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4–8 weeks following the initiation of PD for most accurate 
results [81, 83, 84]. The PET should be repeated following 
clinical events known to alter peritoneal membrane transport 
(i.e., peritonitis), following the clinical demonstration of UF 
deterioration (i.e., worsening hypertension, increasing need 
for hypertonic dialysate, persistent fluid overload, erythro-
poietin-stimulating agents (ESA)-resistant anemia), or fol-
lowing worsening solute removal.

The PET for adults was designed to be performed during 
a 4-h dwell with a 2-L fill volume. However, in children, ap-
preciation of the age-independent relationship between BSA 
and the peritoneal membrane surface area mandates use of a 
fill volume scaled to BSA when conducting studies of pedi-
atric peritoneal transport kinetics. The Pediatric Peritoneal 

Fig. 11.2  Algorithm for initiation of chronic peritoneal dialysis (PD). (Source: Used with permission from Warady [42])

 

Dialysis Study Consortium (PPDSC) and the Mid-European 
Pediatric Peritoneal Dialysis Study Group (MEPPS) have 
both conducted large multicenter trials using a 2.5 % or 2.3–
2.4% dextrose dialysis solution and a fill volume of 1000–
1100 ml/m2 BSA to develop reference kinetic data (i.e., D:P 
ratios and D:D0 ratios), which can be used to categorize a 
pediatric patient’s peritoneal membrane transport character-
istics and contribute to the prescription process (Fig. 11.3) 
[5, 85]. Commercially available modeling programs which 
use these data for PD prescription have been validated in 
children [86]. In infants < 2 years of age, however, the fill 
volume used for the PET evaluation is typically the current 
clinically prescribed volume due to the infant’s limited toler-
ance of high fill volumes. The 4-h PET procedure in children 
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is described in Table 11.3. Finally, recent research suggests 
that a 2-h PET procedure in children performs as well as the 
4-h procedure. The shortened version of the study is less 
labor intensive and less costly than the 4-h procedure [87, 
88].

11.4.7  Peritoneal Dialysis Adequacy

PD adequacy in children should be characterized by a pre-
scription that results in the achievement of optimal UF, sodi-
um balance, and solute clearance so that the patient’s clinical 
status is characterized by sufficient growth, blood pressure 
control, avoidance of hypo- or hypervolemia, and adequate 
psychomotor development. Care must always be taken to 
individualize therapy with these considerations in mind be-
cause of the absence of definitive data linking patient out-
come to measures such as urea clearance in pediatrics [87].

Despite the appropriate emphasis on clinical parameters, 
small solute (urea) clearance has historically been used as a 
surrogate for PD adequacy. Urea removal scaled for the urea 
volume of distribution or Kt/Vurea, is this recommended mea-
sure of urea clearance and PD adequacy [89]. This measure 
includes evaluation of urea removal via residual renal func-
tion combined with urea removal via dialysis. Whereas data 
in adults support a target total (peritoneal and kidney) Kt/
Vurea of at least 1.7/week, there is very little data correlating 
Kt/Vurea with outcomes in pediatrics [90, 91]. In turn, cur-
rent KDOQI guidelines support the recommendation that the 
pediatric population should use clearance goals that meet or 
exceed current KDOQI adult standards, or a minimal deliv-
ered total Kt/Vurea of at least 1.8/week [81]. The total weekly 
Kt/Vurea is calculated as follows:

ur D ur u
urea

ur

(D ·V )(U ·V )
WeeklyKt/V ·7

P ·V
=

Table 11.3  The peritoneal equilibration test (PET) procedure in 
children
Dwell period: 4 h
Fill volume: 1100 mL/m2 BSAa

2.3–2.4 % anhydrous glucose dialysis solution (Europe)
2.5 % dextrose dialysis solution (North America, Japan)
Test exchange after prolonged (8 h) dwell, if possible as follows:
 Drain the overnight dwell
  Record the length of the dwell and the volume drained. Also note 
the dextrose concentration and volume infused
 Infuse the calculated fill volume, note infusion time
 Keep patient in supine position
  Drain < 10 % of dialysate solution into the drain bag at 0, 120, and 
240 min
  Invert bag for mixing and obtain sample. Reinfuse any remaining 
effluent
Obtain blood sample after 120 min
Measure creatinine and glucose in each sample
Calculate dialysate to plasma (D/P) creatinine and dialysate glucose 
to baseline dialysate glucose (D/DO) concentration ratios
Determine transporter state by comparing creatinine and glucose 
equilibration curves with pediatric reference percentiles

BSA body surface area
a In early infancy, volume may not be tolerable; in these cases, conduct 
PET with regular daily exchange volume for evaluation

Fig. 11.3  Pediatric peritoneal equilibration test (PET) reference curves for creatinine and glucose
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where Dur, Uur, and Pur are the dialysate, urinary, and plasma 
concentrations of urea, VD and VU are the 24-h dialysate and 
urine volumes, and V is the urea distribution volume. The 
ability to accurately estimate V, or the patient’s total body 
water (TBW) volume in children can be accomplished by 
using validated gender specific formulas [92]. The formulae 
are as follows:

It is recommended that a 24-h collection of urine and di-
alysis fluid should be obtained within the first month after 
the initiation of dialysis for Kt/Vurea evaluation. Following 
this initial clearance, pediatric PD patients should reas-
sess Kt/Vurea a minimum of twice yearly or following any 
change in clinical status that could alter dialysis perfor-
mance and may mandate a modification of the dialysis pre-
scription.

Finally, and as mentioned above, fluid removal is also an 
important measure of PD adequacy and should be optimized 
to prevent fluid overload. Overhydration represents an im-
portant clinical problem in pediatric PD patients because of 
its contribution to hypertension and an increased risk of ad-
verse cardiovascular outcomes [93]. Data from the NAPRT-
CS have demonstrated that 57 % of 4000 pediatric PD pa-
tients in the registry had hypertension. In another study, 
68 % of the pediatric patients on chronic PD were found to 
have left ventricular hypertrophy [94, 95]. Therefore, routine 
monitoring of volume status including repeated assessment 
of target dry weight and measurement of residual urine out-
put are important components of PD adequacy evaluation. A 
modified PET using 4.25 % dextrose dialysate can be used to 
evaluate UF kinetics in the patient with evidence of UF fail-
ure [90]. In patients experiencing decreased UF, therapeutic 
interventions may include use of a long daytime exchange 

( )
( )

0.68

0.65

Boys : TBW 0.10 HtWt 0.37 weight

Girls : TBW 0.14 HtWt 0.35 weight

= × − ×

= × − ×

with icodextrin, an increase in the number of exchanges or 
an increased overall treatment time, and/or an increase in the 
dialysate glucose concentration [12]. Failure of these inter-
ventions to optimize fluid management may mandate transi-
tion to HD.

11.5  Infectious Complications of Peritoneal 
Dialysis

Records from the USRDS reveal that infection is the most 
common cause for hospitalization among children receiving 
PD with a hospitalization rate of > 600 admissions per 1000 
patient-years [8]  (Fig. 11.4). Infection is also the most com-
mon reason for modality change for pediatric patients on PD 
[38].

11.5.1  Peritonitis

Peritonitis remains the most significant complication of 
chronic PD in the pediatric population, and one that can com-
promise the long-term viability of PD as a dialytic option. 
However, reductions in peritonitis rates have been reported 
in children in association with treatment of Staphylococcus 
aureus nasal carriage or application of topical antibiotics 
(e.g., mupirocin or gentamicin) at the catheter exit site, as 
well as with technical developments such as disconnect sys-
tems and the flush-before-fill technique [96–98]. The prac-
tice of prolonged training with an emphasis on hand hygiene 
has also proven beneficial [70].

11.5.1.1  Incidence
Data from the NAPRTCS include information on 4248 epi-
sodes of peritonitis, which reflects an annualized peritonitis 
rate of 0.64 or 1 infection every 18.8 patient-months [38]. 
Similar to previous reports, the data reveal an inverse rela-

Fig. 11.4  One-year adjusted rates of hospitalization for infection in pe-
diatric patients (from day 90), by age and modality. (Source: From U.S. 
Renal Data System, USRDS [8]. The data reported have been supplied 
by the United States Renal Data System (USRDS). The interpretation 

and reporting of these data are the responsibility of the author(s) and in 
no way should be seen as an official policy or interpretation of the US 
government. http://www.usrds.org/faq.aspx)

 

http://www.usrds.org/faq.aspx
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tionship between the age of the patient and the peritonitis 
rate, with the highest rate (annualized rate: 0.79 or 1 infec-
tion every 15.3 months) seen in patients 0–1 year of age, in 
contrast to an annualized rate of 0.57 or 1 infection every 
21.2 patient-months, in children more than 12 years of age 
(Table 11.4).

Noteworthy is a significant improvement in the overall 
annualized infection rate from 0.79 in 1992–1996 to 0.44 in 
recent years, likely related to the prophylactic measures de-
scribed above, in addition to a greater use of PD catheters 
characterized by two cuffs and a downward pointed exit site 
and prophylactic antibiotic usage at the time of PD catheter 
placement and prior to invasive procedures, as described in 
the Consensus Guidelines for the Prevention and Treatment 
of Catheter-Related Infections and Peritonitis in Pediatric 
Patients Receiving Peritoneal Dialysis [57].

11.5.1.2  Presentation and Diagnosis
Peritonitis should be suspected in any patient with abdomi-
nal pain and/or cloudy PD effluent, accompanied by an ef-
fluent white blood cell (WBC) count > 100/mm3 and at least 
50 % polymorphonuclear leukocytes. For patients on APD, 
the PD effluent WBC count should be obtained from a dwell 
instilled for at least 1–2 h. In those cases, the percentage 
of neutrophils may meet diagnostic criteria when the total 
WBC count does not, and still be indicative of peritonitis.

11.5.1.3  Microbiology
The successful prophylaxis of exposure to S. aureus has result-
ed in a decrease in the incidence of gram-positive peritonitis 
and an associated increase in the incidence of gram-negative 
infections. Data from the International Pediatric Peritoneal 
Dialysis Registry (IPPR) revealed that 44 % of peritonitis epi-
sodes in children are secondary to gram-positive organisms, 
25 % to gram-negative organisms, 2 % to fungi, and a remark-
able 31 % are culture negative [99]. Of the gram-positive 
organisms, coagulase-negative Staphylococci are most com-
mon. A significant worldwide variation in the microbiology of 
peritonitis and in the frequency of culture-negative infections 
was also evident in the IPPR analysis (Fig. 11.5).

11.5.1.4  Treatment
Empiric antibiotic treatment should be initiated as soon as 
the diagnosis of peritonitis is considered and an effluent 
sample is obtained for culture and Gram’s stain using a stan-
dardized technique [57]. The antibiotic regimen used should 
provide coverage for both gram-positive and gram-negative 
organisms and should be given by the intraperitoneal route 
to ensure immediate bioavailability. The recently published 
pediatric peritonitis treatment guidelines propose empiric 
monotherapy with the fourth-generation cephalosporin ce-
fepime where available, and in the absence of a history of 
methicillin-resistant S. aureus (Fig. 11.6). An alternative ap-

Table 11.4  Peritoneal dialysis (PD) peritonitis rates in pediatric patients [38]
No. of episodes Years of FU Annualized rate Expected months between 

infections
Rate 95 % Cl Months 95 % Cl

Total 4248 6658 0.64 (0.62–0.66) 18.8 (18.3–19.4)
Age
0–1 years 938 1193 0.79 (0.74–0.84) 15.3 (14.3–16.3)
2–5 years 552 821 0.67 (0.62–0.73) 17.9 (16.5–19.5)
6–12 years 1345 2145 0.63 (0.59–0.66) 19.1 (18.2–20.2)
> 12 years 1413 2499 0.57 (0.54–0.59) 21.2 (20.2–22.4)
Catheter
Straight 1180 1668 0.71 (0.67–0.75) 17.0 (16.0–18.0)
Curled 2697 4137 0.65 (0.63–0.68) 18.4 (17.7–19.1)
Presternal 225 420 0.54 (0.47–0.61) 22.4 (19.8–25.8)
Cuff
One 2553 3440 0.74 (0.71–0.77) 16.2 (15.6–16.8)
Two 1620 2912 0.56 (0.53–0.58) 21.6 (20.6–22.7)
Tunnel
Swan necked/curved 1161 2317 0.50 (0.47–0.53) 23.9 (22.6–25.4)
Straight 2995 4032 0.74 (0.72–0.77) 16.2 (15.6–16.8)
Exit-site orientation
Up 702 850 0.83 (0.76–0.89) 14.5 (13.5–15.7)
Down 1181 2221 0.53 (0.50–0.56) 22.6 (21.4–23.9)
Lateral 1828 2466 0.74 (0.71–0.78) 16.2 (15.5–17.0)

CI confidence interval, FU follow up
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proach consists of the use of a first-generation cephalosporin 
or a glycopeptide (e.g., vancomycin) combined with ceftazi-
dime or an aminoglycoside. In all cases, empiric therapy 
should be guided by the center-specific susceptibility pat-
tern, and maintenance antibiotic therapy should be instituted 
once the antibiotic susceptibilities of the cultured organism 
have been determined (Table 11.5). In the IPPR analysis, 

89 % of the episodes were followed by full functional recov-
ery, with only an 8.1 % incidence of technique failure and 
< 1 % mortality rate [99].

11.5.1.5  Exit-Site and Tunnel Infection
Exit-site and tunnel infections are significant causes of peri-
tonitis and catheter failure [100]. Early efforts to reduce the 
incidence of these infections include the provision of intra-
venous prophylactic antibiotics (usually a first-generation 
cephalosporin) within 60 min prior to the incision for PD 
catheter placement, immobilization of the catheter without a 
suture following catheter placement to decrease the risk for 
exit-site trauma, and limited postoperative dressing chang-
es [57, 101]. Subsequent measures should include delayed 
onset of dialysis (if possible) to decrease the risk of dialysate 
leakage, regular cleansing of the exit site with an antiseptic 
solution followed by the application of a topical antibiotic, 
proper hand hygiene, and regular exit-site and tunnel moni-
toring using a standardized scoring system to permit early 
detection of infection [57, 101, 102]. The combined use of 
topical mupirocin and sodium hypochlorite solution for exit-
site care has been associated with reduced rates of catheter-
related infections and prolonged catheter survival in children 
[103].

The diagnosis of an exit-site infection does not require a 
positive culture, as long as there is purulent discharge from 
the sinus tract or marked pericatheter swelling, redness, or 
tenderness. However, S. aureus does account for the major-

Fig. 11.5  Distribution of peritonitis culture results according to geo-
graphical regions. (Source: Used with permission from Schaefer [125])

 

Start intraperitoneal antibiotics as soon as possible.
Allow to dwell for 3 6 hours.

Ensure gram positive and gram negative coverage.
Base selection on historical patient and

center susceptibility patterns, as available

Monotherapy with cefepimea

If cefepime is not available:

Gram positive coverage:
Either 1st generation

cephalosporin or glycopeptidea

Gram negative coverage:
Either ceftazidime
or aminoglycoside

Fig. 11.6  Empiric therapy of peritonitis. (Source: Used with permission from Warady [57]
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ity of infections, followed by Enterococci, Pseudomonas, E. 
coli, and Klebsiella. Antibiotic therapy is typically given by 
the oral route, should be based on the susceptibilities of the 
cultured organism and should be 2–4 weeks in duration and 
at least 7 days following resolution of the infection [57].

11.6  Noninfectious Complications of 
Peritoneal Dialysis

11.6.1  Sclerosing Encapsulating Peritonitis

Sclerosing encapsulating peritonitis (SEP) is a rare and ex-
tremely serious complication of PD characterized by the 

presence of continuous, intermittent, or recurrent bowel ob-
struction associated with gross thickening of the peritoneum 
[104,105]. The cause of the disorder is likely multifactorial, 
but virtually all affected patients have received a prolonged 
course of PD, and most have evidence of high peritoneal per-
meability. The incidence in children has been documented to 
be 6.6 % and 22 % in those patients receiving PD for > 5 years 
and > 10 years, respectively[106]. The diagnosis is typically 
suspected based on clinical findings and confirmed by com-
puted tomography (CT) or ultrasound. Treatment consists of 
cessation of PD and aggressive nutritional management in 
all, along with immunosuppressive therapy and surgery as 
deemed necessary [104, 107].

Table 11.5  Antibiotic dosing recommendations for the treatment of peritonitis [57]. (Source: Used with permission from Warady [57])
Therapy type
Continuousa

Antibiotic type Loading dose Maintenance dose Intermittent therapya

Aminoglycosides (IP)b

Gentamicin 8 mg/L 4 mg/L
Netilmycin 8 mg/L 4 mg/L Anuric: 0.6 mg/kg
Tobramycin 8 mg/L 4 mg/L Non-anuric: 0.75 mg/kg
Amikacin 25 mg/L 12 mg/L
Cephalosporins (IP)
Cefazolin 500 mg/L 125 mg/L 20 mg/kg
Cefepime 500 mg/L 125 mg/L 15 mg/kg
Cefotaxime 500 mg/L 250 mg/L 30 mg/kg
Ceftazidime 500 mg/L 125 mg/L 20 mg/kg
Glycopeptides (IP)c

Vancomycin 1000 mg/L 25 mg/L 30 mg/kg: repeat dosing: 15 mg/
kg every 3–5 days

Teicoplanind 400 mg/L 20 mg/L 15 mg/kg every 5–7 days
Penicillins (IP)b

Ampicillin – 125 mg/L –
Quinolones (IP)
Ciprofloxacin 50 mg/L 25 mg/L –
Others
Aztreonam (IP) 1000 mg/L 250 mg/L –
Clindamycin (IP) 300 mg/L 150 mg/L –
Imipenem-cilastin (IP) 250 mg/L 50 mg/L –
Linezolid (PO) < 5 Years: 30 mg/kg daily, divided into 3 doses

5–11 Years: 20 mg/kg daily, divided into 2 doses
≥ 12 Years: 600 mg/dose, twice daily

Metronidazole (PO) 30 mg/kg daily, divided into 3 doses (maximum: 1.2 g daily)
Rifampin (PO) 10–20 mg/kg daily, divided into 2 doses (maximum: 600 mg daily)
Antifungals
Fluconazole (IP, IV, or PO) 6–12 mg/kg every 24–48 h (maximum: 400 mg/daily)
Caspofungin (IV only) 70 mg/m2 on day 1 (maximum: 

70 mg daily)
50 mg/m2 daily (maximum: 
50 mg daily)

IP intraperitoneal, PO oral, IV intravenously
aFor continuous therapy, the exchange with the loading dose should dwell for 3–6 h; all subsequent exchanges during the treatment course should 
contain the maintenance dose. For intermittent therapy, the dose should be applied once daily in the long-dwell, unless otherwise specified 
bAminoglycosides and penicillins should not be mixed in dialysis fluid because of the potential for inactivation 
cIn patients with residual renal function, glycopeptide elimination may be accelerated. If intermittent therapy is used in such a setting, the second 
dose should be time-based on a blood level obtained 2–4 days after the initial dose. Re-dosing should occur when the blood level is < 15 mg/L for 
vancomycin, or < 8 mg/L for teicoplanin. Intermittent therapy is not recommended for patients with residual renal function unless serum levels of 
the drug can be monitored in a timely manner 
dTeicoplanin is not currently available in the United States
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11.6.2  Hernia

The incidence of hernias in children receiving PD (8–57 %) 
is inversely proportional to the patient’s age, with the high-
est percentage noted in children < 1 year of age [108]. The 
most common presentation is a painless swelling and 75 % 
requires surgical correction followed by no/low volume di-
alysis for several days.

11.6.3  Hydrothorax

Hydrothorax, or the accumulation of dialysis fluid within the 
pleural space, occurs in 1.6− 10 % of patients. Contributing 
factors include increased IPP, a pleura-peritoneal pressure 
gradient, and congenital diaphragmatic defects. Whereas a 
presenting feature may consist of shortness of breath fol-
lowing the initiation of PD, the diagnosis may also be made 
when the displaced dialysate is evident on routine chest 
X-ray (usually right sided). Diagnostic techniques include 
scintigraphy or thoracentesis, with the detection of pleu-
ral fluid with a high dextrose concentration (> 300 mg/dL) 
characteristic of dialysate consistent with the diagnosis. CT 
or magnetic resonance imaging (MRI) may be used to in-
vestigate a site of communication. Common approaches to 
management include permanent or temporary cessation of 
PD, decreased exchange volume, obliteration of the pleural 
space, or surgical repair of a diaphragmatic defect [109, 110].

11.7  Nutritional Management of Children on 
Peritoneal Dialysis

Malnutrition is a common complication in children who re-
ceive dialysis as a result of anorexia and poor intestinal ab-
sorption of nutrients [111]. Moreover, the protein needs of 
children with ESRD are increased when taking into account 
the protein losses that occur via the peritoneum. The KDOQI 
pediatric nutrition guidelines suggest following parameters 
of nutritional status and growth including dietary intake, 
length or height, height velocity, estimated dry weight, BMI, 
and head circumference based upon the child’s age for PD 
patients [112]. Children on PD should receive at least 100 % 
of the estimated energy requirements for normal age-depen-
dent needs, with additional intake as need to address growth 
requirements [112]. The KDOQI guidelines also suggest 
that children on PD should receive a dietary protein intake 
of 100 % of the daily recommended intake for ideal body 
weight, as well as additional protein intake to address pro-
tein losses via dialysis. Current recommendations for daily 
dietary protein intake are shown in Table 11.6.

Special attention must also be directed to the dietary 
management of sodium, potassium, and phosphorus. Infants, 
especially those with obstructive uropathy and poor renal tu-

bular function, can have significant sodium losses via the 
dialysate and the native kidneys. Therefore, some infants 
require sodium supplementation to maintain total body so-
dium levels. A lack of supplementation can result in hypona-
tremia, severe central nervous system (CNS) manifestations, 
and poor growth [113]. Aggressive use of potassium-binding 
agents in infant formula can result in hypokalemia, a po-
tential risk factor for peritonitis [114]. Finally, some infants 
on PD experience hypophosphatemia due to the use of low 
phosphorous infant formulas [115]. In those pediatric PD pa-
tients who experience hyperphosphatemia, management of 
dietary phosphorous intake is of critical importance because 
of the impact phosphorous has on bone turnover and linear 
growth, in addition to cardiovascular health.

11.8  Technique and Patient Survival

The need to terminate PD for reasons other than transplanta-
tion is most commonly the result of infectious complications. 
A NAPRTCS study found that 20 % of patients transitioned 
from PD to HD over a 6-year period, the result of infection 
in 43 % of the cases, followed by UF failure, patient/family 
choice and access failure as the most frequent reasons [116]. 
More recent data from the IPPN registry demonstrated simi-
lar findings with the following reasons for discontinuation 
of PD: kidney transplantation (60 %), technique failure and 
switch to HD (20 %), death (7 %), and partial recovery of 
renal function (2 %) [7].

Compared with adults, patient survival is excellent in 
children on PD, and there has been a steady improvement 
in mortality rates over the last 20 years, particularly in the 
youngest patients. Recent data from the USRDS based on 
children undergoing either chronic PD or HD have revealed 
mortality rates of 112.2 and 83.4 per 1000 person-years in 
those initiating dialysis in 1990–1994 and 2005–2010, re-
spectively [117]. The highest mortality rates are seen in 
those patients who receive PD during the first year of life 
[118, 119]. Data from the Australia and New Zealand Di-
alysis and Transplant (ANZDATA) registry and the Italian 
dialysis registry are similar, but with more pronounced dif-
ferences between various age groups [120, 121]. In addi-
tion to young age itself, an important predictor of mortal-
ity is the presence of nonrenal disease [122]. Data from the 

Table 11.6  Recommended daily protein intake (DPI) [112]. (Source: 
Used with permission from [112])
Age (months) DPI (g/kg/day)
0–6 1.8
7–12 1.5
1–3 1.3
4–13 1.1
14–18 1.0

DPI daily protein intake
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IPPN have demonstrated that pediatric patients on chronic 
PD with a comorbidity (i.e., neurocognitive impairment or 
congenital heart disease) had a significantly lower survival 
rate compared with patients not having a comorbidity [123] 
(Fig. 11.7).
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12.1  Changes in Water and Solute Transport 
with Time on Peritoneal Dialysis (PD)

12.1.1  The Peritoneal Transport Process

The capillary wall is considered to be the main transport 
barrier for diffusion and convection through the peritoneal 
barrier (although it is likely that the interstitium may be a 
significant transport barrier in pathological conditions with 
thickening and fibrosis of the peritoneal membrane). The 
peritoneal capillaries behave functionally as having a het-
eroporous structure, with a large number of “ultra-small” 
water pores (radius 4–6 Å), a large number of “small pores” 
(radius 40–65 Å), and a small number of large pores (ra-
dius 200–400 Å) through which macromolecules are filtered 
due to convective flow [1–3]. The anatomical correlates of 
the water channels are aquaporin-1, of the small pores are 
the inter-endothelial clefts, and of the large pores are likely 
larger inter-endothelial clefts on the venules, but this is less 
established. Only water may pass through the aquaporins, 
whereas the small pores do not restrict the passage of small 
solutes but are impermeable for macromolecules larger than 
albumin [1–3]. In addition to the transcapillary exchange be-
tween plasma and dialysate, there is a peritoneal absorptive 
flow of fluid and solutes, comprising two different pathways 
[1–3]: (1) direct lymphatic absorption (about 0.3 ml/min) 
and (2) fluid absorption into interstitial tissues (about 1.2 ml/
min) where it is absorbed into the capillaries due to the Star-
ling forces.

12.1.2  How to Evaluate the Peritoneal Transport 
Rate

There are several tests available for the assessment of peri-
toneal transport characteristics, but in the clinical setting, 
mainly the peritoneal equilibration test (PET) [4] and the 
personal dialysis capacity (PDC) test are used [5]. Commer-
cial computer programs have been developed based on these 
tests and the three-pore model and make it possible to assess 
basic peritoneal transport parameters and to predict effects of 
various treatment schedules on peritoneal small solute clear-
ances and, to some extent, on ultrafiltration [5–7]. However, 
the results will be closely dependent on the quality of data 
put into the computer. The lab methods are also important; 
for example, when creatinine in dialysate is measured by the 
Jaffé method, it must be corrected for the interference by the 
high glucose concentrations in dialysate [8].

12.1.3  The PET

The PET is by far the most widely used test for evaluation of 
the peritoneal transport characteristics in individual patients. 
Briefly, in the most commonly used version of the PET, 2 l 
of 2.27 % glucose dialysis fluid are infused, after drain of 
the overnight dialysate. Usually, dialysate samples are taken 
after infusion, at 2 and 4 h when the dialysate is drained and 
the volume is recorded. A blood sample is drawn at 2 h dwell 
time. The net ultrafiltration, the dialysate to plasma concen-
tration (D/P) for creatinine, and the dialysate concentration/
initial dialysate concentration (D/D0) for glucose are com-
pared to standard values. The patients are usually classified 
according to D/P creatinine at 4 h into fast transporters (above 
mean + 1 SD), fast average transporters (between mean and 
mean + 1 SD), slow average transporters (between mean and 
mean − 1 SD), and slow transporters (below mean − 1 SD) 
[4, 8], Table 12.1. Twardowski categorized the patients into 
high, high-average, low-average, and low transport groups. 
However, fast and slow transport should be a better terminol-
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ogy compared to high and low transport, as the net removal of 
very small solutes, for example, urea, is often low in “high” 
transporters due to the poor ultrafiltration and lower drained 
volume. Fast and fast-average transporters have more rapid 
equilibration of creatinine and poorer net ultrafiltration due 
to more rapid glucose absorption, whereas slow-average and 
slow transporters have slower solute transport, resulting in 
slow glucose absorption and high net ultrafiltration but low 
peritoneal clearances for creatinine and larger solutes [8]. As 
most studies show an average creatinine D/P equilibration 
rate slightly faster than in the study of Twardowski [1, 4], 
most patients will fall into the fast-average category.

It has been suggested to use 3.86 % instead of 2.27 % 
glucose solution for the PET, as the higher glucose concen-
tration will result in better ultrafiltration and consequently 
a better estimate of ultrafiltration capacity (UFC). In addi-
tion, it also makes it possible to use the decrease in dialy-
sate sodium as an additional parameter to identify patients 
with poor ultrafiltration [9]. With a normal UFC, there is a 
marked dip in dialysate sodium concentration after 1–2 h of 
a dwell with hypertonic solution due to sieving of sodium 
as about half of the ultrafiltered fluid will pass through the 
aquaporins (which are impermeable for sodium).

12.1.4  Changes in Peritoneal Transport After 
the Initiation of PD

After the initiation of PD, there are often changes in the 
peritoneal transport rate during the first 3–6 months with 
an increase in D/P creatinine but rather stable ultrafiltration 
rates [1]. Although the peritoneal transport rate seems to be 
relatively stable during the initial years of PD, there is a ten-
dency toward faster peritoneal transport rates (and increas-
ing D/P creatinine) with time on PD. This increased diffusion 
rate, likely due to increased peritoneal capillary surface area, 
also results in a more rapid absorption of glucose, resulting 
in a more rapid decline in dialysate glucose concentration 
and shorter duration of the osmotic gradient between plasma 
and dialysate resulting in decreased net ultrafiltration. This is 
usually a gradual process which in parallel to the loss of re-
sidual renal function with time may result in fluid overload, 
hypertension, and cardiovascular complications.

The tendency toward increasing small solute transport (as 
assessed by D/P creatinine) and decreasing ultrafiltration is 

evident in almost all prospective studies, whereas macromol-
ecule transport (as assessed by protein clearances) seems to 
be stable or even decreases with time on PD [1]. The reason 
behind this discrepancy is not completely understood, but 
likely related to the remodeling of the peritoneal membrane 
with epithelial-to-mesenchymal transition of mesothelial 
cells and submesothelial expansion with fibrosis of the in-
terstitial matrix, and angiogenesis [1]. The expanded inter-
stitium will separate the peritoneal microvasculature from 
the dialysis fluid and make transperitoneal transport less 
efficient and will markedly decrease the osmotic pressure 
close to the capillary. However, the increased surface area 
due to neoangiogenesis will compensate for the larger dif-
fusion distance and result in a more rapid transport of small 
solutes, such as creatinine (and a more rapid absorption of 
glucose at the capillary), whereas proteins may be retarded 
in the expanded fibrotic interstitium resulting in unchanged 
net protein transport. The net result will be increased small 
solute transport, decreased ultrafiltration, and unchanged 
protein transport.

12.2  Loss of Ultrafiltration Capacity

With time, the changes in the peritoneal transport may prog-
ress, resulting in loss of UFC. Using the standard lactate-
based solutions, the risk of developing loss of UFC (using a 
clinical definition) increases markedly after 4 years of PD, 
being 9 % after 4 years and 35 % after 6 years of PD [10]. 
Today, UFC is usually defined as less than 400 ml of ultra-
filtration during a PET with 2 l of 3.86 % glucose solution. 
The transport pattern is not similar in all patients with loss 
of UFC (Table 12.2). The most common pattern observed is 
an increased transport of small solutes with rapid glucose 
absorption [10, 11], resulting in rapid loss of the osmotic 
driving force and, consequently, a rapid decline in ultrafiltra-
tion rate. However, detailed kinetic analyses of patients with 
UFC due to rapid diffusive transport show that this is most 
commonly associated with a decreased osmotic conductance, 
that is, the remaining osmotic gradient cannot induce water 
flow as effectively as in patients with normal UFC [12]. This 
is associated with a decreased dip in dialysate sodium con-
centration that is usually seen after 1–2 h of an exchange 
with hypertonic glucose solution.

Table 12.1  Peritoneal transport groups classified according to D/P creatinine at 4 h from the PET using Twardowski’s initial classification. [4]
Transport group D/P creatinine Ao/Δx (cm/1.73 BSA) Ultrafiltration capacity
Fast > 0.81 > 30,000 −
Fast average 0.65–0.81 23,600–30,000 +
Slow average 0.50–0.65 17,200–23,600 ++
Slow < 0.50 < 17,200 +++
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Loss of peritoneal surface area with slow solute transport 
due to loss of peritoneal surface area, fibrosis, and formation 
of adhesions has been reported during the late stage of en-
capsulating peritoneal sclerosis (EPS, previously called scle-
rosing encapsulating peritonitis) in a few cases. However, 
detailed studies in patients developing EPS showed increas-
ing peritoneal solute transport rate in almost all of them [1], 
suggesting that loss of UFC associated with increased solute 
transport in these patients was an early sign that preceded 
the development of more overt signs of EPS. However, slow 
solute transport is extremely rare and very few cases have 
been reported.

Increased peritoneal fluid absorption has also been re-
ported as the cause of UFC loss [10, 11]. This has often been 
attributed to increased lymphatic absorption, but detailed 
kinetic studies show no increase in lymphatic absorption, 
but increased fluid absorption into the peritoneal interstitial 
tissue, that may be due to changes in the interstitial tissue 
fluid hydraulic conductivity [1]. However, a subcutaneous 
or retroperitoneal leakage of the dialysate must be excluded, 
for example, by using computed tomography with contrast 
in the dialysate.

The pathophysiological mechanisms behind the struc-
tural and functional alterations in the peritoneal membrane 
are not clear, but it is generally believed that uremia per se, 
bioincompatibility of the conventional PD solutions, and the 
effect of local peritoneal inflammation due to bioincompat-
ibility of the solutions and peritonitis are the contributing 
factors [13].

12.2.1  Treatment Options

There are no known specific treatments to stop the changes 
in the structure and function of the peritoneal membrane in 
long-term PD patients. It has been suggested that use of mod-
ern, more biocompatible, neutral pH PD solutions with low 
content of reactive glucose degradation products (GDP) will 
result in less changes in the peritoneal membrane [14]. This 
has some support from the BalANZ study, which is so far the 
largest randomized controlled trial of biocompatible PD so-
lution [15]. In this study, 185 new PD patients were random-
ized to neutral, low-GDP PD solution or standard solution. 

The patients randomized to the biocompatible PD solution 
had higher initial D/P creatinine and lower initial ultrafiltra-
tion than the control group, but during the 2-year study pe-
riod, D/P creatinine was stable and ultrafiltration increased 
in the biocompatible PD solution group over the 2-year study 
period. The patients in the control group had increasing D/P 
and decreasing ultrafiltration with time. This may be inter-
preted that the biocompatible solution has rapid effects on 
the initial transport pattern, perhaps due to vasodilation and 
increased surface area, whereas the control solution exerts 
its effect by neoangiogenesis. If this speculation is correct, 
the long-term effect of the biocompatible solutions would be 
clearly beneficial, but it is too early to make any definitive 
conclusions regarding this.

With regard to treatment options for patients with de-
creasing UFC due to increased glucose absorption, these 
patients are very well suited for use of icodextrin solution, 
which usually causes excellent ultrafiltration in these pa-
tients [8]. These patients are also excellently suited for au-
tomated peritoneal dialysis (APD), where shorter cycles will 
result in both high clearances and adequate ultrafiltration [8].

12.3  Malnutrition

In this chapter, the term “protein-energy wasting (PEW)” 
will be used as recommended by the International Society of 
Renal Nutrition and Metabolism [16] as it is a more specific 
term than malnutrition for the syndrome of loss of body pro-
tein mass and fuel reserves. The further suggested criteria for 
the diagnosis of PEW are given in Table 12.3. It is in general 
important to differentiate between PEW caused by low nutri-
tional intake only and when it is more frequently associated 
with chronic inflammation, increased catabolism, and meta-
bolic disturbances, in addition to low nutritional intake [16].

12.3.1  PEW in PD Versus HD

PEW is common in dialysis patients and a strong predictor 
of poor outcome. Surveys using classical methods to assess 
nutritional status suggest that, in general, about 50 % of di-
alysis patients show signs of wasting [16]. In general, there 

Table 12.2  Different patterns in patients with reduced ultrafiltration capacity [1, 10, 11]. Note that combinations are common
Observation Mechanism of reduced ultrafiltration Frequency
Increased D/P creatinine and low D/D0 
glucose

Loss of the osmotic driving force Common

Less ultrafiltration than expected from the 
osmotic gradient, low sodium dip

Decreased osmotic conductance for glucose Common in combination with 1 in long-term 
PD

Low D/P creatinine and high D/D0 glucose “Hypopermeable” peritoneum due to fibrosis 
and multiple adhesions and fibrosis

Extremely rare

Low ultrafiltration and normal D/P creatinine, 
D/D0 glucose and sodium dip

Increased peritoneal fluid absorption. Dialy-
sate leak

Rare
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seems to be little difference in nutritional status between PD 
and hemodialysis (HD) patients, but it has previously been 
suggested that PD patients in general tend to have more fat 
mass and less muscles. However, recently, a large Euro-
pean multicenter study of 491 pairs of HD and PD patients 
(matched for country, gender, age and dialysis vintage) was 
performed using bioimpedance spectroscopy for assessment 
of body composition [17]. In this study, lean tissue index 
(representing muscle mass) was slightly better preserved in 
PD patients, whereas fat mass was increased in both HD and 
PD, but not different between the groups.

12.3.2  Factors Contributing to PEW in PD 
Patients

There are multiple causes of PEW in patients on dialysis, 
but there are clear differences in the dialysis process of HD 
and PD, which may affect the nutritional status. In particular, 
PD is a continuous dialysis process with a stable metabolic 
situation, but on the other hand, PD patients are constantly 
exposed to glucose absorption from the dialysis fluid as well 
as losses of protein and amino acids into the dialysate. As 
PEW is a strong predictor of poor outcome, it is important 
to be aware of the multiple factors contributing to PEW as 
well to have a treatment strategy based on the multifactorial 
pathogenetic mechanisms [18].

Factors contributing to PEW among PD patients are sum-
marized in Table 12.4. Anorexia and poor nutritional intake 
(particularly of protein) are common factors and have mul-
tiple causes, including impaired olfactory and taste func-
tions, depression, elevated cytokine levels due to chronic 
inflammation, inadequate dialysis, as well as glucose ab-
sorption from the dialysate. Further factors contributing to 

PEW include inadequate dialysis, acidosis, comorbidity, 
and chronic inflammation, as well as endocrine abnormali-
ties. Many patients have increased energy consumption and 
increased protein catabolism, often due to inflammation, 
acidosis, as well as losses of protein and amino acids into the 
dialysate (5–15 g/24 h).

Chronic inflammation, with elevated plasma levels of 
several proinflammatory cytokines (e.g., TNF-α, IL-1, and 
IL-6), is very common among PD patients and contributes 
to several negative effects including anorexia, insulin resis-
tance, increased energy expenditure, and increased protein 
catabolism due to activation of the ubiquitin proteasome 
pathway. Acute inflammatory bursts due to infections (in 
particular peritonitis) and other acute illnesses will further 
aggravate these alterations.

12.3.3  Treatment of PEW in PD Patients

The treatment and prevention of PEW in PD patients must 
be individualized based on the patients’ individual situation 
and special needs [18]. In particular, adequate treatments of 
comorbidities and dental problems are crucial parts of the 
management of PEW. As chronic inflammation is very com-

Abnormal serum 
chemistry

S-albumin < 38 g/l
S-prealbumin < 300 mg/l
S-cholesterol < 2.6 mmol/l (100 mg/dl)

Low body mass BMI < 23
Unintentional weight loss > 5 % in 3 months
Total fat mass < 10 %

Reduced muscle mass > 5 % reduction in 3 months
> 10 % reduced mid-arm muscle circumfer-
ence area compared to 50th percentile of the 
normal
Reduced creatinine appearance

Unintentionally low 
dietary intake

Protein intake (< 0.8 g/kg body weight for 
2 months)
Energy intake (< 25 kcal/kg body weight for 
2 months)

At least three of the four categories (and at least one test in each cat-
egory) are needed for the diagnosis of renal PEW

Table 12.3  Criteria to define PEW in dialysis patients from the Inter-
national Society of Renal Nutrition and Metabolism. [16]

Inadequate 
dietary intake
Anorexia due to Inadequate dialysis

Inflammation
Gastrointestinal problems
Multiple medications
Comorbidity
Glucose absorption from the dialysate
Impaired olfactory function
Depression

Altered 
metabolism

Increased energy consumption
Increased protein catabolism
Changes in organ-dependent amino acid 
metabolism
Insulin resistance
Hypogonadism, testosterone deficiency
High myostatin
Low growth hormone and IGF-1

Effects of the PD 
procedure

Loss of amino acids and protein into the dialysate 
(5–15 g)
Glucose absorption from the dialysis fluid 
(100–200 g/day)

Inadequate 
dialysis

Loss of residual renal function
Metabolic acidosis

Inflammation Chronic inflammation, often due to comorbidity
Acute inflammatory episodes, in particular 
peritonitis
Other infective episodes

Table 12.4  Important factors contributing to malnutrition in PD pa-
tients
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mon in PD patients, and may contribute to PEW in multiple 
ways, it is most important to assess signs of inflammation 
by measuring C-reactive protein and to seek for the cause(s) 
of inflammation. Adequate treatment of comorbidities is of 
course essential.

It is important to supply adequate amounts of protein and 
energy, where current recommendations suggest a protein 
intake of at least 1.0 g/kg body weight and an energy intake 
of 30–35 kcal/kg in patients with a normal body mass index 
(BMI) (including glucose absorption form the dialysate, 
usually about 100–200 g/24 h). The glucose absorption can 
easily be calculated from measurement of glucose in a 24-h 
collection of dialysate and the used bag volumes and glucose 
concentrations in the bags. (Record the weight of the unused 
bags as most bags are overfilled.) In patients with a low or 
high BMI, these recommendations should be recalculated to 
a normal BMI for the individual patient’s height. In patients 
with low nutritional intake, a systematic review of enteral 
multinutrient support in dialysis patients found evidence that 
this significantly increases serum albumin concentrations 
and improves total dietary intake [19]. An alternative way to 
provide protein supplementation is to use amino acid-based 
PD solution. One 2-l bag provides 22 g of amino acids (of 
which about 70 % is absorbed) without potassium and phos-
phate and may compensate for the daily losses of protein and 
amino acids into the dialysate [20]. Amino acid-based dialy-
sis solutions have been shown to improve nitrogen balance 
in a short-term study [21] and to be well tolerated during 
long-term use [22]. However, the results have been relatively 
modest and amino acid solutions should be seen as a way to 
secure protein intake in patients where it is low.

Studies have reported that nutritional intake improves if 
an inadequate dialysis dose is increased [23]. However, an 
increase in the dialysis dose in patients with a Kt/V above 
the present target of a weekly Kt/V of 1.7 does not always 
improve the nutritional intake [23]. Acidosis may contribute 
to increase protein catabolism by stimulation of the ubiqui-
tin-proteasome pathway and, even though acidosis is less of 
a problem in PD compared to HD patients, it is important to 
treat acidosis in PD patients. Bicarbonate supplementation 
has been shown to improve nutritional status in a random-
ized controlled trial [24]. Physical exercise is a very impor-
tant part of treatment and prevention of PEW and should be 
strongly encouraged [25]. Appetite stimulants, anabolic hor-
mones, and anti-inflammatory therapy are potential future 
treatments that need further validation. Of these, in particular 
hypogonadism and testosterone deficiency are common in 
male PD patients and could be assessed by a simple blood 
test. Among deficient patients, testosterone supplementation 
could be tested, though there are no good randomized trials 
in dialysis patients.

12.4  PD in Patients with Diabetes

There is a worldwide epidemic of obesity and diabetes and 
today diabetes is the most common cause of chronic kidney 
disease (CKD). In the USA, as much as 44 % of new dialysis 
patients have CKD due to diabetes [26].

12.4.1  Choice of Dialysis Therapy in Patients 
with Diabetes

It has been debated for several years if the outcome of dia-
betic patients is worse in PD compared to HD, due to worse 
outcome of elderly female diabetic patients on PD in an anal-
ysis from the United States Renal Data System (USRDS) 
data from the 1990s [27]. However, the outcome of PD has 
improved markedly in the USA during recent years and 
studies from other countries have in general showed simi-
lar outcome of diabetic patients on PD, compared to HD. A 
recent systematic review (searching MEDLINE, EMBASE, 
and CENTRAL databases until February 2014) included 25 
observational studies [28]. Patient survival results were in-
consistent and varied across study designs, follow-up period, 
and subgroups. In summary, there was no evidence that se-
lecting HD or PD as the first treatment for diabetic patients 
with CKD would affect the outcome. They concluded that 
modality selection should be governed by patient preference, 
after unbiased patient information.

12.4.2  Hemoglobin A1c and Glycemic Control

Hemoglobin A1c (HbA1c) is presently the most common 
standard used for glycemic monitoring in patients with dia-
betes [29]. The International Federation of Clinical Chem-
istry (IFCC) developed a reference measurement system for 
HbA1c that reports HbA1c as mmol HbA1c/mol hemoglo-
bin instead of percentage. This change in units avoids any 
confusion between IFCC results and previous results that in 
general were not only higher due to unspecific methods but 
also varied due to the method used. It is possible to con-
vert older units to this new standard [29]. For example, the 
HbA1c from the National Glycohemoglobin Standardization 
Program (NGSP) can be converted to the IFCC using the so-
called master equation: NGSP = [0.09148 × IFCC] + 2.152,  
making the results comparable to each other. However, the use 
of HbA1c has some specific problems in patients with CKD. 
In particular, HbA1c may be decreased in patients with CKD 
due to reduced life span of erythrocytes, use of erythropoesis 
stimulating agents, iron therapy, and the uremic environment 
itself [29]. Some older methods for determination of HbA1c 
are also unspecific and may result in overestimation of HbA1c 
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due to interaction with carbamylated hemoglobin. It may not 
also reflect the long-term glycemic control, even in patients 
without CKD, and the association between glycemic control 
and outcome may be different in patients with CKD [29].

However, alternative methods to assess glycemic control 
in diabetic patients with CKD (fructosamine, glycated albu-
min, 1,5-anhydroglucitol) have so far not been shown to have 
a superiority in patients with CKD. The better documentation, 
low price, and easy availability still make HbA1c the present 
standard for glycemic monitoring in patients with CKD [29].

Continuous glucose monitoring is likely the best method 
for evaluation for the glycemic control in patients on PD. It 
is unaffected by erythrocyte life span but it is a little more 
cumbersome to use and it has so far only been used sparsely 
in PD patients. It may represent a major improvement in the 
care for diabetic patients on PD, but it will need further eval-
uation if adjustment in diabetic treatment from this method 
will result in improved clinical outcome.

12.4.3  Importance of Glycemic Control

In spite of the large number of diabetic PD patients, and the 
general belief in glycemic control, very few studies have as-
sessed the impact of glycemic control on survival in these 
patients. Recently, Duong et al. reported on the analysis of 
the relationship between HbA1c and outcome in 2798 dia-
betic PD patients from the DaVita dialysis clinics in the USA 
in the period 2001–2006 and found the benefit of moder-
ate metabolic control [30]. In this study, a time-averaged 
HbA1c of 64 mmol/mol (8 %) or a glucose of 16.7 mmol/l 
(300 mg/dl) was associated with higher all-cause mortality, 
and this association was particularly robust in patients with 
a hemoglobin above 110 g/l [30]. A subgroup analysis sug-
gested a lower threshold for HbA1c of 53 mmol/mol (7 %) 
in Caucasians, men, and patients with serum albumin  38 g/l. 
A recent study of 3157 dialysis patients (HD and PD) from 
the UK renal registry reported on an increased mortality in 
younger patients (age < 60 years) with HbA1c  69 mmol/
mol (8.5 %) with a hazard ratio of 1.5 (1.2–1.9) [31]. How-
ever, no association was found between HbA1c and death 
in patients with age ≥ 60 years. These findings suggest that 
moderate hyperglycemia may not be a mortality risk factor 
among PD patients. This is also supported by the results of 
the ACCORD study [32] in patients without CKD but with 
long duration of diabetes. In this study, intensive therapy tar-
geting HbA1c  42 mmol/mol (6 %) in type 2 diabetics with 
cardiovascular disease (CVD) or additional cardiovascular 
risk factors resulted in an increased 5-year mortality. Thus, 
the complications of diabetes may be too severe, and the risk 
of hypoglycemic complications too high, to justify intense 
glucose control in diabetic patients on PD.

Higher HbA1c at start of PD has also been found to be 
associated with increased risk of exit-site infections and poor 
technique survival after peritonitis, but not with the risk of 
peritonitis [33].

12.4.4  Use of Insulin and Oral Hypoglycemic 
Drugs

As most oral glucose-lowering drugs have been considered 
contraindicated in severe CKD, insulin therapy has been the 
cornerstone to control blood glucose levels. In PD patients, 
intraperitoneal injection into the dialysis fluid was frequently 
used in early days of PD. It was regarded as more physiolog-
ical, with lower peripheral insulin levels and equal or better 
glycemic control. However, intraperitoneal insulin is rarely 
used today, as it was demonstrated to be associated with in-
creased risk of peritonitis and hepatic subcapsular steatosis. 
With the increased use of multiple subcutaneous injections, 
it is often possible to achieve a reasonable glucose control. 
The insulin requirements increase slightly at start of continu-
ous ambulatory peritoneal dialysis (CAPD), but the dosage 
of insulin must be adjusted due to the glucose concentration 
used. Particularly, when PD patients are prescribed hyper-
tonic glucose solution, the insulin dose needs to be increased 
[34], and when using non-glucose-based PD solutions, the 
insulin dosage may be reduced. APD is a special challenge 
due to the glucose absorption during the night, which needs 
to be taken into account when dosing insulin.

Most oral hypoglycemic drugs are considered to be con-
traindicated in patients on dialysis [35]. There are very lim-
ited data available, but there are some drugs that, in prin-
ciple, should be possible to use in dialysis patients, and 
there is some clinical documentation for at least glipizide, 
pioglitazone, and some of the DPP-4 inhibitors (sitagliptin, 
saxagliptin, and alogliptin) in dialysis patients (excellently 
reviewed in [35]). Although metformin has been considered 
to be contraindicated even in CKD 3, there is presently a 
discussion that it may be used in patients with CKD 3–4 if 
the dose is adjusted, and the medication stopped in situations 
of dehydration, use contrast agents, etc. [35]. There is even 
one study using metformin in PD patients [36], but this usage 
cannot be recommended until there are further data, particu-
larly related to safety.

12.4.5  Dialysis Prescription in Diabetic Patients 
on PD

The dialysis prescription in diabetic patients should, to a 
large extent, be similar to that in nondiabetic patients. Re-
garding the weekly Kt/V target of ≥ 1.7, there is no reason 
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to believe that it should be different in diabetic patients. In 
the ADEMEX trial, in which 965 PD patients were random-
ized to standard or increased dose of PD, almost half of the 
patients were diabetic ( n = 418) and the results were similar 
in diabetic and nondiabetic patients [37].

Glucose-sparing PD prescriptions using alternative os-
motic agents, either of one exchange of icodextrin-based so-
lution or one exchange of icodextrin-based and one of amino 
acid-based PD solutions, have been shown to improve the 
glycemic control in diabetic PD patients using continuous 
glucose monitoring [38]. In addition, a randomized control 
trial of 59 diabetic PD patients (with fast or fast-average 
transport rate) randomized to one exchange of icodextrin 
solution, or to glucose-based solutions only, demonstrated 
better ultrafiltration, lower blood pressure, less glucose load 
and insulin need, better glycemic control, and triglyceride 
(TG) levels in the icodextrin group [39]. In the combined 
IMPENDIA and EDEN trials, a total of 251 diabetic PD pa-
tients were randomized to a glucose-sparing regimen with 
one exchange of amino acid-based solution and one of ico-
dextrin-based solution compared to a glucose-based solution 
only [40]. The results showed significantly improved HbA1c 
of 5 mmol/mol (0.5 %) in the intervention group. However, 
death and serious adverse events related to fluid expansion 
increased in the intervention group and close monitoring of 
fluid status is important.

When using icodextrin-based solution, it is extremely im-
portant to be aware of the false elevation of blood glucose 
levels when measured with glucose dehydrogenase pyrrolo-
quinoline quinone (GDH-PQQ)-based glucose self-monitor-
ing systems [41]. The GDH-PQQ method is not specific to 
glucose and reacts to the increased plasma levels of icodex-
trin metabolites, in particular maltose and maltotriose. This 
is potentially dangerous as the elevated maltose levels may 
be misinterpreted as hyperglycemia with the risk of subse-
quent overinjection of insulin. Therefore, glucose self-mon-
itoring systems based on the GDH-PQQ method should not 
be used in PD patients [41].

12.4.6  Management of Comorbidities

When caring for diabetic PD patients, it is mandatory not 
to forget about the standard care and follow-up of diabetic 
patients with other diabetic complications in particular reti-
nopathy, CVD, peripheral vascular disease, neuropathy, foot 
status, etc. It is important that the patient has a standardized 
follow-up of this, which could be done at the PD clinic or at a 
diabetes clinic depending on the local organization. Finally, 
physical exercise should always be encouraged though there 
are no large randomized trials on this issue.

12.5  Obesity and Weight Gain

In the past three decades, the prevalence of obesity has risen 
dramatically and the World Health Organization acknowl-
edges obesity as one of the top 10 global health problems. It 
is considered as a major threat to health due to its association 
with several complications including type 2 diabetes mel-
litus, hypertension, hyperlipidemia, coronary artery disease, 
sleep apnea, gallbladder disease, and premature death [42]. 
For PD patients, obesity is a special challenge due to the ab-
sorption of glucose from the peritoneal cavity.

12.5.1  Peritoneal Dialysis and Obesity

Obesity represents a significant problem among PD patients 
and several studies report on weight gain and accumulation 
of fat tissue during the first year of PD [43–45]. In the early 
2000s, weight gain and increased fat mass were reported 
to be common in PD patients, particularly in diabetics, fe-
males, patients with obesity at the start of treatment, and pa-
tients with a fast peritoneal transport rate [44–46]. Excessive 
weight gain ( 10 kg in 2 years on PD) was reported in 7 % of 
the patients in one cohort [46]. However, excessive weight 
gain seems to be less of a problem today, likely because of 
the increased use of icodextrin-based solution in PD patients 
with fast peritoneal transport rate.

12.5.2  Why Do PD Patients Tend to Increase 
Body Fat Mass

The energy requirements are dependent on the level of phys-
ical activity. In PD patients, an energy intake of 30–35 kcal/
kg body weight/day is recommended for individuals not 
performing heavy physical exercise. (In underweight and 
overweight patients, the normal intake should be scaled to a 
normal body weight for height). In obese patients, the energy 
intake is recommended to be lower.

However, the glucose absorption from the dialysate 
should be taken into account and due to this the energy in-
take may still be too high in many PD patients.

It is generally assumed that the accumulation of adipose 
tissue in patients starting PD is related to the glucose absorp-
tion from the dialysate. For standard CAPD with glucose-
based solutions, about 100–200 g of glucose are absorbed 
during 24 h and this represents a significant portion of the 
total energy intake [47]. However, in most studies, there is 
no clear relation between the gains in weight as there are 
marked variations between patients [48, 49].

Genetic factors may contribute to about 70 % of the varia-
tions in BMI in nonrenal patient groups [50] and genetic fac-
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tors are important also in PD patients. Obviously, there is no 
way to accumulate excess adipose tissue without disequilib-
rium between the intake and expenditure of calories. One 
reason for decreased energy expenditure appears to entail a 
decreased thermogenesis in adipose tissue. A key element in 
adipose tissue is the unique expression of a mitochondrial 
inner membrane protein called uncoupling protein (UCP), 
which is a transporter of free fatty acid anions, allowing free 
fatty acids to function as proton carriers. UCP2 has a wide 
tissue distribution and it has been speculated that UCP2 may 
play a role in fat tissue accumulation [48] and the deletion/
deletion UCP2 genotype has been demonstrated to be associ-
ated with fat accumulation during the first year of PD treat-
ment [48].

12.5.3  Consequences of Obesity in PD Patients

In patients without CKD, obesity and, in particular, accumu-
lation of abdominal fat, are an important risk factor for CVD. 
Therefore, it is a concern that patients starting PD have been 
reported to develop an increase in intra-abdominal fat [51] 
similar to what is seen in the metabolic syndrome, as well 
as an atherogenic lipid profile. In HD patients, obesity has 
been associated with better survival, the so-called reverse 
epidemiology phenomenon, that is, the well-known associa-
tion between established risk factors in the general popula-
tion, such as hypercholesterolemia, and obesity appear to be 
reversed in patients with advanced CKD [52]. However, in 
contrast to HD patients, this phenomenon is not evident in 
PD patients as regards obesity [53, 54].

12.5.4  Special Problems in Patients with 
Obesity

PD catheter placement needs special attention in obese pa-
tients and an experienced operator is important. Obese PD 
patients have a higher risk of catheter loss due to infection 
[55] and the placement of the exit site is important for good 
exit-site care. Sometimes, it is impossible to implant a stan-
dard catheter due to obesity and presternal exit catheters, and 
two-piece extended catheters are available where the exit 
could be placed at a remote site [56].

Regarding the adequacy of PD, obesity has often been 
an overestimated issue. It is usually possible to achieve an 
adequate Kt/V, but it should be noted that the Watson for-
mula overestimates total body water in the obese patients 
[57] and, therefore, underestimates the achieved Kt/V. On 
the other hand, obesity has been reported to be associated 
with a slightly more rapid decline of the residual renal func-
tion [58].

12.5.5  Treatment of Obesity

Although the treatment of obesity in PD patients should be 
based on the same principles as the treatment in nonrenal 
patients (Table 12.5), it may be even more difficult as many 
PD patients have comorbidity and fatigue that make physical 
exercise difficult. Also, diet therapy is hampered due to the 
glucose absorption from the dialysate, usually about 100–
200 g glucose/24 h corresponding to 300–800 kcal/24 h [47]. 
Thus, reduction of the peritoneal caloric load is important. 
To be able to reduce the peritoneal glucose load, the patients 
need to have a diet that (in addition to energy restriction) is 
restricted in fluid and particularly sodium intake to reduce 
the need of ultrafiltration. Also, the replacement of glucose-
based dialysis solution by icodextrin-based dialysis solution 
for the long dwell may, particularly in high transporters, re-
sult in a markedly reduced glucose absorption. Icodextrin-
based solution may be beneficial in several ways. First, the 
replacement of glucose solution during the long dwell will 
result in a reduced absorption of carbohydrates. Use of ico-
dextrin during an 8-h dwell reduces the caloric load of more 
than 100 kcal compared to a 4.25 % glucose solution [59]. 
Furthermore, the absorbed icodextrin will not be completely 
metabolized and a significant fraction will be dialyzed away 
in the form of maltose and maltotriose resulting in an even 
lower caloric load. Finally, the increased ultrafiltration and 
more efficient sodium removal during the icodextrin dwell 
will result in a lower need for ultrafiltration during the other 
exchanges. Two randomized controlled double-blind trials of 
icodextrin compared to 2.5 % glucose solution reported on 
a stable body weight in patients randomized to icodextrin 
compared to an increase in body weight in control patients 
[60, 61].

No studies have reported the use of pharmacological 
therapy for obesity in PD patients, and there are no good 
alternatives. Orlistat (XenicalTM) prevents the gut from di-
gesting and absorbing fat by blocking lipases in the gut. This 
results in fat malabsorption and a reduction in body weight. 

Table 12.5  Treatment of obesity in peritoneal dialysis patients
Reduced energy 
intake in diet

Important, but the peritoneal glucose absorp-
tion is a problem

Physical exercise Likely very important, but difficult in some 
patients due to fatigue, comorbidity, etc.

Behavioral therapy Motivation needed
Reduce glucose 
absorption from 
dialysate

Reduce the needed glucose concentration in 
the dialysis fluid by restriction of water and 
in particular sodium
Use icodextrin solution during the long 
dwell

Pharmacological 
treatment

No efficient therapy available
Not established in PD patients

Surgery Anecdotal reports of success in PD patients, 
but no systematic study has been performed
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However, the effect of orlistat is often insufficient. Orlistat 
may likely be used in PD patients, but its effect is in general 
modest and it is associated with significant side effects.

12.6  Hyperlipidemia

12.6.1  Lipid Disorders in PD Patients

Patients with CKD have a high prevalence of CVD to which 
both traditional risk factors (such as diabetes, smoking, hy-
pertension, and hyperlipidemia) and nontraditional risk fac-
tors (such as inflammation, oxidative stress, endothelial dys-
function, hyperphosphatemia, and vascular calcification) are 
considered to contribute.

12.6.2  Dyslipidemia in PD Patients

Hyperlipidemia is common in patients with CKD in general, 
and PD patients usually have an even more atherogenic lipid 
profile [62, 63] (Table 12.6). Compared to nondialyzed pa-
tients with CKD stage 5 and HD patients, PD patients usu-
ally have higher low-density lipoprotein (LDL) cholesterol, 
apolipoprotein B levels, and markedly increased TG and 
lipoprotein(a) levels. It may be advisable to measure apoli-
poprotein B level in PD patients as the LDL cholesterol level 
cannot always be calculated using the Fridewald equation 
because of marked hypertriglyceridemia in some patients. 
There are also reports that PD patients have increased levels 
of particularly atherogenic small dense LDL particles [62]. 
The high-density lipoprotein (HDL) cholesterol and apolipo-
protein A1 levels are usually low in PD patients. In addition, 
HDL maturation and function is impaired as in other patients 
with CKD.

The pathogenetic mechanisms behind the lipid distur-
bances in PD patients are not well understood, but both the 
peritoneal protein loss (about 5–10 g/day) and the result-
ing slight hypoalbuminemia are considered to stimulate 
increased hepatic synthesis of cholesterol-enriched lipopro-
teins, resulting in increased levels of LDL cholesterol and 
lipoprotein(a) similar to in the nephrotic syndrome [62, 63]. 
The hypertriglyceridemia is a result of increased hepatic pro-

duction of very-low-density lipoprotein (VLDL) and lipo-
protein lipase deficiency. In addition, the glucose absorption 
from the dialysate and the resulting hyperinsulinemia may 
contribute to the lipid disturbances, in general, and to the 
elevated TG and lipoprotein(a) levels, in particular [62–64]. 
The low HDL cholesterol may, at least partly, be due to the 
loss of HDL in the dialysate.

12.6.3  Hyperlipidemia and Outcome in PD 
Patients

The association between lipid disturbances and cardiovas-
cular outcome in patients with CKD is complicated by the 
so-called reverse epidemiology phenomenon: that is, the 
well-known association between established risk factors in 
the general population, such as hypercholesterolemia, and 
obesity appears to be reversed in patients with advanced 
CKD [52]. Part of the explanation for this is likely that there 
are different time profiles for different risk factors in the dif-
ferent populations, as premature deaths in CKD patients pre-
clude the impact of complications, which are more important 
for long-term mortality [52]. Furthermore, persistent inflam-
mation and/or PEW, both of which are common in advanced 
CKD (and both associated with low cholesterol as well as 
with increased mortality), seems to a large extent account for 
the seemingly paradoxical association between hypercho-
lesterolemia and improved cardiovascular outcome among 
these patients [52, 65]. In summary, in spite of the reverse 
epidemiology between lipid levels and clinical outcome in 
patients with advanced CKD, hyperlipidemia is still consid-
ered to be harmful and to contribute to atherosclerosis and 
CVD in the longer perspective.

12.6.4  Use of Statins to Treat Lipid Disorders in 
PD Patients

In the population without renal disease, there is strong evi-
dence that hydroxymethylglutaryl-coenzyme A reductase 
inhibitors, more commonly known as statins, reduce the pro-
gression of coronary atherosclerosis and reduces mortality 
from CVD. Statins are equally effective in reducing LDL 
cholesterol and apolipoprotein B levels in dialysis patients 
(in both PD and HD), and are usually well tolerated in dialy-
sis patients [62, 63, 66–70].

Three relatively large, randomized controlled trials have 
been published concerning the effect of statins in dialysis pa-
tients: the 4D [67, 68], the AURORA [69], and the SHARP 
studies [70], of which only the SHARP study included PD 
patients (Table 12.7).

The 4D-study [67], in which 1255 prevalent diabetic HD 
patients were randomized to 20 mg atorvastatin or placebo, 

Table 12.6  Typical pattern of dyslipidemia in patients with CKD 5
Nondialyzed patients HD patients PD patients

LDL cholesterol = = ↑
HDL cholesterol ↓ ↓ ↓
Triglycerides ↑ ↑ ↑↑
Lipoprotein (a) ↑ ↑ ↑↑
Apolipoprotein B = or ↑ = or ↑ ↑↑
Apolipoprotein A1 ↓ ↓ ↓
Oxidized LDL ↑ ↑ ↑ or ↑↑
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showed no effect of statin treatment on the composite pri-
mary end point (cardiovascular death, nonfatal myocardial 
infarction, and stroke). However, in the atorvastatin group, 
there was a positive effect on all cardiac events combined (a 
secondary end point) [67], and a post hoc analysis [68] found 
that high LDL cholesterol levels tended to increase the risks 
and atorvastatin significantly reduced the rates of adverse 
outcomes in patients in the highest quartile of LDL choles-
terol ( 3.76 mmol/l,  145 mg/dl), whereas no effects were 
seen in the three other quartiles. Similarly, in the AURORA 
study [69], in which 2773 HD patients were randomized to 
10-mg rosuvastatin versus placebo, no effect was found on 
the primary end point (death from cardiovascular causes, 
nonfatal myocardial infarction, or nonfatal stroke) or on the 
individual components of the primary end point.

The SHARP study was the only study in the group to 
include PD patients ( N = 496 PD patients) and randomized 
9270 CKD patients to placebo or 20-mg simvastatin in com-
bination with 10-mg ezetimibe (which blocks the absorption 
of cholesterol in the small intestine) with a median follow-up 
of 4.9 years [70]. It showed a significant 17 % decrease in the 
primary end point of major atherosclerotic events (11.3 vs. 
13.4 %, p = 0.0021). There “was no good evidence that the 
proportional effect on major atherosclerotic events differed 
from the summary rate ration [sic] in any subgroup exam-
ined” including in dialysis patients [70]. However, there was 
no significant effect in dialysis patients (event rates were 15 
and 16.5 % in patients with active treatment and placebo, re-
spectively), but the study was not powered for dialysis pa-
tients. In PD patients, the risk ratio (treatment/placebo) was 
more beneficial (0.70) compared to HD patients (0.95), but 
the 95 % confidence intervals were wide (0.46–1.08 in PD 
patients). It is likely that the treatment had better effect in PD 
patients due to the more atherogenic lipid profile in PD pa-
tients, but this study was not powered for this analysis [70].

There is further support for a positive effect of statins in 
PD patients from observational studies. In a retrospective 
analysis of the effect of lipid-lowering therapy on clinical 
outcome in 1053 incident PD patients from the USRDS pro-
spective dialysis morbidity and mortality Wave 2 study, use 
of lipid-lowering therapy (mainly statins) was associated 
with significantly decreased cardiovascular mortality (haz-

ard ratio 0.67; 95 % confidence interval 0.47–0.95) of similar 
magnitude as in the SHARP study, as well as reduced all-
cause mortality (hazard ratio 0.74; 95 % confidence interval 
0.56–0.95) [71]. Similarly, in a recent retrospective cohort 
study including 1024 incident PD patients from Korea, using 
a propensity score-matched comparison to reduce potential 
confounding, statin use (in 38 % of the patients) was found 
to be associated with a 41 % lower risk for death ( p = 0.002) 
[72]. In summary, these data suggest that statin therapy is 
indicated in PD patients with hyperlipidemia, at least in pa-
tients with elevated LDL cholesterol and a high cardiovascu-
lar risk. However, it is not possible to define a clear treatment 
target for the LDL cholesterol level in PD patients. Guide-
lines for the general population may be used for guidance, 
but their relevance for PD patients is not well documented.

Furthermore, there are theoretical and experimental sup-
port that statins may have beneficial effects on the peritoneal 
membrane remodeling mediated by their pleiotropic effects, 
independent of the lipid-lowering effect [73].

12.6.5  Additional Therapeutic Strategies

Other lipid-lowering strategies have no evidence with regard 
to clinical outcome in PD patients, although several drugs 
have a demonstrated lipid-lowering effect in this patient 
population. Fibrates are not recommended due to their renal 
elimination and the risk of rhabdomyolysis.

Low-glucose PD regimens using alternative osmotic 
agents (icodextrin- and amino acid-based PD solutions) may 
also improve the lipid profile, although the effects are not 
dramatic. However, the use of icodextrin in PD patients with 
poor ultrafiltration and a high glucose load may dramatically 
reduce glucose absorption resulting in less weight gain and 
reduced TG levels [39]. In a 6-month prospective open-label 
controlled trial, 251 diabetic PD patients were randomized 
to a low-glucose PD regimen (one exchange of icodextrin-
based solution and one exchange of amino acid-based solu-
tion) or to glucose-based PD solutions only. The low-glucose 
PD regimen significantly improved the atherogenic lipopro-
tein profile with lower TG, VLDL cholesterol, and apolipo-
protein B [74].

Table 12.7  Randomized placebo-controlled trials of statin therapy in dialysis patients
Study Number of patients Therapy used Decrease 

in LDL 
cholesterol

Median 
follow up

Result

4D [67, 68] 1255 HD Atorvastatin (20 mg) 42 % 4 years No significant difference in the composite primary end 
point (subgroup analysis suggests effect in patients 
with LDL cholesterol in the highest quartile)

AURORA 
[69]

2773 HD Rosuvastatin (10 mg) 43 % 3.8 years No significant difference in the composite primary end 
point

SHARP 
[70]

9270 (6247 CKD, 
2527 HD, 496 PD)

Simvastatin (20 mg) + 
ezetimibe (10 mg)

39 % 4.9 years 17 % reduction in the primary end point. (No sig-
nificant effect in subgroup analysis of the dialysis 
patients)
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However, for the majority of PD patients with marked 
lipid disturbances, statin therapy is the therapy of choice as 
it is generally well tolerated, effective to reduce LDL cho-
lesterol levels, and has the best documented effect in PD pa-
tients.

In summary, PD patients have a more atherogenic lipid 
profile compared to HD patients and nondialyzed CKD 5 
patients. Several studies suggest that lipid-lowering therapy 
has beneficial effects in PD patients, though no large ran-
domized outcome study has been performed on this patient 
group. Use of low-glucose PD regimens also has beneficial 
effects on the lipid levels. In addition, the role of exercise, di-
etary interventions, and other pharmacological therapy need 
to be better evaluated in PD patients.

12.7  PD in Patients with Ostomies and 
Gastronomy Tubes

Colostomies and ileostomies are usually regarded as con-
traindications to PD. There is a high risk for adhesions in 
the peritoneal cavity and malfunction of the dialysis due to 
mechanical problems. However, there are occasional case 
reports of successful cases, but no systematic report or case 
series have been published.

There are several reports on the use of gastrostomy tubes 
in children treated with PD to allow adequate enteral nutri-
tion. There was a recent report of 17 children, in 15 of whom 
gastrostomy tubes were inserted after the start of PD. PD was 
in these cases usually stopped for 24 h (range 0–72 h) and 
prophylactic antibiotics were given [75]. The results were 
generally good, even though two early episodes of bacte-
rial peritonitis occurred. None of the patients experienced 
an episode of fungal peritonitis. In adults, the results are less 
encouraging. A recent review of published case reports of 
percutaneous endoscopic gastrostomy (PEG) tubes suggest-
ed that the insertion of a PD catheter in a patient with a pre-
existent and well-healed PEG may be safe, but the insertion 
of PEG tubes in adults receiving PD is associated with major 
adverse events including leaks and fatal or nonfatal perito-
nitis [76]. They considered placement of PEG tubes in adult 
PD patients to be contraindicated. However, occasional suc-
cessful cases have been reported [77], but it may be needed 
to temporarily switch to HD to let the PEG heal, though this 
is not always successful [76].
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13Home Hemodialysis

Joel D. Glickman and Rebecca Kurnik Seshasai

13.1  Introduction

Home hemodialysis (HHD), though novel and maybe even 
intimidating for many nephrologists, is not a new option for 
renal replacement therapy (RRT). First utilized in Japan in 
1963 [1], HHD was the predominate dialysis modality until 
after the 1972 amendment to the Medicare Social Security Act 
created the financial impetus to develop in-center hemodialy-
sis (HD). Though a significant number of patients remained 
on HHD, fewer and fewer patients utilized this treatment 
until a rejuvenated interest at the beginning of this millen-
nium stimulated new growth. The driving force was the ef-
forts of a few nephrologists who were determined to improve 
outcomes in HD patients by increasing time and frequency 
of dialysis treatments. Short daily hemodialysis (SDHD) was 
initially described in 1969, but was not financially viable and 
was abandoned until revived in the 1990s [2]. More frequent 
home nocturnal hemodialysis (NHD) was first introduced by 
Dr. Uldall in 1994 after obtaining a grant from the Ministry 
of Health, Province of Ontario [3]. Improvement in dialysis 
equipment and a decrease in cost of supplies made “daily” di-
alysis more financially attractive, yet still more expensive than 
thrice-weekly dialysis. However, the major cost–saving was 
performing dialysis at home with a patient functioning as a 
nonpaid dialysis technician. Finally, for HHD to be attractive 
for patients, novel dialysis equipment had to be developed that 
was unobtrusive in the home (small), simple to use, financially 
sound, and, ideally, portable. Industry has responded to these 
needs and we can expect even more innovative dialysis plat-
forms in the future. Thus, more frequent HD at home evolved 
and was suddenly a very attractive option for many patients.

In this chapter, we review the benefits of HHD acknowl-
edging that, as is true for most clinical subjects in nephrology, 
rigorous and scientifically sound data is limited. However, we 
need to recognize that the patients we treat today cannot af-
ford to wait 5 or 10 years for the possibility that more studies 
will be done. Potential complications of HHD as well as solu-
tions to manage the complications are outlined. We also de-
scribe appropriate dialysis prescriptions using traditional and 
more novel dialysis platforms. Finally, we review strategies 
to build a successful HHD program that includes an approach 
for discussion of modality selection options with patients.

13.2  Clinical Outcomes

Over the past decade, many observational studies and a 
few randomized control trials (RCTs) have been published 
examining a range of clinical outcomes for HHD patients. 
Although the studies encompass a variety of study designs, 
evaluate a number of outcomes, and are not all consistent 
with each other, the overwhelming take-away message from 
this growing body of literature is that more frequent dialysis 
(typically performed in the home) offers favorable clinical 
outcomes for patients. However, it is important to realize 
that this is largely observational data and thus we must inter-
pret with caution. In addition, it is important to note that the 
general term “home hemodialysis” includes both SDHD and 
NHD. For the purpose of this chapter, “home hemodialysis” 
refers to “more frequent” or “daily” HD options performed 
at home. Both modalities offer overall more time on dialy-
sis per week and are typically performed in the home, but 
are different from each other in prescription and should not 
be lumped together when discussing clinical outcomes. In 
this section, we will discuss the major clinical outcomes de-
scribed in the literature and end with some special cases in 
which HHD may be a particularly attractive modality.
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13.2.1  Randomized Control Trials

There are two key RCTs that evaluate clinical outcomes 
in HHD. The Frequent Hemodialysis Network (FHN) trial 
was a multicenter RCT with both an SDHD arm (6 days per 
week) [4], which included 245 subjects, and an NHD arm (6 
nights per week) [5], which included 87 subjects, compared 
with conventional in-center thrice-weekly dialysis (CHD). 
The primary composite outcomes at 12 months were (1) 
death or 1-year change from baseline in left ventricular (LV) 
mass, and (2) death or 1-year change in physical health based 
on a RAND health survey. There were a number of second-
ary outcomes that were evaluated and many ancillary studies 
have been subsequently performed. The SDHD trial showed 
statistically significant improvement in both co-primary out-
comes (p < 0.001, p = 0.007, respectively) although the NHD 
trial showed no difference in primary outcomes from the 
conventional arm. The FHN trial had a number of limita-
tions, including, notably, the low enrollment in the NHD trial 
and the fact that many of the controls in the NHD trial were 
actually doing traditional thrice-weekly HD at home instead 
of in-center, but it is one of only a few RCTs we have to 
evaluate HHD and so it is important to review.

The other RCT, by Culleton et al., randomized 52 subjects 
to 6 days per week NHD versus CHD and subjects were fol-
lowed for 6 months [6]. The primary endpoint was change 
in LV mass, as measured by cardiovascular magnetic reso-
nance imaging (MRI), and prespecified secondary outcomes 
included self-reported quality of life, blood pressure, mineral 
metabolism, and medication usage. In this study, frequent 
NHD significantly improved LV mass ( p = 0.04) and had 
favorable impact on systolic blood pressure (SBP) control, 
mineral metabolism, and some measures of quality of life.

13.2.2  Quality of Life

Performing dialysis at home, either as SDHD or NHD, af-
fords the patient significantly more flexibility and freedom to 
tailor treatments around their daily lives. It allows patients to 
remain employed, spend more time with family and friends, 
and gain more freedom to do what they choose. In addition, 
patients generally report fewer intradialytic symptoms and 
shorter recovery time post-dialysis. The increased time on 
dialysis overall allows for smaller quantities of fluid removal 
and less extreme solute fluctuations in a given time period. 
In the Following Rehabilitation, Economics and Everyday-
Dialysis Outcome Measurements (FREEDOM) study, a pro-
spective cohort study of SDHD patients, improvement in 
quality of life was demonstrated using the SF-36 survey at 
initiation of SDHD and then subsequently at 4 months and 
12 months [7]. The percentage of patients with depressive 

symptoms, using the Beck Depression Scale, significantly 
decreased during 12 months of follow-up as well [8]. Fur-
thermore, there was a significant drop in post-dialysis recov-
ery time at 12 months from 8 h in the thrice-weekly HD pa-
tients to only 1 h in the SDHD patients. Lockridge described 
his experience with NHD patients in Lynchburg, Virginia, 
and using patients as their own controls, he showed that the 
hospital admission rate dropped by 42 % and the number of 
hospital days by 60 % following initiation of NHD [9]. In ad-
dition, he found that his patients had statistically significant 
improvement in both the physical and mental components 
of the SF-36 scores after transitioning to NHD. Finally, in 
a cohort of 12 patients converted from CHD to NHD, Jas-
sel demonstrated improvement in cognitive functioning on 
a battery of neuropsychiatric tests performed at baseline and 
after 6 months on NHD. The most impressive improvement 
was in attention and working memory, which improved by 
32 %. Patients’ own perception of their cognitive function 
also improved significantly [10].

13.2.3  Phosphorous Control

Improvement in the control of phosphorous levels has been 
shown in many studies with HHD. Phosphorous removal 
entails a two-phase model, with early phosphorous removal 
from the extracellular compartment related to the concen-
tration gradient from the blood to the dialysate. The second 
phase of phosphorous removal requires much more time, to 
allow for mobilization of phosphorous from the intracellular 
compartment. This two-phase removal process is why NHD, 
with its relatively longer treatments, has more profound ef-
fects on phosphorous removal than SDHD [11]. Patients 
using NHD often require few, if any, phosphorous binders 
and can follow a much more liberal diet which includes 
phosphorous-containing foods.

A number of studies have evaluated phosphorous control 
in SDHD patients and showed overall a modest improve-
ment in phosphorous levels and some reduction in phosphate 
binder use [11, 12]. However clinically, NHD provides better 
control of phosphorous. In the RCT by Culleton et al., 19 
of 26 NHD patients decreased or discontinued phosphorous 
binders compared with only 3 of 25 in the conventional arm 
[6]. Similarly, 40 patients followed longitudinally by Lock-
ridge required no phosphorous binders after initiating NHD 
[9]. Kim et al. described the case of a patient with extraos-
seous tumoral calcification which resolved after daily NHD. 
The calcium–phosphorous product dropped from 85 mg2/
dL2 to < 55 mg2/dL2 [13]. Finally, in the NHD FHN trial, not 
only did 73 % of the 87 patients not require any phosphorous 
binders, 42 % required supplemental phosphorous in the di-
alysate to maintain normal phosphorous levels [5].
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In addition to the improvement in control of phospho-
rous, frequent dialysis has been shown to improve overall 
nutritional status. In a study of eight patients on SDHD, Gal-
land demonstrated improvement in serum albumin, protein 
intake, and lean body mass [14]. Similarly, improvement in 
appetite, protein intake, and energy were seen in a study of 
14 NHD patients. However, they cautioned that fat intake 
also increased and put patients at increased risk of becoming 
overweight [15].

13.2.4  Cardiovascular

End-stage renal disease (ESRD) patients in the USA have an 
annual mortality rate of approximately 20 % [16], and cause 
of death is overwhelmingly related to cardiovascular events. 
Patients using conventional dialysis have long 2–3-day in-
terdialytic intervals in which they become relatively volume-
expanded and have more hypertension. Patients using fre-
quent dialysis have overall more stable blood pressure and 
volume status. In addition, they do not have large volumes of 
fluid removed over short intervals of time (lower ultrafiltra-
tion rate) and therefore have fewer episodes of myocardial 
stunning and regional wall motion abnormalities [17].

SDHD has been shown to lower blood pressure and re-
duce the number of anti-hypertensive medications that are 
required. Fagugli studied 12 patients who transitioned from 
conventional to SDHD and observed that average SBP 
dropped 20 mm Hg, use of anti-hypertensive medications 
decreased, and left ventricular mass index (LVMI), which 
has been independently associated with increased mortality 
in the ESRD population, decreased significantly [18]. In the 
SDHD FHN trial, patients on frequent dialysis had an aver-
age of 10 mm Hg decrease in SBP and significant reduction 
in the mean LV mass as well, compared with the CHD con-
trol arm [4].

Similar improvements in blood pressure control and car-
diovascular outcomes are demonstrated in a number of stud-
ies of NHD. In the RCT of NHD patients by Culleton, there 
was a significant reduction in LV mass in the NHD group 
after 6 months of follow-up [6]. In addition, 16 of 26 patients 
on NHD stopped or reduced the number of blood pressure 
meds they were taking and concurrently the SBP in the NHD 
group dropped on average by 7 mm Hg. Chan et al. observed 
28 patients who switched from CHD to NHD and found a 
reduction in SBP of more than 20 mm Hg, a reduction in 
the average number of blood pressure meds per person from 
1.8 to 0.3, as well as a significant reduction in LVMI [19]. 
There was no change in extracellular volume concurrently, 
which suggests that more frequent dialysis improves blood 
pressure control not only because of improved volume con-
trol but also by decreasing peripheral vascular resistance. 
Indeed, endothelial dependent and independent vasodilation 

improved in NHD patients. Norepinephrine levels were also 
noted to be lower [19, 20]. NHD has also been shown to im-
prove the cardiac ejection fraction and reduce the frequency 
of apneic episodes in patients with sleep apnea [21, 22].

13.2.5  Survival

Many, but not all, of the studies addressing survival in fre-
quent dialysis suggest at least a modest mortality benefit for 
patients. Blagg et al. found that 117 SDHD patients had 61 % 
better survival than comparable CHD patients [23]. The larg-
est observational study of SDHD to evaluate survival inves-
tigated 1873 SDHD patients matched 1:5 with a group of 
CHD from the United States Renal Data System (USRDS) 
and showed a modest improvement in survival among pa-
tients using SDHD [24]. Similarly, studies comparing NHD 
show improved survival as well [25, 26]. Nesrallah et al. 
compared an international group of 338 patients receiving 
intensive home dialysis treatments (average of 4.8 times per 
week, 7.4 h per session) with matched CHD controls from 
the Dialysis Outcomes and Practice Patterns Study (DOPPS) 
and found a 13 % mortality in the intense dialysis group ver-
sus 21 % mortality in the CHD group, during median fol-
low-up of 1.8 years. Finally, patients using NHD have been 
shown to have comparable survival to recipients of deceased 
donor kidney transplants [27].

13.2.6  Anemia

The effect of SDHD or NHD on anemia management is less 
clear. There have been a number of observational studies 
suggesting improved hemoglobin and reduction in dose re-
quired of erythropoietin-stimulating agents (ESA) as well as 
many studies which show no difference [28, 29]. The FHN 
trial, both SDHD and NHD arms, shows no difference in he-
moglobin or ESA dose [30] nor does the RCT in NHD by 
Culleton et al. [6].

13.2.7  Special Uses of Home Hemodialysis

13.2.7.1  Pregnancy
Young women on dialysis are typically less fertile, often 
with impaired ovulation and even amenorrhea, and thus rates 
of pregnancy are lower than in the general population. For 
women who do conceive, pregnancy complications include 
intrauterine fetal death, preterm delivery, and more intra-
uterine growth restriction [31]. There have been a number 
of small studies suggesting that more frequent and intensive 
dialysis, delivered as NHD, is associated with improved fer-
tility and better maternal and fetal outcomes [32, 33]. Gangji 
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et al. described a 31-year-old woman on CHD who began 
menstruating 8 months after transitioning to NHD and had 
a successful full-term pregnancy 2 years after using NHD. 
During her pregnancy, she received 7.5 h of dialysis seven 
nights per week [34].

13.2.7.2  Ascites
Patients with ascites, from any cause, can particularly benefit 
from NHD. Pauly et al. described two patients with ascites 
who did poorly on CHD with no improvement in ascites be-
cause of intradialytic hypotension, cramping, and difficulty 
removing fluid. Once each patient was transferred to NHD, 
they experienced resolution of the ascites [35].

13.2.8  Ventilators

Dialysis patients who require continuous or intermittent me-
chanical ventilation may have difficulty finding a dialysis 
unit which can accommodate them for in-center treatments. 
Sometimes, these chronically ill patients cannot sit upright 
in a chair and would require a bed for dialysis treatments. 
Oftentimes, the clinical staff at the dialysis unit is not trained 
and comfortable in handling routine or emergency venti-
lator care. Finally, it may simply be more cumbersome to 
transport a patient who requires a ventilator to dialysis thrice 
weekly. For all of these reasons, mechanically ventilated 
patients may benefit from HHD if they have the necessary 
space and someone who can help with their home treatments 
(personal experience).

13.2.9  Summary

In summary, the overwhelming evidence available suggests 
that HHD offers an array of improved clinical outcomes 
for patients, including improved quality of life metrics, im-
proved blood pressure control and reduction in LV hyper-
trophy, improved phosphorous control, and likely improved 
survival. In addition to providing all patients with more flex-
ibility and ownership over their own dialysis treatments, 
NHD in particular can be particularly favorable for certain 
patient populations such as pregnant women or patients with 
ascites or who like to have free time during the day to work 
or pursue other pleasures in life.

13.3  Complications of Home Hemodialysis

With proper training, HD can be performed safely in the 
home. When patients are selected to be appropriate candi-
dates for this modality, spend weeks training with a nurse be-
fore dialyzing independently, receive retraining at specified 

intervals, and follow specified safety precautions consis-
tently, the rate of complications is very low. One large HHD 
program in Canada reviewed their HHD population and 
performed a quality assurance (QA) analysis. From 2001 to 
2012, the HHD programs in Edmonton and Ottawa, Canada, 
trained 190 patients. In total, they estimate 500 patient-years 
and 117,000 HHD treatments of experience. Over those 11 
years, they had only one death (from exsanguination) and 
six life-threatening procedure-related adverse events, or an 
event rate of 0.06 per 1000 dialysis treatments. Five events 
were definitely and two events were possibly attributed to 
human error and failure to follow specified protocols [36]. 
Some programs have instituted home-monitoring for pa-
tients dialyzing at night. While this provides some patients 
with reassurance, data have not shown that this practice 
improves outcomes or reduces complications. The London 
Daily/Nocturnal Study suggested that home monitoring may 
be helpful for a period of 3 months, until the patient is com-
pletely comfortable with performing dialysis at home [37]. 
Out of 4096 patient treatments, there were 5351 alarms, 322 
calls to patients’ home because of slow or nonresponse, and 
zero calls to emergency medical services. At this time, most 
practices do not utilize continuous home-monitoring.

There are several preventable, though potentially danger-
ous, complications of HHD including major hemorrhage, 
vascular access complications, cardiovascular events during 
dialysis, equipment malfunction, and psychosocial stress. It 
is imperative to instruct patients regarding these potential 
complications during training to underscore the importance 
of careful attention to procedures and technique. Some pa-
tients and health-care providers are concerned about safety 
of dialyzing alone at home without a partner. Though most 
programs recommend a partner, there are no data examin-
ing this subject, and many physicians have confidence in the 
experience of their home dialysis team and allow patients 
to dialyze at home alone. For example, we have a very safe 
and successful 7-year experience with patients who perform 
nocturnal HHD alone.

Perhaps the most concerning potential complication of 
HHD is major hemorrhage. In order to prevent this major 
complication, patients are taught to meticulously secure the 
needles with tape and then pull on the tubing to make sure 
needles do not move. In addition, they are instructed to use 
blood leak sensors (enuresis alarms) wrapped around the 
access site and placed strategically on the floor around the 
machine, which sound an alarm if blood or leaking dialysate 
is detected.

HHD patients appear to have increased risk of vascular 
access complications but there is no difference seen in access 
loss. This result was seen in a number of studies, including 
both arms of the FHN trials [38]. There is debate in the lit-
erature about the best cannulation technique for patients with 
arteriovenous fistulas—the “rope ladder technique” versus 
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“buttonhole.” The rope ladder technique is most commonly 
used in-center and uses sharp needles and rotating access 
cannulation sites. The buttonhole uses a blunt needle and 
uses the same track with each cannulation. Some literature 
suggests increased access survival, reduced complications, 
reduced aneurysms, pain, and infiltrations with the button-
hole technique. However, there is a suggestion of increased 
risk of staphylococcus infection with buttonholes because 
of the track that forms [38–41]. Recent experience suggests 
that the increasing use of topical mupirocin seems to reduce 
buttonhole-related infection rate. Furthermore, there may 
be opportunity to decrease vascular access infection in the 
home by developing “best demonstrated practices” for home 
dialysis access use. When patients and nurses were surveyed 
regarding vascular access cannulation, not a single patient or 
nurse reported performing all steps in accordance with gen-
eral accepted practice for access cannulation [42]. This study 
suggests there is tremendous opportunity to improve home 
cannulation technique and training.

Intradialytic hypotension and dialysis-related symptoms 
are less common in HHD [43]. There are also reports of a 
decrease in episodes of myocardial stunning. Myocardial 
stunning can lead to a decrease in ejection fraction and ven-
tricular arrhythmias during dialysis [17]. Improvement in the 
aforementioned parameters is probably related to decreased 
ultrafiltration rates that occur with more frequent sessions 
and increased overall dialysis time.

Patients who use conventional dialysis equipment need 
to rigorously follow water treatment and testing guidelines 
to avoid problems with water quality. It is quite safe to use 
water in the home for HHD with the portable reverse osmo-
sis machines and carbon filter as long as the patient is me-
ticulous and appropriate water testing and cultures are done 
at regular intervals. For patients who use NxStage therapy, 
the NxStage PureFlow system makes ultrapure water from 
tap water which is mixed with sterile dialysate concentrate. 
This process is automated and thus is less likely to lead to 
complications in water treatment.

Finally, HHD can have major psychosocial benefits as 
well as complications for patients. For the motivated patient 
with social support, HHD can offer increased independence 
to tailor treatments around other activities. Many patients 
report improved physical and mental functioning. Howev-
er, “burnout” is a major issue, with the discontinuation rate 

within 1 year of starting HHD in the 25–30 % range [8, 24, 
44]. HHD requires significant commitment, time, and ener-
gy, and can be difficult for patients as well as their families 
to maintain. Decreased compliance with treatment frequency 
can also become a problem in these cases [44].

13.4  Prescription Management

13.4.1  Introduction

There are three components of a home dialysis prescription: 
solute removal, fluid removal, and quality of life. Solute re-
moval encompasses more than just urea and the physician 
needs to consider, for example, other small solutes and elec-
trolytes, phosphate and middle molecules. Fluid removal is 
more complicated than just achieving dry weight because 
we have to adjust fluid removal to a patient’s inherent “refill 
rate” of the intravascular space to avoid myocardial stunning 
and the increase in mortality rate-associated high ultrafiltra-
tion rates. Finally, if the prescription does not match the pa-
tient’s lifestyle and will be difficult to adhere to, it will lead 
to patient dissatisfaction, burnout, and possible dropout from 
the home program.

There are several different options for HHD including 
SDHD, NHD, traditional thrice-weekly HD, and even a hy-
brid plan that enables patients to do different types of treat-
ments according to their schedule. We have patients who do 
several NHD treatments intermixed with SDHD in a week 
that varies according to their work and travel schedule with 
the caveat that changes to prescriptions can be done only 
with the physician’s approval. In order to prescribe HHD 
correctly, make appropriate changes when target solute and 
fluid removal is not met, and to develop novel prescriptions 
to meet the personal needs of the home patient, the physician 
needs to understand the theory and nuances of each dialy-
sis platform. Though currently there are only two dialysis 
platforms approved for use in the home, Fresenius 2008K@
home (Fresenius) machine and NxStage System One (Nx-
Stage), there are new machines in clinical trial and develop-
ment that will utilize other technologies (e.g., sorbent tech-
nology) that will require the physician to learn even more. 
Typical dialysis prescriptions for current dialysis machines 
and different HHD modalities are summarized in Table 13.1.

Table 13.1  Hemodialysis prescriptions
Conventional HD equipment NxStage
HD SDHD NHD SDHD NHD

Treatments/week 3 5–6 5–6 5–6 5–6
Treatment time (h)* 4 2 6–8 2–3.5 6–8
Qb (mL/min) 400–450 400–450 200–300 400–450 200–300
Qd (mL/min) 600–800 600–800 300 100–300 60–100

* we recommend a minimum weekly treatment time of 12 hours
HD hemodialysis, SDHD short daily hemodialysis, NHD nocturnal hemodialysis



174 J. D. Glickman and R. K. Seshasai

13.4.2  Kt/V

Appropriate solute clearance is difficult to define because 
we have few tools to measure solute removal and even 
fewer tools to define what optimal removal is. Kt/VUrea 
(Kt/V) has become the standard for adjusting dialysis dose 
for thrice-weekly conventional HD treatments. Dialysis mo-
dalities with different levels of continuousness have differ-
ent degrees of efficiency and therefore cannot be compared 
by spKt/V. Take, for example, peritoneal dialysis (PD) and 
continuous RRT modalities, in which the serum blood urea 
nitrogen (BUN) level does not vary significantly during the 
day, yet over the course of 24 hours, urea removal is sig-
nificant. To address this and to have a tool to compare di-
alysis treatments with different frequencies and duration, 
the (weekly) standard Kt/V (stdKt/V) model was developed. 
This model expresses dialysis dose for each modality as an 
equivalent, normalized (theoretical) continuous clearance 
[45]. The stdKt/V is the same for all modalities that produce 
the same mid-week pre-dialysis BUN. Though this model 
has never been clinically validated as a predictor of clini-
cal outcomes, Kidney Disease Outcomes Quality Initiative 
(KDOQI) guidelines suggest a stdKt/V of 2.1.

The formula for stdKt/V is quite complex:

( )
( )( )

stdKt / V 168* 1 exp eKt / V / t /

1 exp eKt / V / eKt / V 168 / N / t 1

= − −  
 − − + − 

 
[45]

Where: “eKt/V” is equilibrated Kt/V per treatment, “N” is 
treatments per week and “t” is time per treatment in hours. 
This formula can be used to generate a nomogram (Fig. 13.1) 
to estimate, for a given frequency of dialysis, the target per 
treatment spKt/V to achieve a stdKt/V of 2.0. For example, if 
a patient performs HD 5 days per week, then target per treat-
ment spKt/V is about 0.6. Note that for thrice-weekly, 4 h HD 
treatments, a spKt/V of 1.2 is equivalent to a stdKt/V of 2.0.

The two dialysis machines approved for use in the home, 
Fresenius and NxStage, use different approaches to achieve 
target urea clearance and maintain electrolyte levels in the 
normal range.

13.4.3  Fresenius

Fresenius is a traditional dialysis machine that requires elec-
trical and plumbing modification to the home to accommo-
date the dialysis machine and water treatment equipment 
(typically reverse osmosis). Prescription changes are funda-
mentally the same as using traditional dialysis equipment for 
in-center HD. SDHD is typically a 2 h treatment, at typical 
blood flow rates (Qb) of 400–450 mL/min and typical dialy-
sate flow rates (Qd). If target spKt/V is not achieved then 
treatment duration, Qb and Qd can be adjusted in the same 
manner as in-center HD. Electrolyte content of dialysate is 
prescribed and altered according to blood tests. Ultrafiltra-
tion rates should be kept below 10–13 mL/Kg/h as is done 
for in-center HD patients [46]. For NHD, given the long du-
ration of therapy, lower rates are used. Given lower Qd rates 
overall, dialysate volumes are about the same and therefore 
dialysate electrolyte content is nearly the same as traditional 
HD. However, longer treatments will result in lower phos-
phate binder use and therefore, depending on the binder 
used, serum calcium levels may be lower resulting in higher 
parathyroid hormone (PTH) levels. In that situation, calci-
um supplementation or higher dialysate calcium may be re-
quired [47]. Occasional patients become hypophosphatemic 
and phosphate (0.7 mmol/L) is added to the dialysate [48].

13.4.4  NxStage

Patients prefer a simple, easy-to-use dialysis machine that 
requires minimal storage space, is energy and water effi-
cient, and requires no significant electrical modification to 
the home. A low dialysate volume approach, though theoreti-
cally applicable to any dialysis machine, is a requirement for 
the NxStage. The hallmark of this machine is adjusting the 
relationship between Qd and Qb to maximize saturation of 
lower amounts of dialysate. In-center dialysis centers pro-
duce relatively large volumes of dialysate. At higher Qd, urea 
clearance increases but relatively inefficiently, as noted by 
a plateau in clearance (Fig. 13.2). However, at low Qd and 
relatively high Qb, dialysate is highly saturated and therefore 
dialysate is used efficiently. The term “Flow fraction” (FF) 
is defined as Qd/Qb. When the FF is low, dialysate saturation 
is high (Fig. 13.3).

Part of the prescription for NxStage is selecting a maxi-
mum FF that is programmed into the machine. Setting a 
maximum FF sets minimum dialysate saturation. By fixing Fig. 13.1  Graph represents relationship between spKt/V and stdKt/V 

according to frequency of hemodialysis treatment [45]
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the minimum saturation (saturation can be higher but not 
lower during a treatment), the patient will receive their tar-
get Kt/V as long as they complete their treatment with the 
prescribed amount of fluid. The methodology to measure 
stdKt/V is exactly the same as any HD treatment; a urea re-
duction ratio (URR) is obtained and converted to a spKt/V 

which is converted to a stdKt/V as previously described in 
this chapter.

However, to appropriately adjust the prescription to 
achieve target Kt/V, it is useful to conceptually consider 
Kt/V for HD just as we do for PD. In PD, the volume of PD 
dialysate drained multiplied by D/P urea (percent saturation 

Fig. 13.3  Graphs represent dialysate saturation in relationship to flow fraction (FF). At lower FF, dialysate saturation is higher. (Data reproduced 
with permission from NxStage Medical, Inc. Copyright © 2012)

 

Fig. 13.2  Urea clearance is depicted as a function of dialysate flow 
rates (Qd) at different blood flow rates (Qb). At slower Qd, dialysate is 
nearly 100 % saturated with urea. NxStage therapy uses low Qd to max-

imize dialysate saturation whereas conventional dialysis uses higher Qd 
with lower dialysate saturation. (Data reproduced with permission from 
NxStage Medical, Inc. Copyright © 2012)
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of PD fluid relative to plasma) will equal the amount of 
drained dialysate that is completely (100 %) saturated (Kt). 
Then Kt is divided by an estimate of V. This is represented by 
the formula:

For NxStage, therapy (D/PUrea), or percent saturation, is de-
termined by the FF (Qd/Qb). To increase percent saturation, 
we decrease FF, which invariably means Qd will be lower. If 
Qd is lower, it will take longer to process the fixed amount 
of dialysate and treatment time will be longer. Similarly, if 
the prescribed dialysate volume is increased, at the same FF 
(same Qd), the treatment will be longer. Finally, because Kt 
is equal to the product of percent saturation and dialysate 
volume, one could generously increase dialysate volume 
and modestly decrease percent saturation and still achieve 
a higher Kt/V.

For example, if we have a 76 kg patient who wants to do 
5-day-per-week SDHD, we will need to target a per treatment 
spKt/V of about 0.6 (Fig. 13.1). Assuming his V is about 38 L, 
he will need a Kt of about 23 L (0.6 multiplied by 38 L). If we 
decided to use 25 L of fluid, it will need to be 92 % saturated 
to yield 23 L of 100 % saturated fluid. We can estimate the 
patient needs a flow fraction of about 0.3 to achieve a percent 
saturation of 92 (Fig. 13.3). Assuming Qb is 400 mL/min, the 
Qd will be about 120 mL/min. If we have to process 25 L of 
dialysate at a rate of 120 mL/min, the patient will have a treat-
ment time of nearly 210 min. If we redo the calculation using 
30 L of dialysate, we could use a FF of 0.5, achieve percent 
saturation of 85 %, and Kt will be more than 25 L. Assuming 
Qb of 400 mL/min, Qd will be 200 mL/min and treatment time 
will be about 150 min. We are able to save the patient an hour 
of treatment time, improve quality of life, and achieve a high-
er Kt/V! Remember, regardless of our estimate of Kt/V for 
a given prescription, we measure URR to calculate stdKt/V.

There are limited options for altering the electrolyte con-
tent of the dialysate when using the NxStage system. Dialy-
sate is available in pre-packaged 5 L bags, or generated by 
a self-contained dialysate generating system (PureFlowTM 
SL). PureFlowTM SL makes ultrapure water from tap water 
and then adds it to sterile dialysate concentrate to produce 
dialysate in 40, 50, or 60 L batches. The dialysate buffer is 
lactate which is metabolized in the liver to bicarbonate in a 
1:1 ratio. The composition of dialysate currently available is:

• Lactate—40 or 45 mEq/L
• Potassium—1.0 mEq/L and for 2.0 for some of the batches
• Sodium—140 mEq/L
• Calcium—3.0 mEq/L
• Magnesium—1.0 mEq/L
• Chloride—105 mEq/L
• Glucose—100 mg/dL

( )( )UreaKt / V D / P Dialysate drain volume / V.=

Note that hypokalemia and hypercalcemia are unusual be-
cause of the relatively low volume of dialysate used [49].

13.4.5  Blood Pressure Management

Regardless of dialysis equipment used at home, most HHD 
patients require significantly less blood pressure medica-
tion. Blood pressure may fall even within days of beginning 
therapy and therefore it is very important to reduce the anti-
hypertensive regimen prior to beginning SDHD or NHD 
by as much as 50 % and monitor blood pressure closely to 
avoid hypotensive events. Initially, most patients will be 
able to achieve a lower estimated dry weight once they are 
dialyzing more frequently, and blood pressure medications 
often need to be reduced or discontinued as the dry weight 
is reduced. With time, many patients may gain body weight, 
blood pressures tend to decrease again, and dry weights need 
to be increased. Patients need education regarding the risk 
of hypotension at home and to report low blood pressures 
promptly to the HHD nurse. Eventually, if the prescription 
and dry weight are correct, most patients require no or just 
one anti-hypertensive medication.

13.5  Developing a Home Dialysis Program

Intentionally, we describe how to build a successful home di-
alysis program as opposed to just an HHD program because 
the many similarities between HHD and PD essentially dic-
tate that these two programs live under one roof. Strategies 
to increase utilization of HHD will also increase utilization 
of PD. Teaching methods to improve training and retraining 
of patients are similar for HHD and PD. Programs to develop 
QA and continuous quality improvement (CQI) initiatives 
overlap for these two modalities. Finally, the goals, philoso-
phy, and mission of PD and HHD programs are the same and 
should be clearly stated and practiced.

Our program’s philosophy keeps it very simple: “It’s all 
about the patient.” That is, we practice “patient-centric” 
medicine and try to incorporate the patient’s vantage point 
in every aspect of the program. For example: we typically 
present patients with options for prescription changes to 
make sure it is compatible with their lifestyle, and we orga-
nize comprehensive, multidisciplinary monthly clinic visits 
to minimize patient visits and allow us to address all of their 
needs at one time. Every project, miscue, and opportunity for 
improvement in the process of setting up a home program 
will turn into a success if the entire home dialysis team fo-
cuses on the patient’s needs (and not necessarily ours).

There are three major components of a home dialysis pro-
gram: the people, the physical infrastructure, and the policies 
and procedures that operate the clinic. For certain, the peo-
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ple are most important and patients are paramount because 
without patients there is no program (Table 13.2). A home 
dialysis facility needs to project census prior to developing 
space and hiring staff. It is shortsighted to build a space that 
will be too small within a year or two or have to mothball 
because of inadequate utilization. Set a goal for projected 
census growth. Though there is limited literature, realistical-
ly, 5–10 % of dialysis patients will embrace HHD. PD litera-
ture is much better defined. Given the opportunity to choose 
a dialysis modality, 35–40 % of incident patients select PD 
[50]. Of course, there will be some variation according to 
demographics and some practices will have higher utiliza-
tion. However, a beautiful home and a college education is 
not a requirement. We have single mothers with barely high 
school education succeeding tremendously on HHD and 
similarly we have octogenarians and functionally illiterate 
patients thriving while on PD.

All patients deserve the opportunity to learn about options 
for RRT without bias or prejudice of health-care providers. 
Our paradigm for presentation of options is straightforward. 
Patients who are interested in transplant are referred for 
transplant evaluation, and patients who may not benefit or 
are not interested in RRT are counseled on options for appro-
priate medical care. Patients who are interested in RRT are 
told they can have dialysis treatments done in the comfort of 
their own home or they come to a dialysis clinic 3 days per 
week. We then review home options (PD vs. HHD), as well 
as benefits and disadvantages of each modality. In-center 
thrice-weekly HD as well as NHD is also offered. After this 
relatively brief outline is presented, we refer every patient to 
one of our home dialysis nurse educators for a more detailed 
one-on-one meeting. During these meetings, patients have 
the opportunity to see home dialysis equipment and receive 
all the information they need to make an educated deci-
sion regarding RRT. Finally, prospective patients frequently 
speak directly with current home dialysis patients to get a 
different and insightful perspective.

There are several sources of patients. Robust chronic kid-
ney disease (CKD) education programs for both outpatients 
and inpatients will help attract patients. For HHD, the largest 

source of patients is probably transfers from in-center HD. 
To recruit patients from your in-center program, consider 
“lobby days” where patients can receive educational materi-
als and see HHD machines. For those patients who are great 
candidates, do an up-close machine demonstration while 
they receive in-patient HD. And for the patient who is highly 
motivated but not 100 % confident, consider investing in a 
trial of SDHD training. If the patient likes it, they can com-
plete training. If they don’t feel any better (unlikely), they 
will return in-center. Finally, a relatively high proportion of 
our home dialysis patients have failed kidney transplants 
or developed renal failure as a consequence of chronic im-
munosuppression for other solid organ transplants. Develop 
programs to attract these patients (Table 13.3).

The medical staff needs at least one “leader” or “cham-
pion” and preferably two from different disciplines (e.g., 
physician and nurse), but everyone on the team needs to 
understand the special needs of the home patient. The phy-
sician needs to be the point person for patient recruitment 
but, along with the nurse champion, develop staff education 
programs, policies and procedures, program development, 
and QA and CQI projects. The day-to-day operation of the 
program rests on the shoulders of the nurse. Having a great 
nurse is the key to success so make sure to recruit the right 
nurses and invest in their education. Dietary restrictions for 
patients improve but do not disappear with home dialysis, so 
a dietician knowledgeable about home therapies is essential. 
The social worker is the key to provide support to patients 
and families, and identify potential changes in the home that 
may lead to patient burnout or dropout from the program.

The physical infrastructure includes the clinic space and 
layout as well as dialysis equipment. In keeping with the 
theme of “it’s all about the patient,” we strongly believe that 
the space needs to be beautiful, comfortable, warm, and ap-
pealing (Fig. 13.4 and 13.5). It is often difficult to retrofit 
existing space for home dialysis in most dialysis facilities 
because a storage closet converted to a multiuse training and 
exam room is rarely attractive and does not allow for growth. 

Table 13.2  The medical team
At least one person needs to be the program champion
Nurses
Physician
Social worker
Dietician
Administrator
Biomedical engineer
Administrative assistant
Patient care technician
Interventional radiologist
Surgeon (vascular and laparoscopic for PD)

PD peritoneal dialysis

Table 13.3  Sources and strategies to recruit patients
In-center hemodialysis
“Lobby days”
Chairside machine demonstrations
“Try it you will like it” programs
Patient support groups
CKD patients
CKD education
One-on-one meetings with home dialysis nurse
Acute start patients
In-hospital modality education
Maintain contact with patients interested but not ready to commit
Transplant patients
Develop relationships with transplant program

CKD chronic kidney disease



178 J. D. Glickman and R. K. Seshasai

A new program will focus primarily on training patients but 
eventually the nursing staff will spend a significant portion 
of their time with monthly, routine, and urgent clinic visits. A 
space that focuses only on training rooms and not the work-
flow of the staff during clinic visits will fall short of needs 
and will lead to tremendous inefficiencies and frustrations 
for the nurses. As an example, we elected to have a central 
nursing station with work spaces and rooms surrounding the 
nursing station. The nurses also have laptops with a wireless 

connection so they can document and enter orders easily in 
every room. We also like having two training rooms con-
nected by sliding pocket doors so they can be used to take 
care of two patients at once during training yet also provide 
privacy when needed. We have designated clinic rooms that 
are not used for training but the training rooms can be used 
for clinic visits during those very busy days. The training 
rooms should obviously have appropriate drains for used di-
alysate, and if you plan to use the Fresenius 2008K@Home 

Fig. 13.5  Two home hemodialysis rooms separated by a sliding pocket door allow a nurse to monitor two patients at once yet provide privacy 
when needed

 

Fig. 13.4  Home dialysis unit with a central nursing work area surrounded by training and exam rooms 
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machine, make sure there is appropriate water and electric 
connections. The NxStage machine does not require special 
plumbing and runs on standard electric outlets. It’s size, sim-
plicity, and portability makes it the machine of choice for 
almost all of our patients.

Developing policies and procedures is beyond the scope 
of this limited article. Suffice to say some policies are uni-
versal and apply to both in-center HD and HHD. But there 
need to be home dialysis-specific policies, procedures, and 
protocols. As previously noted, we believe in the multidis-
ciplinary model of home dialysis care and schedule month-
ly patient visits at the home dialysis center with the nurse, 
physician, social worker, and dietitian all present. Some 
programs have a separate nursing visit at the facility and a 
physician visit at the physician’s office or at the facility on 
another day. But we mandate that physicians participate in 
the multidisciplinary visit because we find that we are much 
more effective and thorough when the entire team sees the 
patient at the same time.

Finally, QA and CQI projects are especially important not 
only in the early, developmental phase of the program but 
also as the program matures. Identify quality indicators other 
than the usual Kt/V, anemia, and albumin for example, which 
the medical team feel are important and specific to the pro-
gram such as dropout, blood pressure control, and adherence 
to treatments. If outcomes fall short of predetermined goals, 
develop projects and teams to fix them. The quality of the 
program helps increase the census of the program because 
dropout rates will be lower. But having a larger program will 
not guarantee better outcomes if the right staff, facility, and 
procedures are not developed. QA and CQI projects are a 
win-win situation: they improve patient care and the profes-
sional satisfaction of the whole dialysis team.

13.6  Conclusions

There are many options for RRT, and it is important for the 
nephrologist and patient to work together to figure out what 
the best dialysis modality is for the individual patient at a 
given time. Both the literature and the experience of estab-
lished home dialysis programs suggest improved clinical 
outcomes and patient satisfaction with HHD. However, it is 
important that the patient and nephrologist are comfortable 
with managing a dialysis patient at home to reduce the risk 
of complications. The development of new technology has 
already made and will likely continue to make performing 
dialysis at home simpler and safer. It is our belief and hope 
that with proper education and training of patients and phy-
sicians, the prevalence of HHD use in the USA can grow, 
allowing us to provide dialysis care tailored to our ESRD 
patients.
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14.1  Introduction

Cellular metabolism leads to the production of nitrogenous 
waste products which are transported out of cells through 
active or passive transport systems. These compounds may 
then circulate freely in plasma water, or bound to proteins 
and lipids. Although intermittent haemodialysis may effec-
tively clear small water-soluble solutes from plasma water, 
the clearance of many of the nitrogenous waste products of 
metabolism is dependent on the rate of passage of solutes 
from intracellular compartment to extracellular compart-
ment and the dynamic equilibrium between binding to pro-
teins and lipids and the free plasma concentration. As such, 
a continuous dialysis modality would potentially prove to 
be a more effective treatment in clearing the waste products 
of cellular metabolism (Fig. 14.1). In addition, a continuous 
treatment modality would permit a slower ultrafiltration rate 
allowing patients to better tolerate fluid removal, so reduc-
ing the risk of treatment-associated hypotension and the po-
tentially adverse effects of hypoperfusion on the heart and 
brain.

14.2  Historical Developments in Designing a 
Wearable Dialysis Device

Haemodialysis was originally restricted to patients with 
acute kidney injury due to the technical problems of obtain-
ing vascular access, the limited availability of haemodialy-
sis machines, clotting within the extracorporeal circuit and 
providing reliable quality dialysate. It was only when these 
hurdles were overcome in the mid-to-late 1960s that regu-
lar haemodialysis for patients with chronic kidney disease 
started to become an established treatment. However, it was 

soon appreciated that life-saving regular thrice-weekly ther-
apy imposed numerous restrictions on patients’ lifestyles, 
not only in terms of limiting dietary and fluid intake but also 
limiting the distance that a patient could live from a dialysis 
centre. As such, the concept of a wearable dialysis device is 
not new and dates back to the 1970s [1], but the technology 
at that time did not permit a solution.

The first step in developing a wearable device was to in-
vent a portable haemodialysis machine, which could then 
allow patients to travel beyond their dialysis centre [2]. The 
first commercially available device, which could be trans-
ported in an automobile, was powered by rechargeable bat-
teries and used a 20-L batch of fresh dialysate, which was 
then regenerated by passing the spent dialysate through a 
charcoal module [3]. These early pioneers reported success-
ful treatment outcomes for a small number of patients treated 
with short daily treatment sessions of less than 2 h. However, 
the device weighed some 17 kg mainly due to the weight of 
the large rechargeable batteries and the blood and dialysate 
pumps, and then with the dialysate weighed around 40 kg 
[4]. After an initial wave of enthusiasm, the design team 
abandoned their project as they were unable to significantly 
reduce the weight and size of the haemodialysis machine [5].

The next major technological advance in the design for 
a wearable dialysis device followed advances in sorbent 
technology. Sorbents potentially allowed the regeneration 
of spent dialysate, so permitting effective dialysis with-
out the constant need for a ready supply of fresh dialysate. 
Charcoal, although an effective adsorbent for many of the 
compounds which are retained in patients with chronic kid-
ney disease, including β2 microglobulin, bilirubin, indoxyl 
sulphate, p-aminohippurate and 3-carboxy-4-methyl-5-pro-
pyl-2 furanpropionic acid, does not effectively bind urea. 
Thus alternative strategies were required to clear urea. One 
approach was to enzymatically degrade urea using urease 
which cleaves urea to produce ammonia and carbon dioxide. 
As ammonia is potentially toxic, any ammonia produced has 
to be removed before it can circulate back to the patient. This 
then led to the development of a layered sorbent system, as 
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although activated carbon adsorbs compounds, other sorbents 
are essentially ionic exchangers, adsorbing some compounds 
but releasing others in exchange (Fig. 14.2). The Redy® sys-
tem using this layered sorbent technology was commercially 
introduced into North America and Western Europe, and so 
permitted haemodialysis patients greater freedom to travel 
and dialyse away from home and dialysis centres [6].

The next wave of enthusiasm for developing wearable 
haemodialysis devices came following the introduction of 
haemofiltration. Improvements in dialyzer design and bio-
materials now permitted patients to be treated by continu-
ous ultrafiltration [7]. These early pioneering devices used 
the patient’s native arterial pulse pressure to provide the hy-
drostatic pressure required for ultrafiltration, using either a 

Scribner shunt at the wrist (radial artery) or a Thomas shunt 
in the groin (femoral artery), with ultrafiltration simply con-
trolled by manually adjusting a gate clamp. These simple ex-
perimental devices had many hurdles to overcome not only 
regulation of blood flow and ultrafiltration rates but also 
patient safety and as such were never commercially devel-
oped [7]. Although these wearable haemofiltration devices 
could successfully control fluid balance they could not sat-
isfactorily control uraemia, as large volumes of ultrafiltrate 
were needed to obtain sufficient uraemic solute clearance, 
and this would then require the reinfusion of a correspond-
ing amount of fresh replacement fluid to prevent volume 
depletion. Some designers tried to overcome this problem by 
recycling the spent ultrafiltrate through a sorbent cartridge 
and then returning the regenerated fluid back to the patient 
[8]. However, these designs then increased device complex-
ity by adding a number of pumps, as blood flow had to be 
regulated to provide a controlled ultrafiltrate flow through 
the sorbents, and a continuous heparin infusion was required 
to prevent clotting in the extracorporeal circuit [8]. Although 
described as a wearable haemofiltration device by the inven-
tors, this prototype was only used to treat two hospital inpa-
tients. The sorbent cartridges based on the sorbent system 
used by the Redy® system quickly became saturated and had 
to be changed up to three or four times each day [9]. As such, 
this device was never commercially developed.

Newer dialysis machine developments based on a batch 
dialysate system either made from domestic water or using 
sterile bags of dialysate have been recently designed for the 
home haemodialysis market, such as the NxStage System 
1 (NxStage Medical Inc, Lawrence, Massachusetts, USA) 

Fig. 14.2  Schematic representation of a sorbent cartridge depicting a specific sequence of sorbents

 

Fig. 14.1  The products of intracellular metabolism pass from the intra-
cellular compartment into the extracellular space and into the plasma. 
Cartoon depicting the relative volume of distribution of azotaemic sol-
utes, which would be more effectively cleared by continuous forms of 
dialysis

 



18314 Wearable Dialysis Devices14 Wearable Dialysis Devices

[10]. These machines allow patients to travel and dialyse in 
hotels and houses, but again patients essentially still require 
an automobile to pack the dialysis machine and bags of ster-
ile dialysate.

Due to the technological challenges in developing a truly 
wearable hemodialysis device, there has been little progress 
until recently.

14.3  Current Approaches to Developing a 
Wearable Dialysis Device

14.3.1  Continuous Wearable Peritoneal Dialysis 
Devices

It could be argued that peritoneal dialysis (PD) is both a 
wearable and portable dialysis therapy. However, continu-
ous ambulatory peritoneal dialysis (CAPD) typically re-
quires three or four exchanges with fresh dialysate each day, 
and although automated cycler peritoneal dialysis (APD) 
typically allows the patient daytime freedom, the patient 
has to be connected to the machine overnight, and treatment 
requires the use and storage of relatively large volumes of 
fresh dialysate and then the disposal of spent dialysate and 
used consumables. As such, a number of designs have been 
proposed to develop a wearable PD system based on sorbent 
technology to regenerate spent dialysate effluent to limit ad-
ditional fresh dialysate fluid exchanges.

The Vicenza group proposed a wearable artificial kidney 
(ViWAK) [11] which utilised a novel dual lumen peritoneal 
catheter so allowing a continuous flow of peritoneal dialy-

sate into and out of the peritoneum driven by a small light 
weight battery powered mini-pump. The ViWAK was a rela-
tively simple device, as it required the patient to start the 
day by instilling a fresh standard glucose-based dialysate, 
which was then left to dwell for 2 h. Thereafter the dialysate 
pump would start and peritoneal dialysate then continuously 
recycled with spent dialysate pumped first through a filter to 
remove proteins and prevent them coating the sorbents, and 
then a series of sorbent cartridges containing a mixture of 
microporous activated carbon and polystyrene resin. Then in 
the evening, the spent dialysate was to be drained out and a 
fresh 7.5 % icodextrin dialysate instilled for overnight dialy-
sis. The system relied on residual renal function and the ico-
dextrin exchange to achieve volume control. The inventors 
proposed that the device could potentially be modified to in-
clude a small pouch of glucose, which could then be added 
to the recycled dialysate to improve ultrafiltration [11]. As 
such, the proposed ViWAK required two standard CAPD ex-
changes each day compared to the conventional four.

Currently, the ViWAK has only been tested in short-term 
in vitro experiments and awaits animal and human clinical 
trials to determine the adsorptive capacity of the sorbents.

An alternative design based on peritoneal dialysis is the 
automated wearable artificial kidney (AWAK) which dif-
fers from the ViWAK in having a traditional single lumen 
peritoneal dialysis catheter. As dialysate flow is discontinu-
ous with the AWAK, a reservoir is required to store regener-
ated dialysate before it is pumped back into the patient [12] 
(Fig. 14.3 and 14.4). In contrast to the ViWAK, the AWAK 
device is designed to continuously regenerate dialysate from 
a single standard glucose containing peritoneal dialysate for 

 

Fig. 14.3  Outflow circuit of the automated wearable artificial kidney (AWAK) peritoneal dialysis device
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up to 1 month. As such the dialysate not only has to be recy-
cled through a series of sorbents but also refreshed by adding 
glucose, bicarbonate and other electrolytes. Thus, the design 
is more complex than the ViWAK requiring an additional 
chamber containing electrolytes, lactate and glucose to re-
fresh the regenerated dialysate. The sorbents contain urease 
to enzymatically degrade urea, then as ammoniais released 
the device requires a sensor to check that no ammonia is re-
turned to the patient, and alarm to inform the patient that the 
sorbents have become saturated and need changing.

The AWAK differs from conventional peritoneal dialysis 
in that it is designed around a high-flow tidal peritoneal di-
alysis prescription, with an initial fresh glucose containing 
peritoneal dialysate fill of approximately 750 ml which is 
then recirculated in a tidal manner at 4.0 L/h [13] powered 
by a rechargeable battery driven pump, with any ultrafiltrate 
generated over an 8–10-h period drained into a separate bag 
attached to the daily exchangeable module (Fig. 14.3). As the 
battery requires recharging, the patient needs to connect the 
device to mains electricity overnight. In addition, the AWAK 
is designed to have both daily and monthly disposable sec-
tions, designed for ease of replacement (Fig. 14.4), with the 
daily replacement section containing the sorbents, reservoir, 
degassing unit and refreshing electrolyte/bicarbonate/glu-
cose pouch. To change this section the patient would have to 
perform a standard drain out and then once re-inserted, start 
again instilling a fresh glucose-based dialysate. As such, if 
the sorbents had to be replaced twice or three times a day, 
then not only would there be the financial costs of replacing 
items, but in essence the patient would be performing three 
manual daytime exchanges and then overnight recharging 
the battery using mains electricity.

To put this into context, a healthy 70 kg dialysis patient 
would be expected to generate around 9–10 g of urea nitro-
gen daily when eating a recommended dietary protein intake 
of 1 g/kg [14]. Although urease and 250 g of zirconium can 
readily catalyze 2 g urea/h and adsorb ammonia released, 
this projected urea clearance would exhaust the sorbent 
combination within a day. As such, this would require either 
more sorbent with an increased weight, or more than one 
daily cartridge exchange. Thus the AWAK has been designed 
with two sorbent cartridges of different size: the smaller one 
designed to extract 3.5 g urea nitrogen and the larger one to 
remove 10 g urea nitrogen [15].

The concept behind the AWAK in terms of high-flow tidal 
peritoneal dialysis has been tried in patients for up to 5 h as 
a proof of concept study, with an extrapolated weekly Kt/
Vurea of 3.4–4.5 depending upon patient transporter char-
acteristics. Although the AWAK has been trialed in animal 
experiments, the first clinical trial remains awaited.

14.3.2  Continuous Wearable Haemodialysis 
Devices

The challenges to design and manufacture a wearable contin-
uous haemodialysis device are somewhat similar to those for 
a peritoneal dialysis device but have two more complications 
due to the need for continuous blood access and prevention 
of clotting in the extracorporeal circuit. In the intensive care 
setting, continuous renal replacement therapy (CRRT) using 
slower blood and dialysate flows than standard intermittent 
haemodialysis can deliver both significantly higher small 
and middle molecular weight solute clearances.

Fig. 14.4  Inflow circuit of the automated wearable artificial kidney (AWAK) peritoneal dialysis device
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Two different approaches are currently at the design stage 
and undergoing trials. Firstly, a European consortium based 
in Holland using a simple modification of the CRRT circuit 
in which the ultrafiltrate is passed through a nanoporous bio-
polymer made from clay designed to absorb albumin bound 
toxins, and the ‘cleaned’ ultrafiltrate is then returned to the 
patient after a further mini-filter to ensure no sorbent mic-
roparticles pass back into the patient [16]. Potentially, some 
of the ultrafiltrate can be discarded to regulate hydration sta-
tus. So far, this device has been used in a goat model of urae-
mia with short-term experimental results reporting a urea 
removal 10–15 mmol/h, creatinine 0.6 mmol/h, potassium 
2.0 mmol/h and phosphate 0.75 mmol/h. Although effective, 
these preliminary data should be interpreted with caution, 
as removal rates are dependent upon serum concentrations, 
and protein caking of the dialyzer capillary fibres, and may 
also fall with time as sorbents become saturated. However, 
as this design has no dialysate and there is no replacement 
solution containing electrolytes or bicarbonate, then patients 
treated by such a device will most likely require additional 
bicarbonate supplementation to correct the metabolic acido-
sis of chronic kidney disease, and in addition may develop 
electrolyte imbalances due to differences in adsorption and 
release of cations by the sorbents. The current prototype does 
not have any separate ultrafiltration module, although this is 
anticipated in later designs. As yet this device has had lim-
ited testing in an animal model as a proof of concept trial, 
and will require additional animal model testing and require 
the addition of safety control features prior to human trials.

The other device, termed as wearable artificial kidney 
(WAK), was developed in Los Angeles and differred in a 
number of key issues. First, it employs a small, lightweight 
battery-powered pump that contains two chambers, so that 
when one is full the other is empty. This changes the pressure 
either side of the capillary fibre (Fig. 14.5), whereas with the 
conventional haemodialysis machine, roller blood pump de-
sign pressure is constant, and as such this novel pump design 
reduces protein deposition on the capillary surface so main-
taining solute clearances over time [17]. Second, as the risk 

of clotting in the extracorporeal circuit is increased at blood–
air interfaces, the arterial and venous reservoir and air-de-
tector have been removed from the circuit and replaced by 
water impermeable but gas permeable plastic tubing to allow 
for the removal of carbon dioxide microbubbles, formed by 
the reversible reaction between bicarbonate and hydrogen 
ions and water and carbon dioxide, with the reaction equi-
librium depending upon the pressure and temperature within 
the extracorporeal circuit. Similarly as urease is also used 
in the sorbent system, gas permeable plastic tubing is also 
used in the dialysate circuit again to remove carbon dioxide 
microbubbles. As the dialysate needs to be regenerated, then 
after passage through a series of sorbents the small volume 
of recirculating dialysate is ‘refreshed’ by the infusion of bi-
carbonate and electrolytes to correct metabolic acidosis and 
maintain electrolyte balance due to ion exchange with the 
sorbents (Fig. 14.6).

This device has been tested in the laboratory and in both 
animal experiments of acute kidney injury and also in dialy-
sis dependent chronic kidney disease patients for up to 8 h 
[18]. These studies have shown that the small solute, urea 
and creatinine clearances were similar to those achieved by 
CRRT; however, the relative clearance of phosphate and beta 
2 microglobulin were higher than anticipated, most likely 
due to the action of the pulsatile pump reducing protein 
deposition of the capillary dialyzer membrane [19]. Safety 
studies did not show any significant haemolysis with the 
novel blood/dialysate pump design. Similarly, the sorbents 
were not exhausted after 72 h in animals and after 8 h in 
humans. Unfractionated heparin was used to anticoagulated 
the WAK circuit and provided the systemic activated partial 
thromboplastin time was maintained > 60 s, no extracorpo-
real clotting was observed. However, it must be recognised 
that these are preliminary studies, and these encouraging re-
sults need to be confirmed in further longer duration clinical 
trials to determine the life expectancy of the sorbents and 
the frequency of sorbent exchange. In the long-term oral 
anticoagulants, either factor Xa or thrombin inhibitors may 
well be a better option than heparin, due to the individual 

Fig. 14.5  Pressure wave profiles generated by the bellows mini-pump that powers blood and dialysate flow in the wearable artificial kidney 
(WAK) device

 



186 A. Davenport

sensitivity to unfractionated heparin and the potential side 
effects of long-term heparin exposure including osteoporosis 
and heparin induced thrombocytopaenia.

One problem with sorbents for wearable devices is bal-
ancing the amount and weight of sorbent against the duration 
of activity. More recently activated mesoporous carbon has 
been introduced as a sorbent. This differs from the traditional 
activated microporous carbon in that the pores are larger, and 
as such this allows proteins including albumin to permeate 
through the structure which not only increases the effective 
absorptive capacity by increasing relative surface area but 
also increases removal of protein bound azotaemic toxins 
(Fig. 14.7). Due to the rekindling of interest in sorbents [20], 
this has led to the design and creation of sorbents specifically 
targeting different solutes (Table 14.1). Traditional sorbents 
do not clear urea, and as such many devices have used en-
zymatic clearance. Although activated microporous carbons 
do not bind urea, some of the newer mesoporous carbons can 

bind urea, although this may be due to the mixer agents used 
to create the three-dimensional structure of the mesocarbon 
monoliths. Other approaches to remove urea include electro-
oxidisation using carbon electrodes, although this process 
releases both carbon dioxide and chlorine, so requiring not 
only a degassing unit to remove carbon dioxide but also an 
additional carbon filter to remove chlorine.

14.4  Alternative Strategies to Wearable 
Dialysis Devices—Implantable Devices

14.4.1  The Implantable Artificial Kidney

A totally different approach is to try and design an artificial 
dialysis device based on the normal human kidney, with a 
filtration unit and then a tubular unit to process the ultra-
filtrate. If such a device could be implanted inside a patient 
then potentially it could operate without the patient having 
to change sorbent cartridges, juggle with anticoagulant dos-
ing and manage connection and disconnection problems and 
avoid the potential infection risks associated with central 
venous access catheters used by the external wearable hae-
modialysis devices and changing modules. Such a device 
could also be offered to a wider spectrum of patients than 
the wearable devices. However, to be successful not only has 
the device to provide adequate solute clearances and allow 
regulation of hydration status but also the lifespan of any 

Fig. 14.7  Cartoon depicting the difference between micoporous acti-
vate carbon and mesoporous carbon in adsorbing protein bound toxins

 Table 14.1  Specific sorbents designed to remove a target compound
Target for absorption Sorbent composition
Phosphate Ferric hydroxide-coated polymer

Magnesium Ferrous hydrocalcite
Potassium Sodium bentonite
Urea Starch

Ureases

Fig. 14.6  Blood circuit diagram of wearable artificial kidney (WAK) showing micro-shuttle pump, refreshing electrolyte solution, heparin pump 
and ultrafiltration pump
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such implantable artificial kidney device anastomosed to 
the iliac vessels and connected to the bladder would have to 
be of sufficient duration to overcome the disadvantages of 
replacement or subsequent removal of the whole system or 
parts of the device.

As an implantable device would use the patient’s arterial 
pulse pressure to drive ultrafiltration, it requires no external 
pump or electrical supply. However, designing the vascular 
access then becomes the first hurdle in developing any im-
plantable device. Whereas, synthetic arterial grafts have been 
a major clinical advance, both synthetic and vein grafts used 
for arterio-venous vascular access have had limited success 
in dialysis patients, due to venous stenoses and thrombosis. 
Preliminary in vivo animal studies using synthetic silicon 
darts inserted into pig femoral veins for vascular access darts 
led to the development of mural thrombi and adherent clot. 
However, this could be reduced by modifying the silicon sur-
face of the dart with polyethylene glycol [21]. However, fur-
ther extensive work is required before these vascular access 
devices could be used on humans.

The traditional dialyzer design would not be able to pro-
vide the ultrafiltration volume required to be an effective 
artificial glomerulus. As such the proposed artificial glom-
erulus has been designed with a nanotechnology produced 
silicon-based parallel multi-slit membrane, similar to street 
storm drain designed to remove flood water (Fig. 14.8) [22]. 
Nanotechnology manufacturing can reliably produce flat-
sheet silicon wafer membranes with elongated 5–10 nm slit-
shaped pores that in vitro and in vivo testing have matched 
predicted hydraulic permeability and steric and electrostatic 
hindrances [23].

However, this design, although very efficient at removing 
ultrafiltrate, poses the problem of haemoconcentration and 
deposition of plasma proteins at the dialyzer membrane sur-
face, as such increasing protein deposition. Protein fouling 

of a biomaterial is a complex sequence of events resulting in 
soluble proteins being irreversibly deposited on the dialyzer 
membrane [24]. Although short-term in vitro studies have 
shown that modification of the silicon membrane with poly-
ethylene glycol retained hydraulic permeability and sieving 
curves over 4 days, additional longer animal studies are re-
quired before this technology could be tried on humans, and 
it may well be that a different approach is required to achieve 
the longevity required of an implantable device.

The normal kidney produces an ultrafiltrate of around 
140 l/day, and as such any implantable artificial ‘glomerular’ 
device has to be linked to a ‘tubule’ device designed to reab-
sorb large volumes of ultrafiltrate, so that patients only pass 
1–2 L of urine per day, yet excrete sufficient waste products 
to remain healthy. The reverse osmosis membrane used in 
conventional haemodialysis is designed to treat large vol-
umes of fluid, and produce a much smaller volume or puri-
fied water. As such an artificial tubule could potentially be 
developed based on this design of a coiled membrane. How-
ever compared to the native renal tubule the key to any arti-
ficial device is whether it could differentiate between which 
solutes to reabsorb and which to excrete. Unfortunately such 
a design remains to be created. Another possibility for the 
future would be to design a renal tubule cell bioreactor, but 
this is some years away, as current devices are somewhat 
large and bulky and could not be implanted as yet [25]. As 
such a renal tubular-based bioreactor linked to a synthetic 
‘glomerular’ membrane could potentially provide both the 
reabsorptive capacity for the ultrafiltrate as well as providing 
some additional tubular metabolic control.

14.5  Summary

Although haemodialysis has moved from an experimental 
treatment restricted to patients with acute kidney injury to 
one providing routine outpatient treatments to more than 
2 million patients worldwide, the mortality of patients with 
chronic kidney disease remains unacceptably high. Daily 
and continuous dialysis treatments allow the potential for 
greater solute removal and better control of hydration and as 
such would be expected to provide not only improved patient 
survival but also better quality of life by allowing more lib-
eral fluid and dietary intake.

The advent of nanotechnology manufacturing has allowed 
the development of wearable artificial kidney prototypes for 
the treatment of patients with CKD5d, with a number of de-
vices based on current haemodialysis and peritoneal dialy-
sis paradigms, and three devices currently planning clinical 
trials. Success of these devices will depend not only upon 
solute removal but also their ability to control electrolyte, 
acid–base and volume status on one hand, but equally impor-
tant success will be judged on patient acceptance and in the 

Fig. 14.8  Cartoon depicting the slit pore nanotechnology produced 
membranes that have designed for the artificial glomerulus for implant-
able dialysis devices
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current financial climate the cost per treatment. These newer 
treatment paradigms may well not be suitable for all chronic 
kidney disease patients, but could potentially offer more pa-
tients the advantage of both more frequent and longer di-
alysis treatments than current in-centre or satellite dialysis 
centre-based haemodialysis programs. On the other hand, 
looking further into the future implantable devices could po-
tentially offer a treatment solution for the majority, and over 
the next few years, proof-of-concept experiments need to be 
performed to show the feasibility of such innovative renal 
replacement devices mirroring the native kidney.

As such, we are potentially at the start of a new era in 
the treatment of chronic kidney disease patients with new 
treatment paradigms on the horizon based on wearable and 
implantable devices that could not only potentially improve 
patient survival but also quality of life.
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15.1  Introduction

Severe acute kidney injury (AKI) occurs in more than 5 % of 
the critically ill patients and has been associated with mor-
tality rates ranging from approximately 40 % to more than 
70 % [1–6]. In the absence of specific pharmacologic inter-
ventions, the management of AKI is primarily supportive 
including optimization of volume status, treatment of elec-
trolyte and acid–base disturbances, nutritional support, and 
adjustment in medication dosing. Renal replacement therapy 
(RRT) is often required as an adjunctive therapy, particularly 
when more conservative management is unable to prevent 
progressive volume overload and normalize electrolyte and 
acid–base disturbances or when AKI is prolonged and pro-
gressive azotemia or uremic manifestations supervene. Mul-
tiple modalities of RRT may be used in the management of 
critically ill patients with AKI including conventional inter-
mittent hemodialysis (IHD), prolonged intermittent renal re-
placement therapy (PIRRT; also known as extended duration 
dialysis, EDD or sustained low-efficiency dialysis, SLED), 
peritoneal dialysis, and various modalities of continuous 
renal replacement therapy (CRRT). The modalities of CRRT 
provide extracorporeal blood purification with an intent to 
deliver uninterrupted therapy for 24 h a day. CRRT facili-
tates slow fluid removal and provides greater ability to main-
tain fluid balance in patients who require large daily fluid 
intake and provides more stable control of electrolyte and 
other solutes as compared to conventional IHD.

15Continuous Renal Replacement 
Therapies (CRRT) Overview

Manoj Bhattarai, Ridhmi Rajapakase and Paul M. Palevsky

P. M. Palevsky ()
VA Pittsburgh Healthcare System, Mail Stop 111F-U, University 
Drive, Pittsburgh, PA 15240, USA
e-mail: palevsky@pitt.edu

M. Bhattarai ·  R. Rajapakase
University of Pittsburgh, A-915 Scaife Hall, 3550 Terrace Street, 
Pittsburgh, PA 15213, USA

15.2  History

Peter Kramer and colleagues published the initial descrip-
tion of continuous arteriovenous hemofiltration (CAVH) for 
the management of patients with oliguric AKI and volume 
overload in 1977 [7]. Their technique utilized an extracorpo-
real circuit with a hemofilter interposed between the femoral 
artery and vein to provide ultrafiltration (UF) and maintain 
biochemical balance [7–9]. Subsequently, Paganini and col-
leagues described a similar method for the performance of 
slow continuous ultrafiltration (SCUF) for the management 
of volume overload in oliguric patients [10]. Further descrip-
tion of clinical experience and operational characteristics by 
others including Luer et al. in 1983 [11], Kaplan et al. in 
1984 [12], and Golper in 1985 [13] heralded wider adop-
tion of CAVH. Relatively low rates of solute clearance, par-
ticularly in patients with high catabolic states, was a major 
limitation to CAVH and led to the use of counter-current di-
alysate flow to augment the clearance of urea and other small 
solutes in continuous arteriovenous hemodialysis (CAVHD) 
and continuous arteriovenous hemodiafiltration (CAVHDF) 
[14, 15]. However, these techniques could not overcome the 
disadvantages inherent to an arteriovenous (AV) circuit in-
cluding dependence of blood flow on the pressure gradient 
between mean arterial pressure and central venous pressure, 
which limited flow, particularly in hypotensive and hemo-
dynamically unstable patients, and complications related to 
prolonged arterial cannulation, including bleeding, thrombo-
embolism, and infection. These inherent problems with the 
AV circuit led to the development of pumped venovenous 
(VV) systems [16–18]. The use of a VV circuit, however, 
sacrificed the technical simplicity of the AV system, neces-
sitating the addition of air detectors and pressure monitors. 
While early VV circuits were cobbled together from individ-
ual components, progressive improvement in technology has 
yielded sophisticated machines with integrated blood and 
fluid pumps, pressure monitoring alarms, blood leak detec-
tors, and UF controls to assure accurate fluid balance. With 
progressive advances in technology, CRRT has advanced 
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from a treatment used by a small number of innovators for 
the most desperately ill patients to a mainstream therapy that 
is widely used for the management of critically ill patients 
with AKI,

15.3  Modalities of Continuous Renal 
Replacement Therapy

CRRT is defined as any extracorporeal blood purification-
technique intended to substitute for impaired kidney func-
tion that is designed to be utilized on a continuous (i.e., 24 h 
per day) basis. These modalities may be provided using ei-
ther an AV or a VV extracorporeal circuit. In AV therapies, 
blood enters the extracorporeal circuit through a cannula in 
an artery, flows through the hemofilter/hemodialyzer driven 
by the pressure gradient between mean arterial pressure and 
central venous pressure, and is returned though a catheter in 
the femoral or central veins. In the VV therapies, vascular 
access is provided by a double-lumen catheter in the femoral 
or central veins, with pump-driven blood flow through the 
extracorporeal circuit. While the use of VV modalities re-
quire greater technical complexity, including blood pumps, 
pressure monitors, and return-line air detectors, the ability to 
provide higher blood flow rates independent of mean arterial 
blood pressure and avoidance of prolonged arterial cannula-
tion has led to predominant use of these modalities [19].

Beginning in the mid-1990s, a standard terminology 
was developed to describe the multiple modalities of CRRT 
(Table 15.1) [20–22]. SCUF provides UF for the manage-
ment of volume overload (Fig. 15.1). Since the UF rate does 
not exceed the refilling of the intravascular compartment 
from the interstitium, intravenous replacement fluids are not 
required. Although SCUF is effective for the management 
of volume overload, for example, in patients with decom-
pensated heart failure, solute clearance rates are negligible 
and it is not suitable for the management of azotemia or the 
acid-base and electrolyte disturbances associated with kid-
ney failure. In continuous hemofiltration (continuous arte-
riovenous hemofiltration, CAVH; continuous venovenous 
hemofiltration, CVVH), high-volume UF is performed at 
rates exceeding those needed for volume management and 
the excess ultrafiltrate is replaced intravenously with a bal-
anced electrolyte solution (Fig. 15.2). Solute removal is 
primarily convective, with clearance rates of urea and other 

Fig. 15.2  Continuous hemofiltration. Schematic diagram illustrating 
continuous hemofiltration. Blood is shown flowing through a hollow-
fiber hemofilter. An ultrafiltrate is generated at a rate which exceeds the 
desired rate of net fluid loss. Intravenous fluid is administered either 
prior to the hemofilter (solid line) or after the hemofilter (dashed line) 
to replace the volume of ultrafiltrate that exceeds the desired net fluid 
loss. The effluent volume is equal to the ultrafiltration rate ( QB blood 
flow, QE effluent flow, QUF ultrafiltrate flow, QR replacement fluid)

 

Fig. 15.1  Slow continuous ultrafiltration. Schematic diagram illustrat-
ing slow continuous ultrafiltration. Blood is shown flowing through a 
hollow-fiber hemofilter. An ultrafiltrate is generated at a rate equal to 
the rate of desired fluid loss and is discarded as effluent ( QB blood flow, 
QE effluent flow, QUF ultrafiltrate flow)

 

Table 15.1  Modalities of continuous renal replacement therapy
Modality Volume management Solute clearance Replacement fluids Dialysate
Slow continuous ultrafiltration (SCUF) Yes Minimal No No
Continuous hemofiltration (CAVH, CVVH) Yes Yes Yes No
Continuous hemodialysis (CAVHD, CVVHD) Yes Yes No Yes
Continuous hemodiafiltration (CAVHDF, CVVHDF) Yes Yes Yes Yes
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small solutes proportional to the total UF rate. In continu-
ous hemodialysis (continuous arteriovenous hemodialysis, 
CAVHD; continuous venovenous hemodialysis, CVVHD), 
dialysate is perfused across the opposite side of the mem-
brane from the blood and solutes are removed primarily by 
diffusion down a concentration gradient (Fig. 15.3). As in 
SCUF, UF is limited to the rate necessary for the optimiza-
tion of volume status and intravenous replacement fluids are 
not required. Continuous hemodiafiltration (continuous arte-
riovenous hemodiafiltration, CAVHDF; continuous venove-
nous hemodiafiltration, CVVHDF) combines the convective 
solute removal of continuous hemofiltration with the diffu-
sive solute removal of continuous hemodialysis (Fig. 15.4). 
Dialysate is perfused through the hemodiafilter on the op-
posite side of the membrane from the blood, permitting dif-
fusion of low-molecular-weight solutes while high-volume 
UF is performed to provide convective solute removal, with 
the ultrafiltrate volume exceeding the desired rate of volume 
removal replaced intravenously with a balanced electrolyte 
solution.

15.4  Mechanisms of Solute Removal During 
CRRT

RRT involves the transfer of fluid and solutes across a semi-
permeable membrane. Although fluid and solute flux is pre-
dominantly from the blood into the dialysate/ultrafiltrate 
compartment, diffusion and backfiltration from the dialy-
sate/ultrafiltrate compartment may occur. In the modalities 
of CRRT, UF of fluid is driven by hydrostatic pressure across 

the hemodialysis/hemofilter membrane and solute removal 
occurs via diffusion, convection, or a combination.

15.4.1  Ultrafiltration

Ultrafiltration (UF) describes the removal of plasma water 
across a semipermeable membrane driven by a transmem-
brane pressure gradient (TMP). The ultrafiltration rate (QUF) 
is determined by the product of the hydraulic permeability of 
the membrane (KM), the membrane surface area (A), and the 
transmembrane pressure gradient (TMP).

The transmembrane pressure is the difference between the 
driving effect of hydrostatic pressure (ΔP) and restraining 
effect from the oncotic pressure (Π) generated by plasma 
proteins (since the ultrafiltrate is essentially protein free, the 
oncotic pressure of the ultrafiltrate is considered to be zero).

In the AV modalities of CRRT, blood flow rates and the trans-
membrane hydrostatic pressure were relatively low. As UF 
occurred over the length of the hemofilter, the oncotic pres-
sure in the blood compartment increased, providing a signifi-
cant restraining effect on UF, occasionally to the point where 
Π  ≈ ΔP and further UF ceased. In the pump-driven VV mo-
dalities of CRRT, the blood flow rate and ΔP are sufficiently 

Q  K A TMP.UF M= × ×

TMP P= −∆ Π

Fig. 15.4  Continuous hemodiafiltration. Schematic diagram illustrat-
ing continuous hemodiafiltration. Blood is shown flowing through a 
hollow-fiber hemodiafilter. Dialysate is perfused through the ultrafil-
trate compartment countercurrent to the direction of flood flow. An 
ultrafiltrate is generated at a rate which exceeds the desired rate of net 
fluid loss. Intravenous fluid is administered either prior to the hemofil-
ter (solid line) or after the hemofilter (dashed line) to replace the vol-
ume of ultrafiltrate that exceeds the desired net fluid loss. The effluent 
volume is equal to the rate of dialysate flow plus the ultrafiltration rate 
( QB blood flow, QE effluent flow, QUF ultrafiltrate flow, QR replacement 
fluid, QD dialysate)

 

Fig. 15.3  Continuous hemodialysis. Schematic diagram illustrating 
continuous hemofiltration. Blood is shown flowing through a hollow-
fiber hemodialyzer. Dialysate is perfused through the ultrafiltrate com-
partment countercurrent to the direction of flood flow. Ultrafiltration 
occurs at the rate desired for net negative fluid balance. The effluent 
volume is equal to the rate of dialysate flow plus the ultrafiltration rate 
( QB blood flow, QE effluent flow, QUF ultrafiltrate flow, QD dialysate)
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high that oncotic pressure is of little consequence as a deter-
minant of UF.

15.4.2  Diffusion

Diffusion is the movement of solutes in solution from a re-
gion of higher concentration to a region of lower concen-
tration. During dialytic therapies, diffusive clearance occurs 
when there is a concentration gradient between the blood and 
dialysate across the semipermeable dialysis membrane. The 
diffusive flux of a given solute (JD) is a function of mem-
brane characteristics including surface area (A) and thick-
ness (Δx), the diffusion coefficient of solute (KD), and the 
solute concentration between the blood and dialysate com-
partments (ΔC), and can be expressed as:

In order to maximize the concentration gradient between the 
blood and dialysate compartments, dialysate is commonly 
run countercurrent to the direction of blood flow on the op-
posite side of the membrane. As solutes diffuse from blood 
into dialysate, the solute concentration in the blood decreas-
es while the corresponding concentration in the dialysate 
increases. By maintaining countercurrent flow, the concen-
tration gradient is maximized along the length of the dialy-
sis membrane. The diffusivity of a given solute is inversely 
related to its molecular weight. Thus, diffusive therapies, 
such as continuous hemodialysis (CHD), are more efficient 
in clearing low-molecular-weight solutes (< 500 Da), such as 
urea and creatinine, as compared to higher molecular weight 
solutes (> 1500 Da), such as β2-microglobulin and cytokines.

15.4.3  Convection

Convection is the bulk flow of solute across a semiperme-
able membrane as the result of solvent flux across the mem-
brane. During UF, solutes are entrained in the flow of plasma 
water across the dialysis membrane, a process referred to 
as “solvent drag.” Solute flux is therefore dependent upon 
the net flux of solvent across the membrane (ultrafiltration 
rate, QUF) and is independent of the concentration gradient 
across the membrane. The ability of a given solute to cross a 
semipermeable membrane by convection is a function of the 
charge and molecular radius of the solute and the structure 
of the pores in the membrane. Thus, in contrast to diffusion, 
the relative clearance of lower- and higher molecular weight 
solutes are similar; with restriction in convective flux only as 
the solute’s molecular radius approaches the effective size of 
the pores in the membrane.
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The ability of a solute to cross a membrane by convection 
is quantified by the membrane reflection coefficient, σ, with 
values ranging from 0, for solutes that are not restricted by 
the membrane, to 1, for solutes that are unable to cross the 
membrane. In clinical practice, however, it is more common 
to express the ability of solutes to cross the membrane by 
convection in terms of the sieving coefficient (S), which is 
equal to 1 − σ and can be readily calculated from the ratio of 
solute concentration in the ultrafiltrate (CUF) and blood (CB):

The membrane’s sieving coefficient for a specific solute 
may decline over the duration of treatment. Plasma proteins, 
which are too large to cross the membrane, accumulate along 
the membrane surface, a phenomenon known as protein con-
centration polarization. This accumulation of proteins along 
the membrane surface may restrict access to membrane 
pores and alter the charge characteristics of the membrane 
surface [23].

The convective flux (JC) of a solute is expressed as the 
product of the ultrafiltration rate (QUF), the concentration of 
the solute in the blood (CB) and the membrane’s sieving co-
efficient for the solute (S):

Since convective clearance (KC) is equal to convective sol-
ute flux divided by the solute concentration in blood (JC/
CB), convective clearance of a solute can be expressed as the 
product of the UF rate and the sieving coefficient:

For low-molecular-weight solutes such as urea, S is approxi-
mately unity. Thus, convective clearance for these solutes 
approximates the UF rate.

Theoretically, the biophysical mechanisms of solute 
transport in each of the different modalities of CRRT should 
result in different solute clearance profiles. Continuous he-
mofiltration, a predominantly convective therapy, should 
provide more efficient removal of higher molecular weight 
species than continuous hemodialysis, a predominantly dif-
fusive therapy. The clinical relevance of this is, however, 
uncertain, as clinical outcomes with hemofiltration and 
hemodialysis are similar [24]. Filtration and backfiltration 
occurring over the length of the dialysis membrane during 
continuous hemodialysis, particularly when very high-flux 
membranes are used, can result in significant unmeasured 
convection within the hemodialyzer, augmenting the amount 
of convective clearance during the predominantly diffusive 
therapy [25] .
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15.5  Calculation of Solute Clearance

Solute clearance during extracorporeal RRT can be calcu-
lated based on either the disappearance of solute from the 
blood or from its appearance in the effluent. Since during 
continuous hemodialysis, the dialysate flow rate is usually 
substantially less than the blood flow rate and during hemo-
filtration the solute concentration in the ultrafiltrate is similar 
to that in plasma water, the change in solute concentration 
over the length of the hemodialyzer/hemofilter tends to be 
small. As a result, solute clearance (K) during CRRT is most 
commonly calculated based on solute appearance in the he-
mofilter/hemodialyzer effluent [26], expressed as:

where QE and QD are the effluent outflow and dialysate in-
flow rates, respectively, and CE, CD, and CB are the solute 
concentrations in effluent, dialysate, and blood, respectively. 
Since the ultrafiltration rate (QUF) is equal to the difference 
between the effluent outflow rate and dialysate inflow rate 
(QUF = QE − QD), the calculation of solute clearance may be 
rewritten as:

Since, when there is no dialysate flow, QE = QUF and CE/CB 
is equal to the sieving coefficient (S), the first term of this 
equation may be rewritten as QUF × S, which represents the 
convective component of solute clearance (KC). The second 
term of the equation, QD × (CE − CD)/CB, represents the sol-
ute clearance that would occur in the absence of UF and can 
be considered to represent the diffusive component of clear-
ance (neglecting any convective flux resulting from filtra-
tion/backfiltration over the length of the hemofilter/hemodi-
alyzer). For solutes that are not present in dialysate (CD = 0), 
this term simplifies to QD × CE/CB, where CE/CB represents 
the degree of solute equilibration between blood and dialy-
sate. Thus, similar to convective clearance, diffusive clear-
ance can be considered to be approximated by the product of 
the dialysate flow rate times and fractional equilibration of 
solute between blood and dialysate

15.5.1  Determinants of Convective Clearance

As previously discussed, solute clearance in continuous he-
mofiltration is equal to the product of the UF rate and siev-
ing coefficient. For solutes with relatively low molecular 
weights, such as urea, sieving coefficients are approximately 
unity and solute clearance is equal to the UF or effluent flow 
rate [27, 28]. For higher molecular weight solutes, a more 
complex relationship may be observed. For example, the 
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sieving coefficient for β-2 microglobulin is less than one but 
increases with increasing UF rate, resulting in a nonlinear 
increase in clearance with increasing effluent flow [27, 28]. 
The mechanism for this phenomenon is incompletely under-
stood. Higher transmembrane pressure required to augment 
UF rates may result in recruitment of additional pores and/or 
changes in pore geometry allowing for the increase in siev-
ing coefficient. Solute concentration polarization may also 
contribute to the augmentation of convective flux.

Blood flow rate and membrane surface area are of sec-
ondary importance in determining convective clearance. In-
creasing UF at a constant blood flow rate increases the frac-
tion of plasma water removed, resulting in hemoconcentra-
tion of cells and plasma proteins, increasing the viscosity of 
the blood exiting the hemofilter. This filtration fraction (FF) 
can be calculated as the ratio of UF rate to plasma water, 
expressed as:

where QUF is the ultrafiltration rate, QB is the blood flow 
rate, and Hct is the patient’s hematocrit. Optimally, the FF 
should be maintained < 0.2; values exceeding 0.3 are associ-
ated with decreased hemofilter longevity [29]. FF may be 
minimized by increasing blood flow rate or by administering 
replacement fluid prior to the hemofilter. This latter strategy, 
while minimizing FF, decreases the concentration of solutes 
entering the hemofilter resulting in a lower solute concentra-
tion in the ultrafiltrate. The effective clearance (Keff) is thus 
reduced by the ratio of the blood flow rate to the sum of the 
blood flow rate and prefilter replacement fluid (QR):

The characteristics of the hemofilter membrane determine 
the sieving coefficient for a given solute. Increasing the 
membrane surface area for a given membrane increases the 
hydraulic permeability and, hence, the maximal achievable 
UF rate. Thus, increasing membrane size allows for in-
creased UF and increased clearance; however, if blood flow 
remains constant, this is at the expense of an increased UF 
rate. If UF is held constant, increasing the hemofilter surface 
area will have no effect on convective clearance.

15.5.2  Determinants of Diffusive Clearance

In conventional IHD, the dialysate flow rate usually ex-
ceeds blood flow rate and diffusive equilibration of solute 
between blood and dialysate is therefore incomplete. In con-
trast, during continuous hemodialysis, the blood flow rates 
utilized generally exceed dialysate flow allowing for near 
equilibration between blood and dialysate (CD/CB ~ 1) for 
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low-molecular-weight solutes (< 500 − 1500 Da) such as urea 
[27]. If blood flow rate is held constant, as dialysate flow rate 
increases the degree of equilibration between blood and di-
alysate tends to fall [27]. For example, at a blood flow rate 
of 150 mL/min and a dialysate flow of 16.7 mL/min (1 L/h) 
equilibration of both urea and uric acid was essentially com-
plete; when dialysate flow was increased to 41.7 mL/min 
(2.5 L/h) the fractional equilibration of urea decreased to 
0.96 and fractional equilibration of uric acid decreased to 
0.76 [27]. Despite this decline in equilibration between blood 
and dialysate, dialysate flow is the major determinant of low-
molecular-weight solute clearance. Higher molecular weight 
solutes, such as β-2 microglobulin, are poorly cleared by dif-
fusion and exhibit minimal dependence of dialysate flow [27]. 
It is likely that the clearance of these higher molecular weight 
solutes during continuous hemodialysis is the result of con-
vective flux provided by unmeasured filtration/backfiltration 
within the hemodialyzer [25, 30]. This conjecture is supported 
by the observed lack of augmentation of clearance when dif-
fusive therapy is added to convection in CVVHDF [28].

Unlike conventional IHD, under the operational condi-
tions used during continuous hemodialysis and hemodi-
afiltration, diffusive clearance exhibits only minimal de-
pendence on blood flow, so long as the blood flow rate is 
more than 3–5 times the dialysate flow rate [26, 31]. If solute 
equilibration between blood and dialysate is complete, in-
creasing the surface area of the dialysis membrane will not 
augment clearance; however, if equilibration is incomplete, 
increasing the membrane surface may permit more complete 
equilibration and higher clearance rates.

15.5.3  Interaction Between Diffusive and 
Convective Clearance

Although in the discussion above, diffusion and convection 
were treated as independent processes, the overall clearance 
during hemodiafiltration may be less than the arithmetic sum 
of the clearances when dialysis (diffusive clearance) and 
hemofiltration (convective clearance) are performed sepa-
rately [32, 33]. The magnitude of this interaction is related 
to the UF rate. When there is low convective flux minimal 
interaction is observed [26]; however, when higher UF rates 
are employed observed clearances during hemodiafiltration 
are less than predicted from the individual components of 
therapy [27, 30].

15.6  CRRT Extracorporeal Circuit

At a minimum, the extracorporeal circuit for CRRT consists 
of a vascular access which permits sufficient blood flow 
from and back to the patient, the hemofilter/hemodialyzer, 

and pumps to regulate the UF rate, replacement fluid ad-
ministration and/or dialysate inflow. In the AV therapies, the 
driving force for flow through the circuit is the pressure gra-
dient between the mean arterial pressure and central venous 
pressure. In order to maximize flow, the resistance of the cir-
cuit needs to be minimized. The caliber of the catheters used 
for arterial and venous access need to be as large as the can-
nulated vessels will permit, their lengths should be relatively 
short to minimize resistance to flow and the overall extra-
corporeal circuit length should be kept as short as possible. 
Since the hemofilter/hemodialyzer represents the major site 
of resistance in the AV circuit, hemofilter/hemodialyzer con-
figuration has a major effect on circuit function. Optimiza-
tion of flow is provided by using hollow-fiber hemofilters/
hemodialyzers with a large cross-sectional area and short 
axial length [34]. Increasing the diameter of the individual 
fibers decreases resistance, although at the expense of dimin-
ished effective surface area per unit volume of blood [34]. It 
has been suggested that the use of parallel plate hemodialyz-
ers enhances diffusive clearance in CAVHD as compared to 
hollow-fiber dialyzers of equivalent surface area [35]. In the 
absence of a blood pump, pressure monitors and air detectors 
are generally not used in AV circuits.

Many of the considerations for optimization of AV cir-
cuits do not pertain to VV CRRT circuits. While the overall 
length of the VV CRRT circuit should not be excessive, there 
is not the same critical need for minimization and the tubing 
length should be sufficient to position the CRRT equipment 
without hindering patient access. Similarly, the need to mini-
mize resistance to flow within the hemofilter/hemodialyzer 
does not pertain, and standard hemodialyzer configurations 
can be used. However, the use of a blood pump mandates the 
presence of an air detector with an integrated blood pump 
shutoff on the return line to minimize the risk of air embo-
lization. The use of a pumped system also requires the use 
of pressure monitors to assess circuit patency, at a minimum 
on the inflow line, between the catheter and the blood pump, 
and on the return line, between the hemofilter/hemodialyz-
er and the catheter. Given the higher UF rates that can be 
achieved with pumped VV therapies, most VV therapies are 
now provided using dedicated equipment with fluid balanc-
ing capability to match dialysate and/or replacement fluid 
flow rates to effluent flow, thereby providing control of net 
fluid balance [36] .

15.6.1  Vascular Access

Wide-bore arterial and venous catheters are the most com-
mon vascular access for AV CRRT [37]. Historically, AV 
(Scribner) shunts were also used; however, catheters gener-
ally provided higher blood flow rates, especially in the set-
ting of hypotension [38]. Since it is readily cannulated and 
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provides high blood flow rates, the femoral artery is the most 
common site for arterial access; however, the brachial and 
axillary arteries in the upper limb and more distal vessels in 
both the upper and lower limbs may also be used. In order 
to optimize flow, the arterial catheter should be non-tapered 
with a single end-hole and should be of the largest diameter 
that the vessel can accommodate, preferably no smaller than 
8 French [37]. Venous return can be through the femoral, 
subclavian, or internal jugular veins. The venous catheter 
should be relatively short, non-tapered with as large an in-
ternal diameter as feasible in order to minimize resistance to 
flow. The use of AV access, primarily the need for prolonged 
arterial cannulation with a large-bore catheter, is associat-
ed with more frequent and serious complications than seen 
with the VV therapies [39]. The major complications include 
bleeding, thromboembolism with distal limb ischemia, arte-
rial aneurysms, or AV fistulas at the site of cannulation and 
infection. Caution must be used, particularly in patients with 
underlying peripheral vascular disease, to ensure that the ar-
terial catheter does not compromise distal circulation. The 
catheter site and distal extremity must be monitored closely 
for evidence of infection or vascular injury while the catheter 
remains in place. The arterial catheter should be removed as 
soon as possible once treatment can be terminated. Antico-
agulation should be reversed prior to removing the catheter 
and prolonged pressure applied after removal in order to as-
sure adequate hemostasis.

Access for VV therapies may be obtained by placement 
of two separate single-lumen venous catheters, or more 
commonly, by the use of a standard double-lumen dialysis 
catheter. The KDIGO Clinical Practice Guideline for Acute 
Kidney Injury recommend the right jugular vein as the most 
optimal site for catheter placement, followed by the femo-
ral veins, left internal jugular vein, and lastly the subclavian 
veins, with preference for placement on the dominant side 
[40]. The preference for the right internal jugular vein is 
based on lower rates of catheter dysfunction based on venous 
anatomy as compared to the left internal jugular vein [41]. 
There is a general preference for catheters above the waist as 
compared to catheters in the femoral veins due to increased 
risk of infection; however, in a randomized trial of 750 pa-
tients requiring dialysis for AKI the incidence of catheter-
related blood stream infection was not higher in patients with 
femoral catheters [42]. Although subclavian catheters are 
associated with the lowest rate of infectious complications 
[43], they may result in the development of central venous 
stenosis which may complicate long-term vascular access in 
patients who do not recover kidney function and remain di-
alysis dependent [40, 44].

Ultrasound guidance during catheter insertion is recom-
mended, particularly for insertion of catheters into the jugu-
lar veins [40, 45, 46]. A chest radiograph should be obtained 
to confirm position of internal jugular and subclavian cathe-

ters prior to initial use [40]. Catheter position is important for 
optimization of catheter function. Depending on the specific 
catheter used, the catheter tip should either be at the junction 
of the superior vena cava and the right atrium or in the right 
atrium. When catheters are placed in the femoral position, 
the longest available catheter should be used so that the tip of 
the catheter is in the inferior vena cava. Aseptic techniques 
should be used during catheter insertion and during catheter 
care so as to minimize the risk of infection and use of the 
catheter should be restricted to dialytic therapies. Tunneled 
dialysis catheters can be used for CRRT, but are not recom-
mended as the initial vascular access for most patients with 
AKI given an average duration of RRT of less than 2 weeks 
[40]. In patients with end-stage renal disease who require 
CRRT in the setting of critical illness, it is generally not rec-
ommended to use an existing AV fistula or graft for CRRT 
access given the risks of dislodgement or infiltration of rigid 
fistula needles during the course of care during prolonged 
therapy [47].

15.6.2  Hemofilter/Hemodialyzer

The membranes used for continuous hemofiltration must 
have a high hydraulic permeability in order to permit suf-
ficient UF without necessitating excessive transmembrane 
pressure. This is in contrast to the membrane characteristics 
required for continuous hemodialysis, in which high UF 
rates are not required. The critical characteristic of a mem-
brane used for continuous hemodialysis is its coefficient of 
diffusion, which is related to its composition, thickness, and 
surface area. While commercially available membranes are 
generally suitable for both hemofiltration and hemodialysis, 
some membranes that are optimized for convective therapy 
may provide inadequate diffusive clearance [31]. Although 
there has been controversy in the past regarding the effect of 
membrane biocompatibility on recovery of kidney function 
in AKI [48–53], the clinical relevance of this controversy is 
relatively limited given the wide availability of biocompat-
ible synthetic membranes. The KDIGO Clinical Practice 
Guideline for Acute Kidney Injury recommends the use of 
biocompatible synthetic membranes over cellulosic mem-
branes for CRRT and other modalities of extracorporeal RRT 
in patients with AKI [40].

15.6.3  Pumps and Safety Monitors

Initial descriptions of pumped VV CRRT generally used a 
combination of a peristaltic blood pump to provide blood 
flow and volumetric infusion pumps to regulate flow of di-
alysate, replacement fluid, and effluent. Oftentimes, pressure 
monitors were not used and the only safety monitor was an 
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air detector on the venous return line. In addition, UF control 
was relatively poor as the linear peristaltic pumps used to 
regulate fluids and UF were not designed to operate against 
significant pressure gradients and were often prone to errors 
[54]. These improvised systems have been supplanted by in-
tegrated machines specifically designed for the performance 
of CRRT that are equipped with fluid-balancing technology 
to ensure delivery of the prescribed fluid management and 
integrated safety alarms, including air detectors and pressure 
monitors [36]. The equipment varies by manufacturer, with 
some machines capable of all modalities of VV CRRT while 
other machines can only provide continuous hemodialysis or 
hemodiafiltration but cannot provide hemodiafiltration.

15.7  Dialysate and Replacement Fluids

The use of dialysate and/or intravenous replacement solu-
tions will depend on the modality of CRRT employed. In 
continuous hemofiltration, intravenous replacement fluids 
are administered to replace ultrafiltrate losses that exceed de-
sired net fluid loss. In continuous hemodialysis, dialysate is 
perfused through the dialysate compartment of the hemodia-
lyzer as in conventional IHD to provide diffusive clearance. 
In continuous hemodiafiltration, both dialysate and replace-
ment fluids are utilized.

The compositions of dialysate and replacement fluid are 
similar; both should have an electrolyte composition similar 
to that of plasma, although often with lower potassium and 
higher buffer concentrations to permit correction of hyperka-
lemia and metabolic acidosis. The glucose concentration can 
vary; although some treatment protocols call for glucose-free 
solutions, most regimens use physiologic concentrations of 
approximately 100 mg/dL. Use of supraphysiologic glucose 
concentrations will result in glucose loading and may con-
tribute to hyperglycemia. The concentration of calcium and 
magnesium are usually at physiologic to slightly supraphysi-
ologic levels, with the exception that low or calcium-free so-
lutions are often used in conjunction with citrate anticoagu-
lation (see below). Most CRRT fluids contain no phosphate; 
although there is the potential for calcium phosphate deposi-
tion when phosphate is added to solutions containing calci-
um, stability has been demonstrated with phosphate concen-
trations of up to 1.2 mmol/L [55]. The addition of phosphate 
can prevent the development of hypophosphatemia and ob-
viate the need for intravenous phosphate supplementation.

Various buffers have been used in fluids for CRRT includ-
ing lactate, acetate, and bicarbonate. In the past, bicarbonate-
buffered solutions could not be stored for prolonged periods 
of time and bicarbonate-buffered solutions for CRRT not 
were commercially available. The available solutions were 
buffered with either sodium lactate or sodium acetate, both of 
which are rapidly metabolized to bicarbonate. When lactate-

buffered solutions were used as dialysate or replacement 
fluid during CRRT, infusion rates could exceed metabolic 
clearance and modest elevations in blood lactate levels were 
common, although marked elevations were generally seen 
only in patients with underlying lactic acidosis or impaired 
hepatic metabolism [56–58]. Whether or not the modest el-
evations in lactate levels seen in most patients were asso-
ciated with increased morbidity is not clear. Elevations in 
blood lactate and alterations in the pyruvate:lactate ratio are 
associated with increased protein catabolism and may con-
tribute to myocardial depression. Several studies suggested 
that lactate-buffered fluids were less effective for controlling 
metabolic acidosis and were associated with increased he-
modynamic instability as compared to bicarbonate-buffered 
fluids [59–61]. The KDIGO Clinical Practice Guideline for 
Acute Kidney Injury suggests that bicarbonate-buffered flu-
ids be used rather than lactate-buffered solutions [40]. With 
the current ready availability of commercially prepared bi-
carbonate buffered fluids, these have generally replaced the 
use of acetate- and lactate-buffered CRRT solutions.

Replacement fluid must be sterile and pyrogen free; di-
alysate does not need to meet the same stringency of bacte-
riologic purity, as is also true for dialysate for conventional 
IHD, although commercially available dialysate for CRRT 
is both sterile and endotoxin free. Prior to the availability 
of commercially prepared fluids for CRRT, dialysate and 
replacement fluids were often compounded locally by phar-
macy or by bedside nursing staff. Unfortunately, local prepa-
ration of solutions and the use of “custom” CRRT fluids has 
been associated with catastrophic compounding errors and 
should be discouraged [62, 63]. If fluids are compounded 
locally, they should be assayed prior to use to ensure that the 
electrolyte composition is correct.

15.8  Anticoagulation

Clotting of the extracorporeal circuit is the most common 
complication of CRRT and results in interruption of treat-
ment and reduction in the delivered dose of therapy [64]. 
Multiple anticoagulation regimens have been used for pre-
vention of clotting [65]. The optimal anticoagulation strat-
egy will prevent clotting in the extracorporeal circuit while 
minimizing the risks of systemic bleeding; a particular con-
cern in critically ill patients who often are in the immedi-
ate postoperative period or who have thrombocytopenia or 
underlying coagulopathy. Agents that have been utilized 
include unfractionated heparin, low-molecular-weight hepa-
rins, danaparoid, direct thrombin inhibitors such as hirudin 
and argatroban, nafamostat, and citrate [65].

The KDIGO Clinical Practice Guideline for Acute Kidney 
Injury recommends using anticoagulation during CRRT in 
patients who do not have increased bleeding risk or impaired 
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coagulation and are not already receiving systemic antico-
agulation [40]. Data from clinical trials suggest that 40–60 % 
of patients undergoing CRRT receive therapy without anti-
coagulation [5, 6], the majority of whom are thrombocyto-
penic or coagulopathic. System patency in the absence of 
anticoagulation is optimized by maximizing the blood flow 
rate, ensuring that the FF is less than 30 %, and minimiz-
ing interruptions in blood flow because of machine alarms or 
catheter malfunction. Restricted inflow of blood or increased 
resistance to blood return as the result of catheter malfunc-
tion is among the most common reasons for machine alarms 
and transient interruptions of treatment. Catheter malfunc-
tion may result from it being too short, malposition, kinking, 
or development of a fibrin sheath outside or an intraluminal 
clot within. If catheter malfunction is present, initiation or 
intensification of anticoagulation will provide minimal ben-
efit and the catheter should be repositioned or replaced.

15.8.1  Heparin

Unfractionated heparin is the most commonly used anticoag-
ulant for CRRT [5, 6, 66]. Heparin is infused into the afferent 
limb (pre-filter) of the extracorporeal circuit as close to the 
vascular access as possible. Heparin acts by potentiating the 
action of antithrombin III, resulting in inhibition of factors 
IIa (thrombin) and Xa. Inhibition of factor IIa prolongs the 
activated partial thromboplastin time (aPTT) allowing ready 
monitoring of heparin dosing. Multiple regimens for heparin 
infusion have been proposed. In general, an initial bolus of 
10–30 IU/kg is given followed by an infusion of 5–10 IU/
kg/h, with a target aPTT of 1.5–2.0 times the upper limit 
of normal. Regional anticoagulation with protamine rever-
sal has been used in patients at high risk for bleeding [67, 
68]. This approach is technically cumbersome and difficult 
to standardize, and the use of protamine may be associated 
with complications including hypotension, anaphylaxis, and 
thrombocytopenia [69]. Low–molecular-weight heparins 
have also been used for anticoagulation of extracorporeal di-
alysis circuits, primarily in the chronic IHD setting [70, 71]. 
Specific data in CRRT are limited; however, from several 
small trials low-molecular-weight heparins appear to be at 
least as efficacious and unfractionated heparin with similar 
profiles for bleeding risk [72, 73]. Because low-molecular-
weight heparins predominantly inhibit factor Xa, they do not 
prolong at aPTT and specific monitoring of anti-Xa activity 
is required (this may not be easily available). One limitation 
of low-molecular-weight heparins is that they accumulate in 
renal failure. The use of heparin is contraindicated in patients 
with heparin-induced thrombocytopenia and anticoagulation 
with argatroban (a direct thrombin inhibitor) or factor Xa in-
hibitors is recommended [40].

15.8.2  Citrate

Calcium is an obligate cofactor for coagulation; citrate che-
lates ionized calcium, thereby inhibiting the coagulation 
cascade. In regional citrate anticoagulation, citrate is infused 
into the afferent limb of the extracorporeal CRRT circuit as 
close to the vascular access as possible (ideally just where 
the afferent blood exits the catheter). Optimal anticoagula-
tion is achieved when the ionized calcium level in the ex-
tracorporeal circuit is ≤ 0.35 mmol/L, measured post filter. 
Since the calcium–citrate complex is a small molecule, it 
will be readily cleared by either hemofiltration or hemodi-
alysis. The remaining calcium–citrate complex that is re-
turned to the body will be rapidly metabolized by the liver 
and skeletal muscle, generating three molecules of bicarbon-
ate for each citrate molecule metabolized and releasing the 
bound calcium back into the circulation. In order to main-
tain calcium balance and prevent the development of sys-
temic hypocalcemia, the calcium lost across the hemofilter/
hemodialyzer membrane must be replaced with a systemic 
calcium infusion [65, 74]. The use of regional citrate antico-
agulation requires close monitoring of the ionized calcium 
concentration in the return line of the extracorporeal circuit 
and systemically to ensure both adequate extracorporeal cal-
cium chelation and maintenance of normal systemic ionized 
calcium concentration. Since citrate is metabolized to bicar-
bonate, acid-base status needs to be closely monitored to en-
sure that metabolic alkalosis does not develop. Depending 
on the specific citrate solution used, the buffer content of di-
alysate and/or replacement fluids may need to be reduced. In 
addition, many of the available citrate solutions have a high 
sodium content and can cause hypernatremia; if a hypernat-
ric solution is used, the serum sodium concentration needs to 
be closely monitored and the sodium concentration of dialy-
sate and/or replacement fluids decreased. Citrate accumula-
tion may occur in patients with impaired citrate metabolism, 
such as patients with severe liver failure or lactic acidosis. 
In these patients, the use of citrate as an anticoagulant may 
be contraindicated as it may lead to citrate toxicity with se-
vere systemic hypocalcemia [74–76]. Shock liver—which 
may coexist with ischemic AKI—is not of itself a contra-
indication to use of citrate. Multiple randomized trials have 
compared regional citrate anticoagulation to anticoagulation 
with either unfractionated or low-molecular-weight heparin 
in CRRT, finding increased circuit life and fewer bleeding 
events associated with citrate, with no increase in metabolic 
complications [77–84]. In one study, citrate anticoagulation 
was associated with improved renal recovery and hospital 
survival, although in this study, citrate anticoagulation was 
not associated with improved circuit patency [81]. Based on 
these data, the KDIGO Clinical Practice Guideline for Acute 
Kidney Injury suggests preferential use of citrate anticoagu-
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lation over heparin for CRRT in patients who do not have a 
contraindication to citrate administration [40]. However, no 
citrate formulation is currently approved for use in anticoag-
ulation of CRRT by the US Food and Drug Administration.

15.9  Comparison of Modalities of CRRT

The advantages of VV CRRT as compared to AV therapies 
have been previously discussed. The higher clearance of 
higher molecular weight solutes, including pro-inflammatory 
cytokines, has led to the hypothesis that continuous hemofil-
tration would have greater benefit, as compared to continuous 
hemodialysis, particularly in patients with sepsis-associated 
AKI [85, 86]. However, this hypothesis has not been borne 
out by clinical data. In a randomized controlled trial compar-
ing high-volume to standard-volume CVVH in patients with 
sepsis-associated AKI, more intensive convective therapy 
was not associated with improved outcomes [87]. In a meta-
analysis of 19 clinical trials, 16 of which utilized CRRT, no 
benefit was observed with convective therapies as compared 
to diffusive therapy [24]. Thus, based on current data, the 
modalities of CRRT should be considered equivalent and no 
recommendation can be made regarding use of continuous 
hemofiltration, hemodialysis, or hemodiafiltration.

15.10  Dosing of CRRT

As previously discussed, the clearance of urea and other 
low-molecular-weight molecules during CRRT is approxi-
mately equal to the total effluent flow rate, usually nor-
malized to body weight. Several single-center randomized 
controlled trials suggested that CRRT delivered at effluent 
flow rates greater than 20 mL/kg/h were associated with 
improved patient outcomes as compared to CRRT at lower 
effluent flow rates [88, 89]; however, these results were 
not consistent across all trials [90, 91]. In two large, multi-
center randomized controlled trials, higher doses of CRRT 
were not associated with improved clinical outcomes [5, 
6]. In the Acute Renal Failure Trial Network (ATN) study, 
patients who received CVVHDF at an effluent flow rate of 
35 mL/kg/h did not have improved survival at 60 days or re-
covery of kidney function as compared with patients who re-
ceived CVVHDF at an effluent flow rate of 20 mL/kg/h [5]. 
Similarly, in the Randomized Evaluation of Normal versus 
Augmented Level (RENAL) Replacement Therapy study, 
which randomized 1508 patients to CVVHDF at an efflu-
ent flow of either 25 mL/kg/h or 40 mL/kg/h there was no 
difference in mortality at 90 days, ICU or hospital survival, 
or recovery of kidney function between groups [6]. Based 
on these results, the KDIGO Clinical Practice Guideline for 
Acute Kidney Injury recommends delivering an effluent 

volume of 20–25 mL/kg/h for CRRT in AKI [40]. Based 
on the observation that delivered therapy is often less than 
prescribed due to interruptions of therapy (leaving the ICU 
for imaging studies or therapeutic procedures or clotting of 
the extracorporeal circuit [64, 92]), the guideline suggests 
that this will usually require prescription of a higher effluent 
volume in order to achieve the target delivered dose [40]. 
Dosing of therapy must also take into account the individual 
patient’s clinical status and the need to achieve adequate 
control of azotemia and electrolyte, acid-base, and volume 
status. In particular, higher doses of therapy may be needed 
in hypercatabolic patients in order to control hyperkalemia, 
metabolic acidosis, and azotemia.

15.11  Comparison of CRRT with Other 
Modalities of RRT

There has been substantial debate regarding the relative ben-
efits of CRRT as compared to other modalities of RRT in 
patients with AKI. Individual randomized controlled trials 
comparing CRRT to conventional IHD have not demonstrat-
ed superiority of either modality of therapy [93–98]. Three 
meta-analyses pooling these data confirmed the absence of 
superiority for either intermittent or continuous therapy with 
regard to patient survival [99–101]. Observational studies 
have suggested that CRRT may be associated with improved 
recovery of kidney function as compared to conventional 
IHD. In a meta-analysis of 16 observational studies, con-
ventional IHD was associated with an almost twofold in-
creased risk of persistent dialysis dependence as compared 
to CRRT [102]. However, this benefit was not present in a 
pooled analysis of data from seven randomized controlled 
trials [102]. The reason for difference in the apparent ben-
efit between the observational and randomized studies is 
most likely related to differences in the patients treated with 
intermittent as compared to continuous therapy in the ob-
servational trials, as evidenced by higher mortality rates in 
the CRRT cohorts in these studies. CRRT has been shown to 
be associated with a greater ability to achieve negative fluid 
balance than conventional IHD [103]. Given the absence of 
clear benefit of either modality, the KDIGO Clinical Practice 
Guideline for Acute Kidney Injury proposes that the modali-
ties be considered complementary therapies in AKI patients 
and that the specific modality should be chosen based on 
patient characteristics as well as on available expertise and 
resources [40]. The guidelines do suggest, however, that 
CRRT be used preferentially over conventional intermittent 
therapy in hemodynamically unstable patients [40]. Data 
also suggest that CRRT may minimize the risk of compro-
mised cerebral perfusion in patients with acute brain injury 
or other causes of increased intracranial pressure or cerebral 
edema [40, 104, 105]. There are only limited data comparing 
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CRRT to prolonged intermittent RRT; however, these data 
suggest similar metabolic and clinical outcomes [106, 107].
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16.1  Introduction to CRRT Thechnology

Continuous renal replacement therapies (CRRTs) are a group 
of continuous therapies used in the intensive care unit (ICU) 
setting. In the past, CRRTs were seen reductively as thera-
pies directed to the replacement of renal function only. In 
recent years, thanks to improvements in hardware and soft-
ware technology and the introduction of more specific filters, 
the role of CRRTs has expanded beyond the replacement of 
renal function in the setting of severe acute kidney injury 
(AKI). For example, CRRTs are now used in the setting of 
less severe AKI associated with liver failure, heart failure, 
or sepsis.

In order to achieve optimum results with CRRT, it is nec-
essary to have close cooperation between nephrologists and 
intensivists, as described in “Vicenza Model” [1]. In this 
model, the critically ill patient is followed in partnership by 
the nephrologist and intensivist so that they can prescribe 
and deliver in a timely fashion the best type of CRRT for the 
single patient’s clinical condition.

16.2  CRRT in Renal Replacement Therapies

Extracorporeal blood purification (EBP) is a treatment in 
which a patient’s blood is passed through a device where sol-
ute, toxins, and fluid are removed. EBP is primarily used in 
patients with renal failure but more than 20 years ago, it was 
suggested that EBP could remove inflammatory mediators 
from the plasma of patients with sepsis and improve pulmo-
nary function [2]. Subsequently, surrogate clinical improve-
ments with hemofiltration have been reported in animal and 
human studies, and cytokine removal from the circulation 
of animals and humans with sepsis has been demonstrated 

[3]. Shortly after, a survival benefit associated with higher 
dosages of continuous hemofiltration was reported [4]. With 
these advances, CRRT as a treatment for human septic shock 
was born. Since that time, many technological advances have 
occurred along with substantial changes in our basic under-
standing of sepsis and the inflammatory response. Newer fil-
ter and machine technologies now allow removal of inflam-
matory mediators via convection, diffusion, or adsorption. 
Of course, these inflammatory mediators are removed only 
from the plasma; the effects of CRRT on local tissue concen-
trations are less well understood. There are other ways by 
which CRRT may improve outcomes in sepsis: better acid–
base control, better fluid balance and temperature control, 
cardiac support, protective lung support, brain protection 
with preservation of cerebral perfusion, bone marrow protec-
tion, and blood detoxification and liver support. Cardiac sup-
port can be achieved by the optimization of fluid balance, the 
reduction of organ edema, and the restoration of desirable 
levels of preload and afterload. By optimizing the patient’s 
volume state and offering the ability to remove interstitial 
fluid, CRRT may provide additional support to the failing 
lung [5]. Blood purification may improve the encephalopa-
thy of sepsis by removing uremic toxins and amino acid de-
rivatives and correcting acidemia. Continuous therapies also 
offer the advantages of minimizing both osmotic shifts and 
hemodynamic insults that threaten cerebral perfusion pres-
sure [6]. Through the removal of uremic toxins, blood puri-
fication also reverses immunoparalysis [7] and may improve 
bone marrow function such as erythropoiesis [8]. Thus, 
CRRT is increasingly recognized to be a multiple organ sup-
port therapy (MOST) .

16.3  Definition and Settings of CRRT

CRRT uses three processes for blood purification: convec-
tion (hemofiltration), diffusion (dialysis), and adsorption 
(onto the blood surface of the fibers of the filter). All may be 
combined in the one treatment. Improvements in filter and 
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CRRT machine technology now allow great flexibility in ad-
justing the convection/diffusion/adsorption prescription for a 
given patient. For example, high cutoff filters are now avail-
able which allow removal (by diffusion) of molecules with 
a molecular weight just below that of albumin. Other high-
flow filters permit plasma water exchanges of about 6–9 L 
per hour. High-adsorption membranes can increase removal 
of high molecular weight inflammatory molecules not other-
wise removed by convection or diffusion.

Adequate vascular access is very important in facilitating 
the blood flow (QB) needed to deliver an appropriate dose 
and filtration fraction (FF). Arterial access for CRRT is very 
rarely used today. Hence, we have used a “veno-venous” 
classification of current CRRT therapies, as below (see also 
Table 16.1):

• CVVHD: Continuous veno-venous hemodialysis (diffu-
sion)

• CVVHFD: Continuous veno-venous high flux hemo-
dialysis (diffusion and convection due to back filtration 
thanks to the high flux filter used)

• CVVHDF: Continuous veno-venous hemodiafiltration 
(diffusion and convection)

• CVVH: Continuous veno-venous hemofiltration (convec-
tion)

• pHVHF: Pulse high volume hemofiltration (a combina-
tion of HVHF followed by CVVH, convection)

In all of the above treatments, it is possible to enhance blood 
purification by increasing the adsorption characteristics of 
the filter used. For example, it is possible to use a filter with 
the ability to filter out endotoxin.

pHVHF is a subtype of CRRT. In this type of treatment, 
used to treat patients with severe sepsis or septic shock, it is 
possible to provide a high diffusive dose during the day by 
the HVHF (QR: 4–9 L/h)—this facilitates removal of inflam-
matory cytokines. The HVHF is followed by CVVH (QR: 
3–4 L/h) to maintain the clinical results during the night.

All these types of CRRT can be used in critically ill pa-
tients according to the target of molecules to be removed—
allowing optimal treatment of critically ill patient with mul-
tiple organs dysfunction syndrome/multiple organs failure 
syndrome (MODS/MOFS).

Typical CRRT prescriptions are summarized in Table 16.2. 
These prescriptions are only guidelines and they can vary ac-
cording to the local policy, the available software and hard-
ware, and the experience and availability of nurses. For ex-
ample, pHVHF treatment is not feasible if adequate staff time 
is not available to change the large number of bags required. 
The important point is to prescribe on a daily basis the best 
locally available form of CRRT for an individual patient.

The main options for anticoagulation are heparin, citrate, 
or none. Anticoagulation is discussed in detail in Chap. 15, 
where clotting of the extracorporeal circuit is a concern (e.g., 
when no anticoagulation is used). A number of strategies 

Table 16.1  Definitions and characteristic of the different continuous renal replacement therapy (CRRT) types
Treatment Abbreviation Type of process Molecules target Note
Dialysis CVVHD Diffusion Low molecular weight

If high cutoff membrane is used this 
treatment can remove high molecu-
lar weight molecules; it is important 
to be aware of possible albumin loss

According to the filter, cutoff is 
possible to enhance the removal of 
middle and high molecular weight 
molecules

Hemofiltration CVVH Convection Middle/high molecules According to the exchange of plasma 
water and the type of filter is possible 
to extend the molecules removal to 
the high molecular weight molecules 
(e.g., cytokines)

Hemodiafiltration CVVHDF Diffusion and convection Middle molecules This treatment is the combination of 
CVVHD and CVVH (the reinfusion 
can be done in pre- or post-dilution 
or both according to the software and 
hardware available)

Highflux dialysis CVVHFD Diffusion and convec-
tion (back filtration)

Middle molecules This treatment is a subtype of 
CVVHDF. The convection is due to 
the filter characteristic of high flux 
that determines an ultrafiltration 
of plasma water in the first part of 
the filter and back filtration of the 
dialysate (reinfusion) in the second 
part of the filter

Pulse high volume pHVHF 24 h cycles of HVHF 
followed by CVVH

High molecular weight molecules Sequential treatment (HVHF fol-
lowed by CVVH, this treatment in 
24 h provides high dialytic dose in 
convection)
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can be used: increasing the blood flow to maintain the FF 
below 15–20 %, increasing the pre-dilution of replacement 
fluid in CVVH to 80–100 % and in CVVHD mode, using 
dialysis more than filtration.

16.4  Indications to Start CRRT

Currently, the use of renal replacement therapy (RRT) in pa-
tients with AKI is extremely variable and is based primar-
ily on experience, habits, and local resources. Indications to 
start CRRT in isolated AKI are “classical indications” and 
are summarized in Table 16.3. In practice, patients with AKI 
in the ICU setting often have MODS/MOFS—earlier initia-
tion of CRRT may be beneficial in such patients. There is 

increasing evidence that fluid overload associated with AKI 
contributes significantly to morbidity and mortality and this 
concern may prompt “early” initiation of CVVH, especially 
in children or in patients after cardiac surgery. There is ongo-
ing interest in developing biomarkers of early AKI (such as 
kidney injury molecule-1 (KIM-1) and neutrophil gelatinase 
associated lipocalin (NGAL))—such biomarkers might facil-
itate appropriate earlier initiation of CRRT in certain patients.

Initiation of CRRT results in a considerable escalation 
in both the complexity and cost of care. While CRRT is ex-
tensively used in clinical practice, there remains uncertain-
ty about the ideal circumstances of when to initiate RRT 
and for what indications. The process of deciding when to 
initiate RRT in critically ill patients is complex and is influ-
enced by numerous factors, including patient-specific and 

Table 16.2  Renal and septic dose suggested in continuous renal replacement therapy (CRRT)
Treatment Abbreviation Type of process Renal dose

QB ml/min/QD L/min/QR L/min
Provide at least 25–30 ml/kg/ha

Septic doseb

QB ml/min/QD L/min/QR L/min
Provide at least 35–40 ml/kg/h
More than 40 ml/kg/h in septic shocka

Dialysis CVVHD Diffusion 150–200/2–3/– 150–200/6/–
Hemofiltration CVVH Convection 150–200/0/2c 150–200/0/3–4c

Hemodiafiltration CVVHDF Diffusion and convection 150–200/2–3/1d 150–200/6/2d

Highflux dialysis CVVHFD Diffusion and convection 
(back filtration)

150–200/2–3/0 150–200/6/0

Pulse high volume pHVHF 24 h cycles of HVHF 
followed by CVVH

– HVHF:
150–200/–/4–6
CVVH: 1
50–200/–/3–4c

a The dose must to be corrected depending on the percentage of infusion in pre-dilution that decreases the efficiency of diffusion and convection 
(post-dilution) due to the blood dilution pre-filter
b During treatments in sepsis or septic shock, it is recommended to use high flux filters or high cutoff membrane in order to enhance the removal 
of high molecular weight molecules such as cytokines. According to the membrane cutoff, the treatment can be switched to CVVHD in order to 
avoid albumin losses that occur during convection
c It is suggested to use a percentage between 100 and 60 % in pre-dilution according to: QB (Filtration fraction must to be below 15–20 %), pos-
sibility to provide anticoagulation (decreasing FF), monitor type, clinical conditions
d Pre or post-dilution according to the filtration fraction (FF). Pre-dilution if FF is more than 20 %

Table 16.3  Classical indications to start continuous renal replacement therapy (CRRT) in isolated acute kidney injury (AKI)
Indications Characteristics Absolute (A)/relative (R)
Metabolic abnormality BUN > 76 mg/dl R

BUN > 100 mg/dl A
K > 6 mEq/L R
K > 6 mEq/L with ECG abnormalities A
Dysnatremia R
Mg > 8 mEq/L R
Mg > 8 mEq/L with anuria and absent deep tendon reflexes A

Acidosis pH > 7.15 R
pH < 7.15 A
Lactic acidosis related to metformin use A

Anuria/oliguria RIFLE class R R
RIFLE class I R
RIFLE class F R

Fluid overload Diuretic sensitive R
Diuretic resistant A
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clinician-specific factors and those related to local organi-
zational/logistical issues (Fig. 16.1). Studies have shown 
marked variation between clinicians, and across institu-
tions and countries. As a consequence, analysis of ideal 
circumstances under which to initiate RRT is challenging 
[9]. Early initiation probably improves outcomes. Relative 

versus absolute indications to start CRRT are more impor-
tant overall in patients with MODS or MOFS or sepsis. 
RIFLE (risk, injury, failure, loss, and end-stage kidney 
staging criteria) class can be used as a surrogate of timing 
and can be used to follow the clinical trend and trajectory 
of the patient.

Fig. 16.1  Treatment algorithm. (From: Bagshaw et al. [9])
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16.5  Dose of CRRT

It is important to know for every treatment the real dose de-
livered to the patient as opposed to the prescribed dose [10]. 
Often, due to downtime (alarms, problems with vascular ac-
cess, patient being moved to radiology, etc.), the real dose 
is significantly lower. Another factor impacting on adequate 
prescribed and delivered dose of CRRT is underestimation of 
the patient’s weight. This is likely to be a common problem 
as the majority of ICU patients are in a state of hyperhydra-
tion [11] but remain very difficult to weigh.

More CRRT seems to improve outcomes but only until 
up to a certain point [12]. Optimal dose seems to be between 
25 and 35 ml/h/Kg in most patients. Higher doses are some-
times used in septic and hypercatabolic patients. In the case 
of septic patients, the idea is to remove noxious mediators 
of inflammation (the benefits of this approach have not yet 
been well validated in clinical trials). Thus, some have ad-
vocated two types of CRRT prescriptions: CRRT at “renal 
dose” and CRRT at “sepsis dose.” Urea kinetics have not 
been well validated in the AKI setting but in practice mea-
sures such as K, Kt, and Kt/V are often used.

16.6  Conclusions

CRRTs are a group of continuous therapies that are now wide-
ly used in critical care. Today, thanks to improved hardware 
and software technology we have a wide spectrum of treat-
ments that can be used during AKI in critically ill patients 
not only to support and substitute the renal function but also 
to protect, restore, and maintain the function of other organs. 
In this paradigm, CRRT has the role of MOST. The process 
of deciding when to initiate RRT in critically ill patients is 
complex and is influenced by numerous factors, including 
patient-specific and clinician-specific factors and those re-
lated to local organizational/logistical issues. Relative indi-
cations are more important to start CRRT when AKI is a part 
of a more complex clinical situation of MODS or MOFS. It 
is important to ensure that the prescribed and delivered (real) 
dose of CRRT is adequate for a given patient. In order to 
achieve optimal results with the various forms of CRRT, it is 
necessary to have close cooperation between nephrologists 
and intensivists, as described in the “Vicenza Model.”
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17.1  Introduction

Acute kidney injury (AKI) is an increasingly prevalent con-
dition in the intensive care unit (ICU) patient population and 
is associated with significantly increased mortality. Continu-
ous renal replacement therapy (CRRT) has become the pre-
ferred method of renal replacement in these patients because 
of its perceived benefits of hemodynamic stability, enhanced 
metabolic control, and more effective volume management. 
Despite these benefits, CRRT has not been found to have 
a demonstrable survival benefit when compared to con-
ventional intermittent hemodialysis (IHD). Complications 
associated with CRRT may partly contribute to its lack of 
survival advantage. Recognizing the potential complications 
of CRRT, and thereby preventing them, may improve patient 
outcomes (see Table 17.1).

17.2  Vascular Access

17.2.1  Catheter Type and Placement

CRRT requires the presence of a vascular access in the form of 
a large-bore, double-lumen central venous catheter (CVC)—
arterial access is very rarely used today. Placement of a CVC 
is recommended even in chronic hemodialysis patients who 
need CRRT and already have a functioning fistula or graft. 
Reasons include the potential risk of fistula or graft damage by 
the continuous indwelling of the needles and life-threatening 
hemorrhage from accidental needle dislodgement. Insertion 

of a CVC is associated with risks of bleeding, pneumothorax, 
hemothorax, arterial puncture/dilation, venous thrombosis, 
infection, aneurysm, air embolism, and hematoma [1, 2]. The 
incidence of complications during catheter insertion varies 
between 5 and 19 % based on the site selected [3–5]. Standard 
insertion protocols using sterile technique should be followed 
and placement performed or supervised by experienced pro-
viders to decrease these risks. Ultrasound guidance for in-
ternal jugular and subclavian CVCs has been shown to de-
crease the number of attempts and complications and should 
be utilized [6, 7]. Although tunneled cuffed catheters have 
demonstrated significantly increased catheter survival times 
and less dysfunction as compared to non-tunneled devices, 
they typically require interventional or surgical expertise for 
placement and take longer to insert [8]. For these reasons, 
CRRT is typically initiated via a non-tunneled catheter and 
later transitioned to a tunneled cuffed catheter if it is antici-
pated that the patient will need renal replacement therapy for 
a prolonged duration ( >1–3 weeks) [9, 10].

17.2.2  Site

The site of CVC placement can lead to variations in access 
performance. Despite widespread belief that femoral cath-
eters are more prone to infection, recent trials suggest that 
infection rates may not be significantly different between 
femoral and internal jugular-placed catheters [8, 11, 12]. 
However, catheter malfunction has been found to be the least 
in right internal jugular position, followed by the femoral 
position, and finally left internal jugular position [13]. For 
this reason, Kidney Disease: Improving Global Outcomes 
(KDIGO) 2012 clinical practice guidelines for AKI suggest 
that the right internal jugular is the most preferred site for 
CVC placement (see Table 17.2) [8]. After CVC placement, 
catheter position should be confirmed by chest radiograph 
for internal jugular catheters. (An abdominal plain film can 
be used to confirm the correct position of femoral catheters 
but is rarely performed.) The radiograph of a properly placed 
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internal jugular catheter should demonstrate the tip ending 
at the right atrial juncture, while femoral catheters should 
extend into the inferior vena cava to reduce malfunction and 
recirculation [14]. Subclavian CVCs are typically avoided 
because of their propensity for causing venous stenosis and 
thereby jeopardizing the ipsilateral extremity for future di-
alysis access [15, 16].

17.2.3  Recirculation and Catheter Malfunction

Recirculation of blood in a CVC can lead to hemoconcentra-
tion, reduced solute clearance, and filter clotting [14, 17]. 

Shorter catheters (15 cm) have more recirculation than lon-
ger catheters (24 cm), and femoral catheters tend to have the 
most recirculation [18, 19]. Optimal catheter length varies 
depending on the site of placement: 12–15 cm for right inter-
nal jugular catheters, 15–20 cm for left internal jugular, and 
20–24 cm for femoral catheters (see Table 17.2) [2, 18, 19]. 
Catheter malfunction can occur when any kinking or manip-
ulation alters laminar blood flow through the catheter, lead-
ing to fibrin deposition, reduced delivered dose of dialysis, 
and shorter catheter and hemofilter lifespan. Signs of CVC 
malfunction include increased access pressures and poor 
blood flows [1, 14].

17.3  Circuit Patency

Clotting of the CRRT circuit prolongs CRRT downtime, re-
duces treatment efficacy, increases blood loss in the hemofil-
ter, and increases cost. Retrospective studies have shown that 
patients receive only 68 % of their prescribed dose of CRRT 
due to circuit downtime [20]. Various technical aspects of the 
therapy can affect circuit patency and are described below.

17.3.1  Filtration Fraction

Patency of the extracorporeal circuit can be affected by 
the CRRT technique. Convective CRRT modalities (con-
tinuous venovenous hemofiltration, CVVH, and continuous 
venovenous hemodiafiltration, CVVHDF) using post-filter 
replacement fluid can increase the risk of hemofilter clotting 
through an excessive filtration fraction. Filtration fraction 
is defined as the ratio of ultrafiltration rate to plasma water 
flow rate and refers to the fraction of plasma that is filtered 
across the semipermeable membrane (see Table 17.3). Blood 
flow rate, patient hematocrit, and ultrafiltration rate are im-
portant determinants of the filtration fraction. In CRRT, a 

Table 17.1  Complications of continuous renal replacement therapy 
(CRRT)
Vascular access Pneumothorax

Hemothorax
Arteriovenous fistula formation
Hematoma
Catheter-related bacteremia
Catheter-associated thrombosis
Recirculation
Air embolism
Arrhythmias

Anticoagulation Heparin-Related:
Bleeding
Thrombocytopenia
Heparin-induced thrombocytopenia
Citrate Related:
Metabolic alkalosis
Metabolic acidosis
Hypocalcemia
Hypercalcemia
Hypernatremia

Hemodynamics Hypotension
Hypovolemia

Extracorporeal circuit Air embolism
Anaphylaxis
Hypothermia
Immunologic activation
Line disconnection
Fluid removal errors

Electrolytes and acid-base Hypophosphatemia
Hypokalemia
Hypomagnesemia
Hyponatremia
Hypercalcemia
Hypocalcemia
Hypernatremia
Metabolic alkalosis
Metabolic acidosis

Nutrition Protein losses
Vitamin deficiencies
Mineral deficiencies

Drug administration Altered drug clearance
Drug toxicity
Inadequate dosing

Table 17.2  Central venous catheter site and length for continuous 
renal replacement therapy (CRRT)a

Site Length of catheter Characteristics
Right internal 
jugular vein

12–15 cm Most preferred site of catheter 
placement
Least incidence of catheter 
malfunction

Femoral vein 20–24 cm More recirculation
Concern for greater infectious 
risks

Left internal 
jugular vein

15–20 cm Least preferred side of catheter 
placement
Highest incidence of catheter 
malfunction

a Subclavian vein placement not recommended because of propensity 
to cause central venous stenosis
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filtration fraction above 25 % increases the risk of clotting 
through hemoconcentration and formation of a protein layer 
within the hemofilter [21]. Increasing the post-filter replace-
ment fluid rate increases the filtration fraction and increases 
the risk of clotting. The filtration fraction can be decreased 
by the following: administering the replacement fluid pre-
filter (thereby decreasing the hematocrit), switching to a 
dialysate-based CRRT modality (continuous venovenous 
hemodialysis, CVVHD, or continuous venovenous hemo-
diafiltration, CVVHDF), or increasing the blood flow rate. 
The downside of prefilter replacement fluid is that it dilutes 
the concentration of solutes entering the hemofilter and de-
creases clearance [22].

17.3.2  Anticoagulation

Although CRRT can be administered without anticoagula-
tion, anticoagulation is generally required to decrease clot-
ting of the circuit. Anticoagulants used for CRRT include 
systemic unfractionated heparin, regional heparin (in con-
junction with protamine sulphate), low molecular weight 
heparin, regional citrate, thrombin antagonists, and platelet 
inhibiting agents. Unfractionated heparin (UFH) remains the 
most widely used form of anticoagulation for CRRT. Studies 

have demonstrated increased episodes of significant bleed-
ing and increased transfusion requirements in patients re-
ceiving heparin anticoagulation, as compared with regional 
citrate anticoagulation (RCA) [23, 24]. UFH as a systemic 
anticoagulant has been shown to cause hemorrhagic com-
plications in as many as 50 % of patients [25, 26]. Heparin-
induced thrombocytopenia (HIT) develops in up to 5 % of 
patients exposed to UFH [27]. HIT can cause devastating 
consequences including thrombosis and limb ischemia. 
KDIGO AKI guidelines suggest avoiding the use of heparin 
in patients who are considered to be high risk for bleed-
ing. High-risk patients are defined as having recent (within 
7 days) or active bleeding, recent trauma or surgery, recent 
stroke, intracranial arteriovenous malformation or aneurysm, 
retinal hemorrhage, uncontrolled hypertension, or presence 
of an epidural catheter [8]. Finally, although heparin can be 
reversed with protamine sulfate, this agent has been associ-
ated with hypotension and anaphylaxis [28]. Because of the 
risks associated with heparin, citrate regional anticoagula-
tion has been gaining greater acceptance.

RCA has been shown to be effective with less bleeding 
risk than heparin and has become the recommended method 
of anticoagulation at institutions with well-developed RCA 
protocols [8]. Citrate is delivered into the blood at the begin-
ning of the CRRT extracorporeal circuit and chelates ionized 
calcium, effectively removing a key piece of the coagula-
tion cascade and preventing coagulation of the hemofilter. 
Since a significant amount of the calcium-citrate complex is 
lost across the hemofilter, calcium infusion to the patient is 
typically employed to replace extracorporeal loss of calcium. 
Once the remainder of the calcium-citrate complex enters the 
systemic circulation, it is rapidly metabolized, primarily in 
the liver, to bicarbonate, which leads to the release of ionized 
calcium. By maintaining normal levels of ionized calcium in 
the systemic circulation, anticoagulation is limited only to 
the circuit (see Fig. 17.1).

Table 17.3  Filtration fraction calculation
FF = Quf/Qp FF: filtration fraction

Quf: ultrafiltration rate
Qp: plasma flow rate

Plasma flow rate is calculated as follows
Qp = Qb × (1 − Hct/100) Qp: plasma flow rate

Qb: blood flow rate
Hct: hematocrit

Ultrafiltration rate is calculated as follows
Quf = Qufnet + Qrf Qufnet: net rate of volume removal

Qrf: replacement fluid flow rate

Fig. 17.1  Citrate anticoagulation 
in continuous renal replacement 
therapy (CRRT): regional effect 
in the circuit
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Potential complications of RCA include metabolic alkalo-
sis, metabolic acidosis, hypernatremia from the use of com-
mercially available hypertonic citrate solutions (such as 4 % 
trisodium citrate and 2.2 % anticoagulant citrate dextrose 
solution), and hypo- or hypercalcemia (see Table 17.4) [29]. 
When citrate enters the patient’s circulation, each mole of 
citrate is potentially metabolized in the Krebs cycle to 3 mol 
of bicarbonate. As a result, metabolic alkalosis can occur 
with an excessive citrate load. Metabolic acidosis can occur 
when citrate accumulates in patients who cannot metabolize 
citrate, such as those with liver failure or severe lactic acido-
sis, resulting in negative buffer balance. Hallmarks of citrate 
accumulation include worsening metabolic acidosis, ionized 
hypocalcemia from unmetabolized calcium-citrate complex-
es, rising total calcium levels due to a progressively higher 
calcium infusion rate, and a disproportional rise in total sys-
temic calcium to ionized calcium ratio of greater than 2.5 
[30, 31]. Severe ionized hypocalcemia can cause hypoten-
sion, arrhythmias, and eventual cardiovascular collapse and 
death. Protocol driven care with frequent monitoring (every 
4–6 h) of acid-base status and other electrolytes, including 
ionized calcium, total calcium, phosphorous, and magne-
sium, are necessary for preventing errors. Citrate should be 
avoided, or used cautiously, in those with severe liver failure. 
With adequate monitoring and effective protocols, complica-
tions associated with RCA are uncommon [32].

17.4  Hemodynamics and Volume 
Management

CRRT is often utilized in critically ill patients who are consid-
ered too hemodynamically unstable to tolerate IHD. In these 
circumstances, CRRT is generally viewed as being superior 
to IHD based on studies comparing changes in mean arterial 
pressure, systemic vascular resistance, and other hemody-
namic parameters [33–35]. Despite hypothetical advantages 
over IHD, CRRT-associated hypotension can still occur. The 
rate of fluid removal can cause hypotension if it exceeds the 
rate of interstitial fluid movement into the plasma, leading 
to intravascular volume depletion [36]. Similarly, osmotic 

pressure may be decreased by rapid removal of urea, lead-
ing to movement of plasma water intracellularly. Strategies 
for preventing CRRT-related hypotension include begin-
ning therapy with a low blood flow rate (50 ml/min) for the 
first 5 min, administering a bolus of colloid fluid (200 ml) 
1–2 min prior to CRRT initiation, and temporarily increas-
ing vasopressors by 10–15 % for 5–10 min prior to initiating 
therapy [1]. Neonates weighing less than 8–10 kg have an 
increased risk of hemodynamic instability if more than 10 % 
of their blood volume is in the CRRT circuit and therefore 
require blood priming to mitigate hypotension [37].

Assessment of intravascular volume status remains 
a significant challenge to clinicians and can make estab-
lishing fluid removal goals with CRRT difficult. Invasive 
blood pressure monitoring and advanced methods of as-
sessing volume status may be helpful in anticipating and 
preventing hypotensive events. Static methods of assessing 
volume status, such as central venous pressure (CVP), pul-
monary artery occlusion pressure, and echocardiography, 
have been shown to be of limited utility. Dynamic measure-
ments are proving to be clinically relevant and increasingly 
available at the bedside. Dynamic pressure measurement 
techniques include pulse pressure variation (PPV), stroke 
volume variation (SVV), esophageal Doppler monitoring, 
respiratory variation in vena cava diameter, and straight leg 
raising [38].

17.5  Extracorporeal Circuit Complications

17.5.1  Air Embolism

Negative pressures in the venous intake can allow air entry 
into the circulation and potentially lead to air emboli. This 
complication can manifest in the patient as chest pain, dys-
pnea, hypoxia, tachycardia, cardiopulmonary arrest, and 
focal signs of end organ damage in cases of arterial emboli-
zation [39, 40]. Alarms exist in modern CRRT machines to 
stop blood flow when air is detected within the circuit, and 
deaeration chambers are used to extract air prior to blood re-
turn to the patient. Patients suspected of having an air embo-
lism should immediately be placed in a left lateral decubitus 
and Trendelenburg position to optimize pulmonary blood 
flow. They should subsequently be considered for treatment 
with hyperbaric oxygen [39, 41].

17.5.2  Hypothermia

As many as 90 % of patients on CRRT can experience hy-
pothermia, but some studies have shown that this CRRT-as-
sociated cooling may not affect oxygen and energy balance 
and may in fact improve global hemodynamic parameters 

Table 17.4  Metabolic complications of regional citrate anticoagulation
Metabolic alkalosis Citrate overdose

Excessive bicarbonate load
Metabolic acidosis Inadequate citrate metabolism in 

setting of severe liver disease or 
hypoperfusion
Inadequate bicarbonate supply

Hypernatremia Hyperosmolar citrate solutions
Systemic ionized hypercalcemia Excessive calcium replacement
Systemic ionized hypocalcemia Inadequate calcium 

supplementation
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[42, 43]. In certain clinical settings such as cardiac arrest, 
hypothermia has been shown to decrease neurologic injuries 
and other end-organ damage [44, 45]. Hypothermia, while 
theoretically advantageous in some situations, can mask 
fever, which could potentially lead to delayed response to 
infection. Clinicians must be vigilant for other signs of infec-
tion to help prevent this potential complication. Long-term 
hypothermia can lead to energy loss (shivering), increased 
oxygen demand, increased systemic vascular resistance, de-
creased cardiac output, decreased oxygen delivery, impaired 
leukocyte function, and coagulation disorders [46, 47]. Un-
desired hypothermia can be treated with an integrated fluid 
warmer or blood warmer on equipped CRRT devices. Heat-
ing blankets and other external warming devices can also be 
used.

17.5.3  Immunologic Activation and 
Anaphylactic Reactions

Prolonged exposure to the hemofilter membrane and artifi-
cial surfaces of the extracorporeal circuit can activate im-
mune mediators, which can lead to cytokine production and 
increased energy expenditure [48]. Anaphylactic reactions 
have significantly decreased with the advent of the polyac-
rylonitrile membrane (PAN) [49]. However, there are case 
reports of anaphylactoid reactions to the CRRT AN69 PAN 
membrane in patients taking angiotensin converting enzyme 
inhibitors and rare cases solely from exposure to AN69 
membranes [50–52]. Bradykinin activation is thought to be 
the primary pathophysiologic mechanism and results from 
blood contact with the negatively charged AN69 membrane 
[53]. Once a potential anaphylactoid reaction is identified, 
dialysis should be stopped, the blood in the circuit discarded, 
and for severe reactions, epinephrine administered. PAN 
membranes should be avoided in these patients.

In small patients such as children and neonates, blood 
priming of the circuit with an AN69 membrane can cause 
profound hypotension at CRRT initiation due to exacerbation 
of the bradykinin release syndrome from the low pH of the 
blood prime. Methods for preventing the bradykinin release 
syndrome include normalizing the pH of the blood prime 
with bicarbonate, bypassing the hemofilter by giving the 
blood post filter in conjunction with a saline filter prime, 
avoiding a blood prime, or using a different membrane than 
the AN69 [37].

17.5.4  Fluid Balance Errors

Adverse effects due to errors in fluid management can occur 
from an inadequate prescription, operator error, or inaccu-
racies in delivery due to machine malfunction or misuse. 

Given the high ultrafiltration rates often used in CRRT, train-
ing in the monitoring and maintenance of desired fluid bal-
ance is key to preventing fluid balance errors during therapy 
[54]. Errors have occurred from inattention to “excess fluid 
removal” alarms. Some CRRT machines have potential for 
significant fluid errors if alarms are repeatedly overridden 
without addressing the underlying problem [55]. Fluid bal-
ance errors can be minimized through careful adherence to 
standardized protocols for the specific CRRT device in use, 
well-trained personnel, and clearly outlined procedures for 
device alarms to avoid significant clinical problems.

17.6  Electrolytes and Acid-Base

Phosphate clearance is highly efficient in CRRT, partly be-
cause commercially available dialysates and replacement 
fluids with phosphate are not universally available. As a re-
sult, hypophosphatemia is common in CRRT, occurring in as 
many as 65.1 % of patients treated with this modality [53, 56, 
57]. Hypophosphatemia is clinically relevant because it can 
delay weaning from mechanical ventilation [58]. To prevent 
complications of ventilator dependence, careful monitoring 
and repletion of phosphate is recommended. Phosphate may 
be supplemented by high phosphate-containing enteral feed-
ings as oral supplementation. Several authors have described 
the safe addition of phosphate to CRRT fluids [59, 60].

Hypokalemia and hypomagnesemia occur less often be-
cause commercially available dialysate and replacement 
fluids contain potassium and magnesium. The frequency 
of hypokalemia with CRRT has been reported to be be-
tween 4 and 24 % and can be mitigated by using dialysate 
and replacement fluids with potassium concentration of 
4 mmol/L [56, 57]. Commercially available CRRT fluids 
contain magnesium concentration between 2 and 3 mmol/L 
and have been used successfully without significant hyper-
magnesemia or hypomagnesemia. Since ionized magnesium 
is chelated by citrate, intravenous magnesium may be need-
ed in patients treated with citrate anticoagulation.

Both lactate-based and bicarbonate-based solutions are 
commercially available as CRRT fluids. Although controlled 
trials have demonstrated similar efficacy of lactate- and 
bicarbonate-based CRRT solutions in correcting metabolic 
acidosis, serum lactate levels are typically higher when lac-
tate-based solutions are used and can confound the clinical 
interpretation of blood lactate levels [61, 62]. Moreover, lac-
tate solutions may worsen metabolic acidosis in patients with 
liver failure [63]. Studies have shown better control of meta-
bolic acidosis with bicarbonate-based solutions as compared 
to lactate-based solutions [64]. Bicarbonate is currently the 
preferred buffer per KDIGO AKI guidelines. Commercially 
available CRRT fluids contain bicarbonate concentrations in 
the range of 22–35 mmol/L.
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As already mentioned in detail, the use of citrate RCA can 
predispose to multiple electrolyte and acid-base abnormali-
ties (see Table 17.4). Hypernatremia can develop if hyper-
tonic trisodium citrate solutions are used without adjusting 
the sodium concentration in the dialysate or replacement 
fluid. As citrate is metabolized to bicarbonate, metabolic 
alkalosis can occur with increasing amounts of citrate. Al-
ternatively, metabolic acidosis can occur in patients who 
are unable to metabolize citrate, as in the setting of hepatic 
failure. As described previously, citrate functions as an anti-
coagulant by binding ionized calcium to inhibit the coagula-
tion cascade. Alterations in citrate metabolism can lead to 
hypo- or hypercalcemia and require frequent monitoring and 
adjustments in the calcium infusion. A negative calcium bal-
ance during RCA can stimulate parathyroid hormone (PTH) 
release and lead to severe bone reabsorption after prolonged 
citrate-based CRRT in critically ill patients who are immo-
bilized for extended periods of time. Coexisting secondary 
hyperparathyroidism (from renal failure) may amplify bone 
resorption. Immobilization hypercalcemia may be masked 
by the chelation of calcium during RCA, delaying diagnosis 
[65].

17.7  Nutrition

Critically ill patients requiring CRRT are generally hyper-
catabolic leading to mismatch in caloric intake and expen-
diture and resultant malnutrition. This state of malnutrition 
can predispose to increased rates of infection, difficulties 
with wound healing, and muscle wasting [66, 67]. Mal-
nutrition is an independent predictor of mortality in the 
setting of AKI [68]. CRRT induces additional losses of key 
nutrients in the effluent, which can contribute to the prob-
lem. Amino acid loss in patients on CRRT is estimated be-
tween 10 and 20 g/day depending on the amount of effluent 
[69–71]. CVVH leads to twofold higher total protein losses 
compared with CVVHDF presumably from increased con-
vective clearance [70]. A protein intake of 2.5 g/kg/day is 
recommended for optimal nitrogen balance in patients on 
CRRT, but consultation with a clinical dietitian or nutri-
tion expert is advised. Because of extensive protein and 
electrolyte losses with CRRT, patients should not be given 
enteral feeding regimens designed for renal failure (see 
Table 17.5).

The recommended daily caloric intake for patients on 
CRRT is 25–35 kcal/kg/day. Optimal glycemic control in 
critically ill patients can be difficult as hyperglycemia oc-
curs secondary to peripheral insulin resistance and increased 
hepatic gluconeogenesis [72–74]. Commercially available 
CRRT solutions typically contain 0–110 mg/dL of glucose. 
This can account for 40–80 g/day but generally does not 
cause hyperglycemia [75]. Solutions with supraphysiologic 

glucose content should be avoided since they can induce 
hyperglycemia, which is associated with poorer outcomes. 
CRRT-induced hypoglycemia is limited to circumstances 
where glucose-free CRRT solutions are used. Close moni-
toring of blood glucose is necessary in critically ill patients 
undergoing CRRT.

Water soluble vitamins and trace minerals are freely fil-
tered across the membrane in CRRT and can become quick-
ly depleted [76]. Active vitamin D is readily depleted with 
CRRT, and if prolonged treatment is expected, vitamin D 
repletion should be started [14]. Concentrations of thiamine, 
folic acid, and vitamin C patients are also decreased due 
to losses through the semipermeable membrane. Vitamin C 
replacement should not exceed 100–150 mg/day to prevent 
the development of oxalosis [76]. Additional essential nu-
trients that are freely filtered include zinc, selenium, cop-
per, manganese, and chromium [77, 78]. The clinical sig-
nificance of loss of these vitamins and nutrients is unclear 
at this time. Replacement of selenium 100 µg and thiamine 
100 mg daily is recommended by some experts to prevent 
severe body depletion [76]. Consultation with a clinical di-
etitian is recommended when prolonged periods of CRRT 
are anticipated.

17.8  Drug Administration with CRRT

The dosing of drugs with CRRT is an important consider-
ation in critically ill patients and is discussed in detail in 
Chap. 19. The underdosing of drugs such as antibiotics can 
lead to inadequate treatment of sepsis, while doses that are 
too high can lead to drug toxicity. The clearance of drugs on 
CRRT is complex and highly variable in different situations.

Factors affecting drug dosing include CRRT modal-
ity, blood flow rate, effluent rate, location of replacement 
fluid, and interruptions in CRRT because of filter clotting 
or need for procedures. CVVHD uses passive diffusion of 
solutes across a concentration gradient with countercurrent 
dialysis fluid, and only molecules of small molecular weight 
(< 500 Da) are readily removed with this method. CVVH 
uses convective clearance, where solutes and plasma water 

Table 17.5  Nutrition support recommendations for continuous renal 
replacement therapy (CRRT) patients
Avoid protein, fluid, and electrolyte restrictions
Protein requirements range from 1.5 to 2.5 g/kg reference weight/
day
Energy needs range from 25 to 35 kcal/kg reference weight/day
Water-soluble vitamin supplementation is recommended
Standard vitamin supplements and trace elements are recommended 
in parenteral nutrition
Hypomagnesemia, hypophosphatemia, and hypokalemia are predict-
able electrolyte disturbances that should be anticipated and repleted
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are forced through a membrane by a pressure gradient lead-
ing to “solute drag” of particles smaller than the pore size of 
the membrane. This method can theoretically lead to clear-
ance of middle molecular weight solutes up to the pore size of 
the membrane (30,000 Da) [21]. In CVVHDF, both methods 
are used, leading to the clearance of both “small and middle 
molecular weight solutes.” The characteristics of the mem-
brane also affect the clearance of drugs. “High-flux” mem-
branes have larger pore sizes and generally lead to greater 
drug clearance. The ability of a drug or solute to pass through 
a membrane is represented by the sieving coefficient (SC). 
This coefficient is calculated by dividing the concentration 
of the solute or drug in the effluent by the concentration in 
the plasma. A SC of 0 indicates no passage through the filter, 
while a SC of 1 indicates free passage through the filter.

Patient characteristics also lead to alterations in drug 
clearance on CRRT. Critically ill patients may have altered 
volumes of distribution from increased or decreased total 
body water. Drug absorption may be altered by intestinal 
edema. Drug absorption may increase as volume is removed 
with CRRT and edema is alleviated. Furthermore, a patient’s 
nutritional and acid-base status may affect protein binding 
and varying levels of organ dysfunction may alter metab-
olism. Residual renal function may lead to enhanced drug 
clearance that will not be accounted for solely with CRRT.

The properties of a drug may also affect its clearance by 
CRRT. Small molecular weight substances are more like-
ly to be removed by CRRT, while large molecular weight 
substances are less likely to be removed. Protein bound mol-
ecules, particularly when the protein bound complex exceeds 
30,000 Da, are unlikely to be removed. Unbound molecules 
are more likely to be cleared by CRRT. The volume of dis-
tribution is affected by the hydrophilic or lipophilic nature of 
the drug. Hydrophilic molecules generally have a small vol-
ume of distribution and are restricted to the vascular space, 
where they are more readily removed by CRRT. Lipophilic 
drugs, by contrast, are able to freely cross plasma mem-
branes and have large volumes of distribution, making them 
less freely cleared by CRRT [21].

All of these characteristics—type of CRRT employed, 
membrane and patient characteristics, and the pharmacody-
namics properties of the drug (concentration dependent vs. 
time dependent)—must be considered when dosing drugs on 
CRRT. Therapeutic drug monitoring is recommended when 
available to ensure adequate dosing, and consultation with a 
clinical pharmacist is recommended.
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18.1  Introduction

Over time, continuous renal replacement therapy (CRRT) 
has become the preferred modality to manage acute kidney 
injury (AKI)  and fluid overload in critically ill children [1, 
2]. One reason is that CRRT allows clearance and fluid re-
moval to occur over an extended period of time with remark-
able accuracy. This is a boon in unstable patients who are in-
tolerant of abrupt volume and solute concentration changes. 
Although pediatric CRRT provision is in some ways similar 
to that in adult populations, there are several considerations 
that are unique to therapy in children. The goal of this chap-
ter is to describe the principles of pediatric CRRT, highlight-
ing the required adaptations from adult conventions.

18.2  Demographics and Epidemiology

18.2.1  Epidemiology of Pediatric AKI

The majority of children receiving CRRT are critically ill 
with AKI, so it is important to understand the epidemiology 
of AKI, especially since it has changed over the past several 
decades. Single center reports from the 1980s describe he-
molytic uremic syndrome and other primary renal diseases, 
sepsis, and burns as the most common causes of pediatric 
AKI [3, 4]. Recent studies, however, suggest that most cases 
of AKI are now occurring due to diseases of other organ sys-
tems or as complications of systemic diseases or their treat-
ments. Two large pediatric studies highlight congenital heart 
disease (and the requisite corrective surgery), acute tubular 
necrosis (ATN), sepsis, and administration of nephrotoxic 
medications as the most common causes of pediatric AKI [5, 
6]. These findings were corroborated by an analysis of the 

2009 Kids’ Inpatient Database, a large, all-payer, inpatient 
care database that contains information included in a typical 
discharge abstract. This study examined 10,322 hospitalized 
children with AKI and found that AKI is more commonly 
associated with systemic or multisystem disease than with 
primary renal disease [7]. Thus, the majority of children with 
AKI now commonly have one or more comorbid conditions 
that are likely to affect their clinical course and outcome. 
Notably, this shift in AKI epidemiology has occurred primar-
ily in developed countries where the use of CRRT is more 
prevalent. In developing countries, AKI continues to be 
caused by primary renal diseases such as hemolytic uremic 
syndrome, glomerulonephritis, nephrotic syndrome, renal 
stones, and hypovolemic ATN [8–11]. Additionally, in these 
situations, many practitioners have found peritoneal dialysis 
(PD) to be a viable alternative to CRRT in critically ill chil-
dren [10–13].

18.2.2  Epidemiology of Pediatric CRRT

With regard to CRRT, the most robust pediatric data avail-
able come from the prospective pediatric continuous renal 
replacement therapy (ppCRRT) registry [14]. The registry 
contains data on children from the 13 US centers with ages 
ranging from newborn to 25 years and weights ranging from 
1.3 to 160 kg [15]. These epidemiologic data highlight the 
fact that providing CRRT to children requires adaptation and 
resourcefulness. The underlying diseases seen in this cohort 
underscore the epidemiologic AKI data described above 
(Table 18.1). The three most common disease categories 
were sepsis (23.5 %), stem cell transplantation (16.0 %), and 
cardiac disease (11.9 %); hepatic disease (8.4 %) was as com-
mon as primary renal disease (9.3 %) [15]. A large cohort 
from Madrid, Spain reported similar findings [16]. Cardiac 
disease (55 %) and sepsis (20 %) were common; again, pri-
mary renal disease was less common, representing the un-
derlying pathophysiology only 12 % of the time (Table 18.1). 
It is also important to highlight that children receiving CRRT 

© Springer Science+Business Media, LLC 2016
A. K. Singh et al. (eds.), Core Concepts in Dialysis and Continuous Therapies, DOI 10.1007/978-1-4899-7657-4_18



222 S. M. Sutherland

are among the sickest patients in the hospital. The ppCRRT 
registry reported that at CRRT initiation, 48 % of the patients 
were receiving diuretics, 74 % were intubated and receiving 
mechanical ventilation, and 64 % were receiving vasopressor 
support; nearly 80 % of the patients had multi-organ dysfunc-
tion syndrome (MODS) [15]. Thus, it is evident that children 
requiring CRRT usually have substantial fluid overload with 
a tendency towards hemodynamic instability.

18.3  Mechanisms of Clearance and CRRT 
Nomenclature

The majority of CRRT devices can provide diffusive and/or 
convective clearance (see Chap. 15). The distinction is im-
portant since although diffusive and convective clearances 
are equally effective at small molecule removal, larger mol-
ecules move more effectively via convection [17, 18]. CRRT 
terminology is historically based upon the type of vascular 
access and the primary method of molecular clearance [17]. 
Although CRRT was initially developed based on combined 
arterial and venous access (i.e., continuous arterio-venous 
hemofiltration, CAVH), the current technique relies upon 
pump-driven veno-venous access, hence the terms con-
tinuous veno-venous hemofiltration (CVVH), continuous 
veno-venous hemodialysis (CVVHD), and continuous veno-
venous hemodiafiltration (CVVHDF). CVVH provides ex-
clusively convective clearance through high ultrafiltration 
rates. To prevent rapid volume depletion, the majority of the 
ultrafiltrate is replaced with electrolyte containing fluid. In 
CVVHD, the majority of clearance is diffusive and occurs 
via countercurrent infusion of dialysate through the hemo-
filter. A small amount of convective clearance is provided 
by the net ultrafiltration used to reduce extracellular fluid 
volume. CVVHDF employs both diffusive and convective 

clearance. All these modalities enjoy some degree of pop-
ularity, and modality choice is usually center dependent. 
The ppCRRT registry reported that among the 344 children 
studied, 21 % of the patients received CVVH, 48 % received 
CVVHD, and 30 % received CVVHDF [15].

18.4  CRRT and Comparisons to Hemodialysis 
and Peritoneal Dialysis

CRRT shares many principles with hemodialysis (HD) and 
PD. One substantial difference between CRRT and HD are 
the flow rates. CRRT tends to use slower blood and dialysate 
flow rates (Qb and Qd) than HD, resulting in lower clear-
ance rates on an hour-by-hour basis. To compensate for this, 
CRRT extends the duration of therapy; thus, over a full 24 h 
period, CRRT can provide solute clearance comparable to 
that of a 4-h HD session. Additionally, small solute clear-
ance limitations differ between HD and CRRT; different 
approaches are used to augment molecular removal. HD, 
given its temporal constraints, employs a dialysate flow 
rate that far exceeds the blood flow rate, often by a factor of 
1.5–3×. Thus, dialytic clearance is limited primarily by the 
blood flow rate, and increasing the blood flow rate tends to 
increase solute clearance. CRRT clearance, by comparison, 
is primarily limited by the dialysate or replacement/effluent 
rate since these rates can be dwarfed by the blood flow rate; 
typically, the best way to increase CRRT clearance is to in-
crease the dialysate or replacement/effluent rate. CRRT and 
the continuous forms of PD commonly used in the critical 
care setting share their continuous nature. Thus, both CRRT 
and PD can achieve gradual and continuous solute and fluid 
removal. However, PD clearance and ultrafiltration rates 
depend on the quality and characteristics of the peritoneal 
membrane that can vary from patient to patient; furthermore, 

Table 18.1  Underlying diseases among children receiving continuous renal replacement therapy (CRRT)
Prospective pediatric continuous renal  
replacement therapy (ppCRRT) registry
USA ( n = 344)

Madrid cohort Spain ( n = 174)

N % N %
Sepsis 81 23.5 34 19.5
Stem cell transplant 55 16.0
Cardiac disease/transplant 41 11.9 97 55.7
Renal disease 32 9.3 21 12.1
Liver disease/transplant 29 8.4
Malignancy (w/o tumor lysis) 29 8.4
Ischemia/shock 19 5.5
Inborn error of metabolism 15 4.4 5 2.9
Drug intoxication 13 3.8 3 1.7
Tumor lysis syndrome 12 3.5 5 2.9
Pulmonary disease/transplant 11 3.2
Other 7 2.0 9 5.2
ppCRRT prospective pediatric continuous renal replacement therapy
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ultrafiltration may vary hour to hour. CRRT, on the other 
hand, allows one to fine tune and stabilize ultrafiltration. 
Additionally, CRRT allows for much greater daily clearance 
rates when compared to PD.

While a comprehensive comparison is beyond the scope 
of this chapter, it is important to understand the general ad-
vantages and disadvantages of CRRT therapy. The major ad-
vantages are the ability to provide renal replacement therapy 
(RRT) in a critically ill child while maintaining hemodynam-
ic stability, the ability to remove a large amount of volume 
over an extended period of time, and the ability to nearly 
eliminate the need for fluid restriction. This allows optimiza-
tion of nutritional status and provision of essential medica-
tions and blood products. Notably, the continuous nature of 
CRRT that promotes such hemodynamic stability can also 
at times be disadvantageous. The ubiquitous presence of the 
circuit complicates both diagnostic imaging and procedures. 
Additionally, patients who are neither intubated nor sedated 
often poorly tolerate the immobility that CRRT requires. 
Other disadvantages include the potential for hypothermia 
(addressed with a circuit heating device) and the potential to 
create electrolyte imbalances (addressed by addition of elec-
trolytes to CRRT fluids and provision of high dose amino 
acids/protein).

18.5  Technical Aspects of CRRT Provision in 
Children

CRRT devices often have distinctive features, and variation 
exists between the machines and circuits made by different 
manufacturers. However, many technical aspects of pediatric 
CRRT can be generalized and applied regardless of the de-
vice used. Thus, the goal of this section is to describe these 
generalizable aspects while avoiding machine- or device-
specific technicalities. Note that many of these principles are 
based upon the need for pediatric practitoners to use adult-
sized devices on pediatric-sized patients. Recent work to-
wards the creation of a pediatric-specific device [19] is likely 
to redefine much of pediatric CRRT provision.

18.5.1  Access

Achieving adequate vascular access is essential to the deliv-
ery of CRRT and doing so can be especially challenging in 
children where vessel size is often small. Effective access 
is governed primarily by Poiseuille’s law: Although catheter 
length is associated with resistance, generally speaking, the 
internal diameter of the catheter has the greatest effect on 
flow. One potential caveat is that while longer catheters usu-
ally offer greater resistance to flow, there are times where 
a longer catheter will allow the access to be positioned in a 

larger blood vessel, resulting in higher blood flow rates de-
spite the increased length; this is especially true for catheters 
positioned in the femoral vessels. In general, larger diameter 
catheters allow higher blood flow rates and are associated 
with greater CRRT circuit survival. This was clearly dem-
onstrated by the ppCRRT data, which showed a stepwise 
increase in circuit survival as catheter French (Fr) size in-
creased (Fig. 18.1a) [20]. These data highlighted the fact that 
standard single lumen, 5Fr catheters performed exceedingly 
poorly; no circuits survived beyond 20 h [20]. While these 
data led most practitioners to abandon the two single-lumen 
catheter approach, a group from the University of Alabama, 
Birmingham (USA) recently published their experience 
using 3, 4, and 5Fr single lumen cardiac catheterization 
introducer sheaths with great success [21]. These sheaths 
are constructed differently than standard dialysis catheters; 
while the external diameter of the 4Fr sheath is smaller than 
a 7Fr dialysis catheter, the internal diameter approaches that 
of a 9 or 10Fr dialysis catheter [21]. While this approach 
has not been widely adopted and may or may not be feasible 
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Fig. 18.1  Circuit survival by catheter size (a) and insertion location (b) 
[18, 19]. a Prospective pediatric continuous renal replacement therapy 
(ppCRRT) data demonstrate that 7 and 8Fr catheters are associated with 
shorter continuous renal replacement therapy (CRRT) circuit survival. 
Standard single-lumen 5Fr catheters are associated with inadequate 
circuit survival and their use is not recommended (data not pictured). 
b Catheters placed in the subclavian (SC) and femoral veins are as-
sociated with similar CRRT circuit survival, however, superior circuit 
survival is seen with internal jugular (IJ) vein catheters
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at certain institutions, it is an impressive example of how 
CRRT provision in children requires an adaptable approach. 
Notably, smaller bore catheters such as Broviacs, peripheral-
ly inserted central catheters (PICC), and umbilical lines pro-
vide insurmountable resistance to flow and cannot be used 
for CRRT access. At our institution, we have had excellent 
technical success in neonates using 7Fr catheters placed by 
the Pediatric Surgery service. Typically, these catheters were 
inserted into an internal jugular (IJ) vein using a cut-down 
technique similar to that used for extracorporeal membrane 
oxygenation (ECMO) cannulation. Suggested catheter sizes 
based on patient weight are listed in Table 18.2 [17, 22].

Catheter location has an equally substantial effect on cir-
cuit survival. Femoral catheters are used for CRRT access 
more frequently than IJ and subclavian (SC) catheters (69 % 
vs. 16 % vs. 8 %, respectively); however, IJ catheters are 
associated with significantly greater circuit survival when 
compared to femoral or SC catheters (Fig. 18.1b) [20]. Many 
practitioners prefer femoral catheters due to ease of place-
ment; however, bedside ultrasound devices have become 
more commonplace and, if available, can facilitate IJ cath-
eter insertions. Additionally, femoral catheters which termi-
nate prior to the inferior vena cava are remarkably sensitive 
to patient movement and usually require more aggressive 
patient sedation and, at times, paralysis for successful use. 
Nephrologists frequently avoid SC catheters since they are 
associated with stenosis of the SC vein, which is catastrophic 
from a long-term access standpoint should the patient not 
regain renal function and require chronic intermittent HD 
therapy.

18.5.2  Circuit Priming

Prior to connecting the patient to the CRRT circuit, the cir-
cuit itself must be primed; this process purges the air con-
tained within the pre-packaged filter and tubing, replacing 
it with a fluid chosen by the practitioner. Once the circuit is 
primed in this fashion, the patient can be connected to the 
circuit and therapy can begin. As blood moves from the pa-
tient into the circuit, the priming fluid replaces the volume 
of the blood which has been displaced into the circuit. Es-
sentially, the circuit expands the intravascular volume of the 
patient; the impact of this expansion is highly dependent on 

patient size. For example, a 5 kg neonate has a blood volume 
of approximately 80 mL/kg, or 400 mL. Often, the priming 
volume of the CRRT circuit exceeds 150 mL which is nearly 
40 % of the estimated blood volume; rapidly displacing this 
amount of blood is likely to have catastrophic hemodynamic 
effects. Thus, in smaller children, it is imperative to prime 
large, adult-sized circuits with blood. This approach effec-
tively expands the patient’s blood volume to the same de-
gree to which the circuit expands the extracorporeal blood 
volume and allows initiation of CRRT with a minimum of 
hemodynamic instability. As a rule of thumb, we tend to 
prime with blood whenever the extracorporeal volume of the 
circuit exceeds 10–15 % of the patient’s estimated blood vol-
ume. Several blood priming techniques have been published 
and used with great success [23–25]. In bigger patients with 
greater blood volumes, the impact of priming is negligible. 
Thus, in most large children and adolescents, the circuit can 
be primed with an isotonic fluid such as normal saline, just 
as in adults. However, we have found that in some older chil-
dren who are particularly hemodynamically unstable, a nor-
mal saline circuit prime can still result in hypotension which 
requires intervention. In such situations, we have had great 
success using 5 % albumin to prime the circuit.

18.5.3  Filter/Membrane

Many CRRT hemofilters and membranes have been devel-
oped. One of the most commonly used is the AN-69 mem-
brane, which is biocompatible and constructed of polyac-
rilonitrile. This membrane has been frequently associated 
with the bradykinin release syndrome (BRS) when used in 
conjunction with a blood prime. The BRS occurs due to ex-
posure of the blood to the AN-69 membrane which activates 
prekallikrein and Hageman factor leading to release of bra-
dykinin, which is a powerful vasodilator [17]. This reaction 
can lead to profound hypotension in infants 5–10 min after 
initiation of CRRT. Several strategies have been proposed to 
mitigate or prevent this syndrome including bypassing the 
CRRT filter during the prime [23] and dialyzing the prime 
prior to CRRT initiation [24, 25]. However, our center has 
found that the best option for prevention of the BRS is to 
avoid the AN-69 membrane altogether. This may not be a 
feasible strategy at all centers and, if not, the aforementioned 
BRS avoidance techniques are quite effective. Some prac-
titioners use the AN-69 membranes specifically in patients 
with sepsis due to their greater cytokine-sieving coefficients 
when compared to other membranes [26, 27]. However, 
while studies have indicated that CRRT can remove cyto-
kines and/or mediators of inflammation [27, 28], no studies 
have been able to confirm that cytokine removal, or imple-
mentation of CRRT, have the ability to improve survival in 
septic patients [29–31]. Notably, our center changed from 

Table 18.2  Temporary catheters for acute continuous renal replace-
ment therapy (CRRT) access
Patient weight/size Catheter size
Neonate Dual-lumen 7French
3–6 kg Dual-lumen 7Fr
6–15 kg Dual-lumen 8–9Fr
15–30 kg Dual-lumen 9–10Fr
 30 kg Dual- or triple-lumen 11.5–12.5Fr
Fr French
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the AN-69 filter to a polyarylethersulfone (PAES) membrane 
over 7 years ago; since making that change, the bradykinin 
release phenomenon is no longer seen. However, PAES 
membranes are not available on all CRRT devices and they 
may not be available in pediatric specific sizes. Although 
we have used an adult-sized PAES membrane successfully 
even in children less than 10 kg, other polysulfone deriva-
tive membranes are available which, when compared with 
AN-69 membranes, have been associated with lower post-
CRRT initiation bradykinin levels [24, 32] .

18.5.4  CRRT Solutions for Dialysate and 
Replacement Fluid

The introduction of bicarbonate-based solutions has made 
the delivery of CRRT more feasible and effective. Prior to 
this, when the solution was buffered with lactate, it was com-
mon to see lactic acidosis with resultant cardiac dysfunction 
and hypotension [33]. Studies comparing these two buffer 
systems clearly demonstrated the superiority of bicarbonate-
based fluids, and now bicarbonate-based dialysate/replace-
ment fluids are considered standard of care in adults and 
children [34, 35]. It is important to note, however, that many 
commercially available fluids contain a small, clinically in-
significant amount of lactate to improve stability.

CRRT solutions usually contain sodium, potassium, chlo-
ride, glucose, phosphate, calcium, and magnesium in vari-
ous concentrations and combinations. Although many dif-
ferent electrolyte formulations are available from a number 
of manufacturers, for the sake of simplicity, our institution 
has tended to stock a single brand in only a few formula-
tions which can then be modified as required. Notably, as 
the length of CRRT course becomes more prolonged, the 
composition of the dialysate and replacement fluids tends to 
determine the electrolyte levels of the patient. A fluid low in 
potassium, phosphorous, and magnesium may be appropri-
ate at CRRT initiation; however, patients can become mark-
edly deficient in these electrolytes in a surprisingly short pe-
riod of time. Hypophosphatemia, in particular, is remarkably 
common without solution supplementation, especially if 
higher clearance rates are targeted [30, 36]. Supplementation 
of the CRRT solutions with the necessary electrolytes creates 
a more physiologic fluid that will result in normalization of 
the electrolyte levels. If required, the pharmacy can add po-
tassium, phosphorous, magnesium, calcium, and additional 
bicarbonate as required. While we have had great success 
with this practice, it has the potential for pharmacy errors 
and may increase costs.

In the majority of situations, if one is using CVVHDF, 
the replacement and dialysate fluids should have the same 
composition to reduce staff confusion and the risk for error. 
One significant exception is when albumin is added to the di-

alysate fluid. This technique can be used to remove protein-
bound medications in the setting of intoxication as well as 
substances such as bilirubin [37] .

18.5.5  Anticoagulation

Anticoagulation in adults has been discussed in detail in 
Chap. 15, and the majority of the same principles apply to 
children. In pediatrics, there is no evidence that heparin or 
citrate is the superior anticoagulant. The only large observa-
tional study in pediatrics demonstrated that heparin and ci-
trate are equally efficacious, but that bleeding complications 
may be more common with heparin [38]. Most adult studies 
demonstrate prolonged-circuit life and reduced bleeding with 
the use of citrate anticoagulation [39, 40]. However, since 
controlled studies in children are lacking, most centers tend 
to adopt either heparin or citrate based primarily on local 
experience and practice; amongst practitioners from the 13 
US centers, citrate was used 56 % and heparin 37 % of the 
time [15]. An additional 7 % of the patients received no anti-
coagulation, relying on periodic saline flushes of the circuit. 
While a no-anticoagulation approach might be considered in 
patients with evidence of existing coagulopathy due to dis-
seminated intravascular coagulation or hepatic failure, this 
tends to be associated with poor circuit survival [38]. Many 
of these patients receive periodic fresh frozen plasma and 
platelet infusions which, without anticoagulation, commonly 
lead to clotting. Moreover, patients with hepatic failure may 
have a paradoxical hypercoagulable state. Thus, while either 
citrate or heparin can provide adequate CRRT anticoagula-
tion, it is clear that avoidance of anticoagulation is associ-
ated with markedly inferior circuit life span and a reduced 
ability to deliver CRRT [38].

18.6  CRRT Prescription and Dosing

18.6.1  Blood Flow Rates

Blood flow (Qb) is primarily dependent on the access; small-
er 7Fr and 9Fr catheters infrequently allow a Qb greater than 
60–80 mL/min. The CRRT device itself can also dictate 
blood flow rates; for example, while many newer machines 
have maximal Qb rates of 450–600 mL/min, some older ma-
chines possess lower maximal Qb rates (150–180 mL/min). 
However, generally recommended Qb rates of 3–10 mL/
kg/min have been extrapolated from adult data and animal 
models [41]. Higher Qb rates (10–12 mL/kg/min) are usually 
necessary in neonates and small infants for technical reasons 
when currently available CRRT devices are used. For exam-
ple, in a 3 kg neonate, a Qb of 30 mL/min may be necessary 
to generate access and return pressures adequate to prevent 
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access disconnect alarms. General guidelines for Qb ranges 
based on age are shown in Table 18.3. Higher blood flow 
rates tend to result in longer circuit lifespans due to reduced 
risk for intrafiber clotting. Again, it is important to remember 
that a fundamental difference between CRRT and HD is that 
increasing CRRT Qb does not necessarily result in greater 
small solute clearance. Increasing Qb can, however, facili-
tate greater clearance by mitigating the reduced efficiency 
seen with pre-dilution mode CVVH or CVVHDF. Many pa-
tients will not tolerate maximal blood flow at the initiation of 
CRRT and, in general, it is best to advance Qb to the targeted 
rate over 20–30 min.

18.6.2  Dialysate Flow Rates (Qd), Replacement 
Flow Rates (Qr), and CRRT Dosing

Although no CRRT dosing studies exist in children, there 
have been several studies performed in adults (see Chap. 15). 
As a result, most pediatric practitioners have adopted dos-
ing strategies extrapolated from the available data. Although 
Ronco and colleagues originally suggested targeting a con-
vective clearance of 35–45 mL/kg/h [42], the Veterans Af-
fairs/National Institutes of Health (VA/NIH) and RENAL 
studies demonstrated that, in adults, there was no benefit to 
targeting combined (convective and diffusive) clearances 
above 20–25 mL/kg/h [30, 31]. While 85–100 % of the pa-
tients enrolled in these studies received the prescribed dose, 
successfully delivering the prescribed dose can be difficult 
in clinical practice. In adults, it has been suggested that criti-
cally ill patients may receive 30 % less than their prescribed 
HD dose [43]; this may be even more common in children 
where smaller diameter catheters and lower blood flow rates 
encourage circuit malfunction and membrane clotting. Many 
children require blood priming at CRRT initiation which can 
substantially delay restarting a failed circuit. Additionally, 
centers (such as ours) which use pre-dilution CVVH or CV-
VHDF to reduce the risk of intra-filter hemoconcentration 
will experience clearances that are reduced by 15–35 % [43, 
44]. Thus, we typically prescribe a dose of 30–40 ml/kg/h to 
ensure a sustained dose no lower than 25 mL/kg/h. We, like 
many centers, tend to divide the dose evenly between dialy-
sate and replacement. Many centers which provide CVVHD 
will target Qd of 2000 mL/min/1.73 m2. One common excep-
tion to these dosing strategies are children with inborn errors 
of metabolism (IEM), which is discussed below.

18.7  Indications for Use of CRRT

For the most part, indications for CRRT are similar in adults 
and children. Although unique pediatric indications exist, 
more often than not, CRRT is used in critically ill children 
with AKI and fluid overload where medical management 
has failed. The specific triggers for initiation commonly 
include hyperkalemia and symptomatic uremia (encepha-
lopathy, bleeding, pericarditis) in addition to fluid overload 
(Table 18.4). The ppCRRT registry data demonstrated that 
29 % of the children received CRRT to treat isolated fluid 
overload, 13 % to treat isolated electrolyte abnormalities, 
and 46 % to treat both fluid overload and electrolyte abnor-
malities [15]. Of the remaining patients, 4 % received CRRT 
to treat hyperammonemia associated with an IEM, and 
2 % received CRRT to treat an intoxication or medication 
overdose.

18.7.1  CRRT Use and Dose for Inborn Errors of 
Metabolism

It is worth briefly discussing the use of CRRT in the setting 
of neonatal hyperammonemia and suspected IEM since this 
is a uniquely pediatric disease. These patients have acutely 
elevated ammonia levels, often in excess of 500–1500 mcg/
dL and require aggressive management to mitigate the ef-
fects of the hyperammonemia. The cornerstones of the most 
IEM management strategies are aggressive, specific nu-
tritional supplementation and administration of ammonia 
scavengers, both of which should be initiated as soon as the 
disease is suspected. However, these interventions often re-
quire 24–48 h to be fully effective and RRT is typically used 
to acutely lower ammonia levels. Similarly, RRT should 
begin as soon as the diagnosis is suspected. Patients with 
suspected IEM should receive care at centers with the capac-
ity to deliver either HD or CRRT; ammonia clearance with 

Table 18.3  Recommended blood flow (Qb) rates for CRRT
Patient weight/size (kg) Blood flow rate (mL/min)
0–10 20–60
11–20 50–100
21–50 100–150
> 50 150–250

Table 18.4  Indications for CRRT in critically ill children with acute 
kidney injury (AKI)
Indication
Fluid overload
Hyperkalemia
Uremia
Encephalopathy
Refractory bleeding
In preparation for surgery
Pericarditis
Metabolic acidosis
Inability to deliver adequate nutrition
Need to deliver high volumes of medications or blood products
Hyperammonemia/inborn error of metabolism
Intoxication/overdose
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PD is inadequate, and this therapy should only be used as a 
last resort if no other RRT modality is available. While inter-
mittent HD has often been considered the most appropriate 
therapy due to its ability to achieve high diffusive clearance 
rates of ammonia, many centers have transitioned to CRRT 
as the mainstay treatment for IEM associated with hyper-
ammonemia [17, 45]. CRRT can be provided with regional 
anticoagulation, can be delivered without the need for spe-
cialized nursing staff, and avoids the ammonia rebound seen 
with intermittent HD. If CRRT is used in this situation, it is 
imperative to deliver higher clearance rates, in the order of 
8000 mL/h/1.73 m2 [17, 26, 45]. Although we have tended to 
use CVVHD in these babies, CVVH or CVVHDF are like-
ly to be equally efficacious [26]. As previously mentioned, 
when higher clearance rates are prescribed, it is important to 
add electrolytes (phosphate, magnesium, and potassium) to 
the dialysate/replacement fluids to prevent their depletion.

18.7.2  CRRT in Children with Intoxication or 
Medication Overdose

Children who ingest toxic substances or receive a marked 
overdose of a medication can experience substantial morbid-
ity. The symptoms and outcomes are highly dependent on the 
substance ingested or received, the relative size of the dose, 
and the rapidity with which the intoxication is managed. 
Although there are no current absolute indications in these 
settings [46, 47], CRRT has been used successfully in a num-
ber of clinical scenarios to manage intoxications. Examples 
include vancomycin [48], carbamazepine [49], sustained re-
lease potassium preparations [50], iron [51], and methotrex-
ate [52]. Typically, in adult patients, HD provides more ef-
fective clearance of many toxins/medications, and CRRT is 
commonly reserved for patients who are hemodynamically 

unstable or unlikely to tolerate the HD procedure. In smaller 
children, however, because of the comparatively high dialy-
sate/replacement rates available (relative to an adult sized 
patient), CRRT can approximate the clearance provided by 
intermittent HD; use of CRRT in the setting of IEM (above) 
is an example of this approach [17, 45]. CRRT can also be 
beneficial in preventing the rebound phenomenon seen fol-
lowing CRRT; in certain situations, CRRT can be initiated 
immediately following the initial HD session with great 
success.

18.8  Outcomes in Children Who Receive CRRT

Patients receiving CRRT experience different outcomes de-
pending on the underlying disease state and comorbid con-
ditions, the indication for initiation, and a range of clinical 
criteria. Adult studies have suggested that mortality in adults 
with AKI severe enough to require RRT is 50–80 % [30, 31, 
53]. Factors that have been associated with greater mortality 
are the need for vasopressor support, use of mechanical ven-
tilation, sepsis, greater severity of illness, muti-organ failure 
(heart, liver, GI, brain, lungs), and greater positive fluid bal-
ance [53–55].

This seems to be the case in children also (Table 18.5). 
Among patients in the ppCRRT registry, overall mortality 
was 42 %; higher mortality rates were seen in patients with 
liver failure or liver transplant, pulmonary disease or lung 
transplant, and stem cell transplant (69, 55, and 55 %, respec-
tively) [26, 56]. Smaller children experienced greater moral-
ity than bigger children; in children ≤ 10 kg, survival was 
43 %, whereas survival was 64 % in children > 10 kg [57]. 
Interestingly, when the ≤ 10 kg cohort was split into ≤ 5 and 
5–10 kg, survival rates were equivalent (44 and 42 %, re-
spectively) [57]. Although younger, smaller children had 

Table 18.5  Mortality according to underlying diagnosis among pediatric patients receiving continuous renal replacement therapy (CRRT)
Prospective pediatric continuous renal replacement 
therapy (ppCRRT) registry USA ( n = 344)

Madrid cohort Spain ( n = 174)

N Mortality (%) N Mortality (%)
Sepsis 33/81 41 15/97 44
Stem cell transplant 30/55 55
Cardiac disease/transplant 20/41 49 39/97 40
Renal disease 5/32 16 1/21 5
Liver disease/transplant 20/29 69
Malignancy (w/o tumor lysis) 15/29 52
Ischemia/shock 6/19 32
Inborn error of metabolism 4/15 17 2/5 40
Drug intoxication 0/13 0 1/3 33
Tumor lysis syndrome 2/12 17 0/5 0
Pulmonary disease/transplant 6/11 55
Other 2/7 29 3/3 100
ppCRRT prospective pediatric continuous renal replacement therapy
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greater mortality, this likely reflects the greater mortality 
seen in critically ill infants with AKI rather than a CRRT-
specific finding.

A retrospective series of 76 pediatric CRRT patients 
presented similar findings. Across the entire cohort, mortal-
ity was 44.7 %; however, mortality was greater in patients 
with sepsis, MODS, and increased fluid overload [58]. The 
ppCRRT registry also found a high risk of mortality in the 
setting of MODS (OR 4.7; 95th CI 2.0–10.7) and cancer 
(OR 3.2; 95th CI 1.7–6.1) [56]. Another center established 
that in children requiring CRRT, non-survivors had higher 
pediatric risk of mortality (PRISM) scores, lower blood 
pressures, and required more substantial pressor support 
[59]. Thus, it seems that children with higher disease sever-
ity, a greater number of organ systems involved, and he-
modynamic instability have a poorer prognosis and worse 
outcomes.

The relationship between fluid overload and mortality 
is especially relevant and worthy of further discussion. The 
ppCRRT registry has demonstrated that greater fluid over-
load at CRRT initiation is independently associated with 
greater mortality (Fig. 18.2). After controlling for severity 
of illness, each 1 % increase in fluid overload was associ-
ated with a concomitant 3 % increase in mortality; patients 
with > 20 % fluid overload at CRRT initiation were 8.5 times 
more likely to die than those with < 20 % fluid overload [56]. 
This association has been seen in adult studies as well. How-
ever, adults studies have also been able to demonstrate that 
outcomes are superior when RRT is initiated earlier in the 
ICU course [54]. Thus, although the majority of the data re-
main observational, they certainly suggest that outcomes are 
likely to be better if CRRT is initiated earlier in the clinical 
course and at a lesser degree of fluid overload.

In the pediatric setting, CRRT is often used in combina-
tion with ECMO. A large proportion of the patients requiring 
ECMO develop AKI and oligoanuria. When these patients 
fail to respond to standard medical interventions, CRRT 
can be used effectively to treat uremia and fluid overload. 
We have experienced excellent technical success delivering 
the therapy directly into the ECMO circuit. The return line 
can be positioned downstream from the access line and both 
access points can be placed pre-bladder, pump, and oxygen-
ator, which minimizes the risk of air embolism [17]. Addi-
tionally, the heparin-based ECMO anticoagulation is more 
than adequate anticoagulation for the CRRT circuit, and no 
additional anticoagulation is required. Although patients re-
ceiving ECMO who develop AKI and require CRRT have 
higher mortality rates, those who do survive have exception-
al renal outcomes [60, 61]. In two studies, 93 and 97 % of the 
ECMO/CRRT therapy patients recovered full renal function 
[60, 61]. In fact, out of 68 ECMO/CRRT survivors, the only 
two patients who did not recover renal function had primary 
renal vasculitis [61]. Thus, although the majority of pediat-
ric AKI survivors develop some degree of chronic kidney 
disease (CKD) [62, 63], they are quite unlikely to require 
chronic RRT at the time of hospital discharge.

18.9  Summary

Across the majority of developed countries, CRRT has be-
come the preferred modality to treat AKI and fluid overload 
in critically ill children; it can provide stable, slow removal 
of uremic toxins and fluid in patients with hemodynamic in-
stability. CRRT shares some physiologic principles with HD 
and PD, however, it does have distinct advantages and dis-
advantages which need to be appreciated in order to deliver 
high-quality care. Although the technical considerations are 
similar to those in adults, providing CRRT in children does 
require an adaptable approach and an understanding of some 
practical differences and obstacles. Available data suggest 
that with adequate experience, centers can deliver CRRT 
to children across the entire spectrum of age and size both 
safely and effectively [17].
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19.1  Introduction

In intensive care medicine, both intermittent and continu-
ous renal replacement therapies (CRRTs) are frequently 
used in the treatment of acute kidney injury (AKI). CRRT is 
considered superior to intermittent haemodialysis (IHD) in 
maintaining haemodynamic stability and also provides bet-
ter volume, electrolyte and acid–base control [1]. As such, 
it has become the technique of choice for dealing with AKI 
in the intensive care unit (ICU). Critically ill patients with 
AKI who require CRRT comprise a very heterogeneous 
population, often with severe sepsis and/or multiple organ 
dysfunction [2]. Therefore, they frequently require complex 
drug therapy, and it is essential that drug dosing is appro-
priately prescribed and adjusted so as to be clinically safe 
and effective in optimising clinical outcomes. A prospective 
observational study across 23 countries suggested that up to 
60 % of patients with AKI die during their hospital stay, de-
spite considerable progress in critical care medicine and in 
CRRT technologies [3]. There is little doubt that inaccura-
cies in medication dosing contribute to the continued poor 
outcomes in this patient population.

Correct dosing of drugs in patients undergoing CRRT is 
extremely challenging, since it is necessary to consider both 
extracorporeal drug removal by the CRRT process itself and 
pharmacokinetic perturbations caused by organ dysfunc-
tion, sepsis and/or other aspects of critical illness. A further 
consideration is that the clinical situation in these patients 
is dynamic and may change rapidly. Thus, pharmacokinet-
ic parameters observed in end-stage renal disease (ESRD) 

patients are not generalisable to ICU patients undergoing 
CRRT [4].

There is some robust evidence to guide dosing of individ-
ual drugs in CRRT, particularly antimicrobials, since sepsis 
is one of the main causes of AKI. However, wide variation 
exists in the type of CRRT technique, clinical setting and pa-
tient factors, all of which make generalisation difficult. Well-
designed pharmacokinetic studies in critically ill patients re-
ceiving CRRT are relatively rare, and dosing guidelines are 
usually not included in the manufacturers’ product labelling 
[5]. While there are multiple published dosing recommen-
dations that are widely used, in reality these have not been 
adequately validated in prospective studies to see if their im-
plementation either increases the attainment of target thera-
peutic serum concentrations of drugs or, more importantly, 
improves patient outcomes [6–8].

The aims of this review are to discuss the general prin-
ciples determining whether a dose adjustment is necessary 
during CRRT and to provide some practical guidance en-
abling clinicians to avoid ineffective drug dosing in this set-
ting.

19.2  CRRT Techniques and Methods of Drug 
Removal

CRRT began with continuous arteriovenous haemofiltration 
(CAVH) more than 50 years ago [9], in which arterial blood 
pressure drove blood flow through a haemofilter, and grav-
ity controlled the fluid removal (ultrafiltration) rate. CRRT 
has since evolved to include more modalities, purpose-built 
pumps (for ‘veno-venous’ modalities) and associated tech-
nologies. The most commonly used modern-day CRRT 
therapies include pump-driven continuous venovenous mo-
dalities: haemofiltration (CVVH), continuous venovenous 
haemodialysis (CVVHD) and continuous venovenous hae-
modiafiltration (CVVHDF; Fig. 19.1). Continuous arteriove-
nous haemodialysis (CAVHD) and continuous arteriovenous 
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haemodiafiltration (CAVHDF) are employed only rarely. 
More details are provided in Chap. 15.

The primary modes of solute removal during CRRT are 
convection, diffusion and combinations thereof (Table 19.1; 

Fig. 19.1). In continuous haemofiltraton (CAVH and CVVH), 
convection dominates, with solutes (including drugs) being 
carried along or ‘dragged’ with plasma water that is pushed 
through the membrane via a pressure gradient. In continuous 

Fig. 19.1  Schematic representation of the most commonly employed 
continuous renal replacement therapies: Continuous venovenous hae-
mofiltration (CVVH); continuous venovenous haemodialysis (CVVHD) 
and continuous venovenous haemodiafiltration (CVVHDF); and the 
mechanisms by which they drive the extracorporeal clearance of drugs. 
All three modalities involve the pumping of blood through a haemo-
filter (hatched line). In CVVH, plasma water is forced through the 
membrane via a pressure gradient and solutes, including drugs, move 

via convective forces. In CVVHD, solutes move by diffusion into the 
dialysate, which runs countercurrent to blood flow to maximise the dif-
fusion gradient. In CVVHDF, both diffusion and convection combine 
to remove solutes. In CVVHD and CVVHDF, large amounts of replace-
ment fluids are administered either after (as illustrated above) or before 
the haemofilter to maintain desired fluid balance and to replace lost 
electrolytes and bicarbonate
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haemodialysis (CAVHD and CVVHD), drug removal occurs 
by diffusion into the drug-free dialysate (running counter-
current to blood flow, to maximise diffusion gradient) and 
convection is less important, since the ultrafiltration rate is 
much lower than in CAVH/CVVH. Generally, in CAVHD 
and CVVHD, ultrafiltration rates are set for the sole purpose 
of achieving desired fluid and weight loss. In continuous hae-
mofiltration (CAVH or CVVH) or in continuous haemodiafil-
traton (CAVHDF or CVVHDF), ultrafiltration volumes are 
increased so that they exceed desired fluid-weight loss and 
large amounts of replacement fluids are administered before 
or after the haemofilter to maintain desired fluid balance and 
to replace lost electrolytes and bicarbonate. The use of hae-
mofiltration with replacement fluid enhances solute clearance 
by convection. In general, the calculated ‘dose’ of CRRT is 
estimated as the hourly effluent flow rate divided by the body 
weight, and there is general consensus on the minimum, ad-
equate prescribed dose required to improve survival [10–12].

Drug–membrane interactions also impact solute removal 
in CRRT, and some drugs are eliminated by binding to the 
membrane rather than passing through it. The Gibbs–Don-
nan equilibrium is one important determinant of membrane 
interactions for charged drugs [13]. Proteins such as albu-
min, which are sequestered on the blood side of a membrane, 
render that membrane negatively charged, resulting in an 
asymmetric distribution of permeant charged drugs. Cat-
ionic drugs, such as aminoglycosides and levofloxacin, will 
filter somewhat less readily than one would expect from the 
unbound fraction, whereas the opposite is true for anionic 
drugs such as ceftazidime and cefotaxime [14]. However, the 
clinical relevance of this phenomenon is unclear.

Adsorption is the other major source of drug–membrane 
interaction, with the extent of adsorption depending on 
both membrane and drug properties. Hydrophobic mem-
branes, such as synthetic sulphonated polyacrylonitrile and 
polymethylmethacrylate membranes, are highly adsorp-
tive, whereas cellulose triacetate is much less adsorptive 
and unsulphonated polyacrylonitrile and polysulphone lie 
somewhere in between [15]. Since adsorption is generally 
saturable early on, its influence on drug removal reflects the 
frequency of filter changes, and when filter changes occur on 
an average every 24–48 h or more with modern CRRT, the 

influence of adsorption on drug concentration is generally 
relatively minor. That said, there is a paucity of information 
describing adsorptive capacity of filters for most drugs and 
drug dosing guidelines tend not to consider adsorption to fil-
ters as a confounder.

19.3  Factors Influencing Extracorporeal Drug 
Removal

Drug removal during CRRT depends on the physicochemical 
properties and pharmacokinetic behaviour of that drug, the 
CRRT technique used, and other physical and patient fac-
tors including membrane selection, effluent flow rate and 
systemic pH.

Since only the fraction of the drug present in plasma is 
available for clearance by endogenous or extracorporeal 
routes, drugs with a high volume of distribution ( Vd) are, 
overall, less likely to be cleared by CRRT than drugs with a 
small Vd, since their proportion contained in the plasma com-
partment at any given time is low relative to the total body 
load of the drug. However, an important distinction exists 
between IHD and CRRT with respect to the potential extra-
corporeal clearance of large Vd drugs. In IHD, drugs with a 
large Vd that are rapidly cleared from the plasma will quickly 
have their levels restored as drugs are released from tissue 
stores between dialysis treatments, resulting in a post-treat-
ment ‘rebound’ in their plasma concentrations. By contrast, 
the slow, uninterrupted nature of CRRT allows continuous 
redistribution of the drug from tissue to blood. This means 
that the impact of Vd is reduced overall in CRRT and that for 
drugs with a high Vd, although CRRT has less effect on plas-
ma concentration acutely than IHD, there is greater potential 
to clear drugs with higher Vd that are simply not practically 
removable with IHD [10].

Importantly, Vd values in critically ill patients typically 
differ substantially from standard reported values and there 
is a wide degree of both inter- and intra-patient variability, 
caused by factors such as lower protein binding in critical 
illness (discussed below), higher Vd of water soluble drugs, 
etc. For example, the Vd of aminoglycosides increases by 
approximately 25 % in critically ill patients, whereas penicil-

Table 19.1  Clearance mechanisms for continuous renal replacement modalities
Modality Clearance mechanism Key factors influencing drug removal

Convection Diffusion
Intermittent haemodialysis + ++++ Blood flow rate
Continuous arteriovenous haemodiafiltration +++ +++ Ultrafiltration and dialysate flow rates
Continuous venovenous haemodiafiltration +++ +++ Ultrafiltration and dialysate flow rates
Continuous arteriovenous haemofiltration ++++ − Ultrafiltration rate
Continuous venovenous haemofiltration ++++ − Ultrafiltration rate
Continuous venovenous haemodialysis + ++++ Dialysate flow rate
Continuous arteriovenous haemodialysis + ++++ Dialysate flow rate
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lins and cephalosporins, vancomycin and metronidazole are 
relatively unaffected [16].

Unlike in conventional dialysis, the high-flux membranes 
used in CRRT generally have large pores allowing passage 
of molecules of up to 20,000–30,000 Da (Fig. 19.1). Since 
most drugs have molecular weights of less than 500 Da, and 
very few exceed 1500 Da, these membranes do not present a 
filtration barrier to drugs, such that the concentration of drug 
in the filtrate usually reflects the unbound plasma concentra-
tion of that drug [17]. This means that convection is inde-
pendent of drug molecular weight, and haemofiltration is a 
superior modality for the removal of large solutes (drugs). 
Even large molecules such as vancomycin (1448 Da) and 
teicoplanin (1878 Da) are efficiently removed by haemofil-
tration. The capacity of a drug/solute to pass through a mem-
brane by convection is mathematically expressed as the siev-
ing coefficient, which is the ratio between the drug/solute 
concentration in the ultrafiltrate ( Cuf) and the plasma ( Cp):

A sieving coefficient of 1 indicates that a drug/solute is re-
moved in the same concentration as in the plasma, while a 
sieving coefficient of zero represents no drug/solute remov-
al. In view of the large pore sizes used in CRRT, one of the 
major determinants of sieving coefficient is the extent of 
plasma protein binding by drugs (PB), as evidenced by the 
excellent correlation between Sc and the free fraction of drug 
(1-PB or fu). However, in clinical studies a wide variation 
in Sc is noted [18]. Critically ill patients often have reduced 
serum albumin levels, and this may increase the unbound 
fraction of a drug to such an extent that toxic effects may 
ensue even though total serum levels remain constant, as 
demonstrated for phenytoin and ceftriaxone [19, 20]. How-
ever, removal by CRRT will be higher when the unbound 
fraction is increased by critical illness or by renal failure 
[21]. Notably renal failure also decreases binding of drugs 
to albumin independently of serum albumin level, a phe-
nomenon that is thought to reflect displacement by ‘uremic 
solutes’. Conversely, patients with hypoalbuminemia often 
have increased expression of acid α1 glycoprotein, which 
may actually decrease the unbound fraction of some basic 
drugs. There is also a wide inter-person variability in plasma 
protein binding, even among healthy volunteers.

Furthermore, in convective haemofiltration CRRT sys-
tems, the positioning of the replacement fluids has an im-
portant effect on solute clearance [22]. In the case of vanco-
mycin, the sieving coefficient increased by up to 25 % as the 
proportion of replacement fluid given post-filter versus pre-
filter was increased [23]. This occurs because pre-filter re-
placement fluid dilutes the blood that passes through the hae-
mofilter and, therefore, decreases drug clearance. In clinical 

S C Cc uf p= /

practice, the pre-filter or post-filter placement of fluid tends 
to differ in line with locally agreed protocols. Pre-filter fluid 
replacement is primarily intended to avoid haemoconcentra-
tion and decrease filter clotting, and it is thought that routine 
variation in this placement may account for many of the dif-
ferences in Sc and drug clearance rates that have been re-
ported in the literature [24].

In continuous dialysis (CAVHD and CVVHD), drug re-
moval occurs by diffusion down a concentration gradient 
into the drug-free dialysate, and this equilibration depends 
on molecular weight as well on membrane flux properties, 
surface area and both blood and dialysate flow rates. The 
ability of a drug to diffuse through the filter membrane is 
expressed as the saturation coefficient Sd:

where Cd is the concentration of drug in the dialysate out-
flow.

The ratio between the dialysate flow rate ( Qd) and blood 
flow rate ( Qb) determines the time available for diffusion to 
occur and this especially determines the elimination of larger 
drugs, such as vancomycin, which require more time to satu-
rate the dialysate because of their lower motion in solution 
compared to small solutes. In general, since the dialysate 
flow rate is usually relatively low compared to blood flow, 
small solutes have adequate time to saturate the dialysate. 
This means that, similar to Sc during haemofiltration modali-
ties, protein binding becomes the major determinant of Sd in 
CVVHD and CAVHD and, for these smaller solutes, Sd will 
approach the free fraction (1-PB). For larger solutes, how-
ever, Sd is usually considerably smaller than 1-PB and this 
difference widens with higher Qd values and with smaller 
membrane surface areas [7].

Overall, extracorporeal drug clearance in CRRT with con-
tinuous dialysis depends on Sd, Qd and the relative diffusive 
mass transfer coefficient, Kdrel, which accounts for the effect 
of a drug’s molecular weight on its diffusive removal [17].

Multiple studies indicate that at the same dialysate/ultrafil-
trate flow rates, dialysis-based therapies will always have in-
ferior drug/solute clearance to convective therapies and this 
difference becomes larger as the flow rates and molecular 
weight of the solute increases.

In haemodiafiltration, both convection and diffusion com-
bine to eliminate drugs. These two processes may interact to 
reduce each other’s efficiency of extracorporeal drug clear-
ance, so that simple addition of convective and diffusive clear-
ances tends to overestimate the total extracorporeal clearance 
[25]. For example, pre-filter haemofiltration replacement 

S C Cd d p= /
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fluid dilutes inflow solutes and decreases diffusion. However, 
in comparison to CVVH, CVVHDF with equivalent effluent 
flow rates does result in a larger drug clearance [26].

19.4  Clinical Importance of Extracorporeal 
Drug Clearance: Contribution of Renal 
Clearance to Total Body Clearance

Total body clearance of a drug reflects the sum of clearances 
from different sites, and may include renal ( ClR), hepatic 
and other metabolic processes, in addition to removal by 
extracorporeal devices. It is the contribution of renal clear-
ance to total body clearance that primarily determines the 
extent of pharmacokinetic changes in renal failure and the 
requirement for dose adjustment in either IHD or CRRT. If 
the renal clearance of a drug is less than 25–30 % of total 
body clearance, then impaired renal function does not usu-
ally have a clinically significant effect on drug clearance and 
drug removal by CRRT is less likely to necessitate dosing 
adjustment. The fractional extracorporeal clearance may be 
expressed as:

where ClEC represents extracorporeal clearance, ClR repre-
sents residual renal clearance and ClNR represents non-renal 
clearance. Thus, extracorporeal clearance is not usually clini-
cally significant for drugs with low ClEC due either to low 
filtration or dialysis flow rates, or to high protein binding, as 
seen for amphotericin B, which is extensively protein bound 
[27]. It is also usually negligible for drugs with a high ClNR 
due to predominant hepatic clearance. The impact of residual 
renal function can be significant for some drugs, as demon-
strated for meropenem [28]. Moreover, in early sepsis, hyper-
dynamic circulation may, paradoxically, result in higher renal 
clearances. Finally, in critical illness dynamic events such as 
the development of hepatic injury/failure can increase the ex-
tent to which CRRT contributes to total body clearance [6].

19.5  Practical Approaches to Adjusting Drug 
Dosing in CRRT

The critically ill patient with AKI is at obvious risk of drug ac-
cumulation and drug overdose, and dose reduction strategies 
tend to dominate prescribing strategies accordingly. However, 
modern CRRT methodologies also put these patients at risk 
of underdosing, which in itself may be life threatening, es-
pecially for antimicrobials [29, 30]. Moreover, inappropriate 
underdosing of antibiotics may be contributing to the increas-
ing rate of antibiotic resistance, which is most prominent and 

Fr Cl Cl Cl ClEC EC EC NR R= /( + + )

dangerous in ICU patients [31]. Thus, an expert, holistic ap-
proach to dosage adjustment in patients with AKI undergoing 
CRRT is required. There is evidence that interprofessional 
co-operation between ICU pharmacists and physicians is of 
particular benefit, with a recent study indicating that antimi-
crobial dose adjustments performed by pharmacists reduced 
the length of ICU stay and resulted in fewer adverse drug 
reactions in septic patients receiving CRRT [32].

19.5.1  Consulting Pre-existing Resources

Perhaps the easiest and most obvious approach to dosage 
adjustment is to use available CRRT clearance data to es-
timate starting doses in individual patients. The problem is 
that high-quality data in critically ill patients is rare, and that 
which is available may not be generalisable across different 
CRRT prescriptions and/or clinical scenarios. Most publica-
tions on individual drugs in CRRT are case reports or small 
case series, rather than prospective, well-powered trials, and 
most do not satisfy quality criteria such as those laid out by 
the Acute Dialysis Quality Initiative (ADQI) [5, 33]. Further-
more, recent technological advances in CRRT, in particular 
higher dose rates and improved filters, mean that much of the 
previously published literature on drug disposition in CRRT 
is outdated. This could lead to the ineffective and potentially 
dangerous underdosing of drugs, including antibiotics [10].

There are several reference texts and resources that physi-
cians and pharmacists typically consult when seeking dosing 
guidelines in renal impairment including Drug Prescribing 
in Renal Failure (2007) [34], Martindale: The Complete 
Drug Reference [35], the British National Formulary [36], 
AHFS Drug Information [37] and the online resource Micro-
medex [38]. Somewhat surprisingly, these resources differ 
as to the categorisation of renal impairment and the required 
dosing adjustments for individual drugs, and it is therefore 
advisable not to rely on one resource [39, 40]. They also gen-
erally provide very little information on dosage adjustment 
in the specialist realm of CRRT. A more recent textbook: 
Renal Pharmacotherapy: Dosage Adjustment of Medica-
tions Eliminated by the Kidney [41] includes some limited 
guidelines on CRRT, as well as references to the primary 
literature to inform clinical practice.

There have been several excellent review articles in 
this area, particularly in the field of antimicrobial dos-
ing in CRRT, which tabulate relevant clinical trial data [5, 
42–44]. However, these require constant updating, and often 
the descriptions of CRRT techniques and pharmacokinetic 
measurements in the original studies are far from complete, 
making extrapolations difficult [45]. In Table 19.2, we pro-
vide references to up-to-date antimicrobial drug data from 
clinical studies of CRRT within the past 3 years.
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19.5.2  Adjusting Drug Dosage Based on 
Estimated Total Creatinine Clearance

For most drugs, CRRT clearance measurements are not avail-
able from any pre-existing resource and must be estimated. 
Notably, CRRT is much less uniform than conventional IHD 
and this renders drug dosing much less predictable and man-
ageable. There are several possible approaches to this, and 
there is no consensus view on an optimal strategy. Overall, 
these estimates require clinical teams to conduct accurate re-
search and interpret relevant pharmacokinetic data, which in 
itself is a skill that is often underdeveloped in clinical train-
ing programs.

One such method is to calculate total creatinine clearance 
based on residual ClR and expected or measured ClEC and 
devise a dose based on total ClCR, using maintenance dos-
ing guidelines for ClCR, which are provided by many manu-
facturers [46]. Using this technique, ClEC will approximate 
either Qf or Qd, depending on the CRRT modality used, 
based on the principle that effluent flow rate equals creati-
nine clearance [47]. Most drugs will fall in the 20–25 ml/min 
range, but this may increase to 25–50 ml/min with higher 

effluent volumes in modern CRRT protocols. Since CRRT is 
often started somewhat earlier in the course of an illness than 
prior practice, residual renal function can also be significant 
in clearing some drugs [48].

This method will perform well for many drugs and, aside 
from estimation of creatinine clearance, is not reliant on indi-
vidualised pharmacokinetic knowledge, such as Vd, ClNR or 
the extent of protein binding. Importantly, since it combines 
an individual patient’s extracorporeal creatinine clearance 
and residual renal clearance to estimate drug clearance and 
dosing, maintenance doses could theoretically be adjusted if, 
and when, loss or recovery of residual renal function occurs. 
However, this would be reliant on regular measurement of 
residual function, which is not always practicable once a pa-
tient has commenced CRRT. A disadvantage to this approach 
is that it assumes free glomerular filtration and does not ac-
count for either tubular reabsorption or secretion. For ex-
ample, since CRRT does not replace tubular function, drugs 
with high reabsorption, such as fluconazole, may actually 
be cleared more extensively in a patient undergoing CRRT, 
thereby necessitating higher doses than anticipated on the 
basis of a ClCR calculation [49]. The opposite is true when 

Table 19.2  Clinical studies of antimicrobial pharmacokinetics in patients receiving continuous renal replacement therapy (CRRT), published 
from 2012-date
Drug Number of patients 

on CRRT
CRRT modality Year of publication Authors Reference number(s)

Amikacin 5 CVVHDF 2012 D’Arcy et al. [62]
Amphotericin B 8 CVVHDF 2013 Malone et al. [63]
Anidulafungin 12 CVVHDF 2014 Aguilar et al. [64]
Caspofungin 15 CVVH/CVVHD 2013 Weiler et al. [65]
Ciprofloxacin 6 CVVHDF 2012 Roberts et al. [66]
Colistin 3 CVVHDF 2012 Markou et al. [67]
Daptomycin 6 CVVHD/CVVHDF 2012 Falcone et al. [68]
Daptomycin 9 CVVHDF 2012 Wenisch et al. [69]
Daptomycin 7 CVVHDF 2013 Preiswerk et al. [70]
Daptomycin 9 CVVHDF 2013 Corti et al. [71]
Ertapenem 8 CVVHD/CVVHDF 2014 Eyler et al. [72]
Gentamicin 7 CVVH 2012 Petejova et al. [73]
Imipenem 16 CVVHD 2013 Afshartous et al. [74]
Meropenem 17 CVVHDF 2012 Roberts et al. [66]
Meropenem 10 CVVHD 2013 Afshartous et al. [74]
Piperacillin-tazobactam 42 CVVHD/CVVHDF 2012 Bauer et al. [75]
Piperacillin-tazobactam 7 CVVHDF 2012 Roberts et al. [66]
Piperacillin-tazobactam 16 CVVH 2014 Asin-Prieto et al. [76]
Piperacillin-tazobactam 10 CVVHDF 2014 Varghese et al. [77]
Vancomycin 40 CVVHD 2012 Wilson and Berns [30]
Vancomycin 10 CVVHDF 2012 Roberts et al. [66]
Vancomycin 32 CVVH/CVVHDF 2013 Beumier et al. [78]
Vancomycin 85 CVVH/CVVHDF 2013 Covajes et al. and 

Udy et al.
[79, 80]

Vancomycin 4 CVVH 2013 Paciullo et al. [81]
CVVH continuous venovenous haemofiltration; CVVHD continuous venovenous haemodialysis; CVVHDF continuous venovenous haemodiafil-
tration. Notably, many of the published reports are from small case series and/or retrospective studies
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tubular secretion predominates, and clinicians are at risk of 
overdosing by relying on ClCR values. This is seen for many 
commonly used beta-lactam antibiotics. For example, while 
benzylpenicillin is largely cleared renally, only 10 % of renal 
clearance involves glomerular filtration, while up to 90 % is 
accounted for by tubular secretion, and this phenomenon can 
result in overdosing in CRRT [29].

19.5.3  Adjusting Drug Dosage Based on the 
Anuric Dose

An alternative approach is to start from the anuric (GFR 
< 10 ml/min) dose and/or dosing interval and adapt the dose 
and/or dosing interval based on the expected FrEC [50]:

And/or
ECDosing interval anuric dosing interval  (1 )Fr= × −  An 

assumption with this approach is that the dose given to an-
uric patients achieves pharmacokinetic targets, such as opti-
mal killing in the case of antimicrobials. This is not always 
the case, as demonstrated for moxifloxacin [43].

19.5.4  Adjusting Drug Dosage Based on Normal 
Clearance, Non-renal Clearance, Effluent 
Rate and Sieving Coefficient

Kroh [16] suggested predicting a dose suitable for CRRT by 
starting with the normal adult dose, and reducing it on the 
basis of normal total clearance, non-renal clearance and ex-
tracorporeal clearance, with extracorporeal clearance being 
calculated based on effluent rate and sieving coefficient [16]:

[ ]( )norm NR eff c normDose Dose   /Cl Q S Cl= × + ×

The same authors suggested that for nontoxic drugs it is 
better to ensure adequate dosing by increasing doses by ap-
proximately 30 % over these estimates. Although good cor-
relations between calculated doses and measured kinetic 
data have been obtained using this method, it is not always 
clear how the extrarenal clearance fraction of a drug is de-
rived. Usually, non-renal clearance is estimated from popu-
lation pharmacokinetic studies in normal patients, and this 
sometimes results in an overestimation of actual non-renal 
clearance for antibiotics such as imipenem and vancomycin, 
whose non-renal clearance is significantly reduced in AKI 
[8, 13].

ECMaintenance dose = anuric dose / (1 )Fr−

19.5.5  Adjusting Drug Dosage Based on 
Therapeutic Drug Monitoring

Since all prediction models have limitations, therapeutic 
drug monitoring (TDM) of plasma drug concentration is 
preferred for drugs with a low therapeutic index such as 
aminoglycosides. However, very few drugs have reliable 
(FDA/EMA-approved) TDM assays with acceptable turn-
around times to make them clinically useful in adjusting 
CRRT dosages in a timely manner. TDM measures total 
body clearance, in which CRRT is only one contributor, and 
it therefore facilitates adjustments due to changes in CRRT 
dose or to other clinical factors such as liver disease.

Usually, when TDM is employed the required dose (D) 
is calculated to achieve the desired peak plasma concentra-
tion ( Cpeak) from a measured trough concentration ( Cactual) 
as follows:

19.5.6  Adjusting Drug Dosage Based on Clinical 
Effect

Dosing based on obvious clinical effect may be a possibility 
for certain drugs, such as anti-hypertensives, analgesics and 
sedatives, in patients undergoing CRRT. However, there are 
many drugs for which this pharmacodynamic approach is not 
possible for drug dosing in the ICU setting.

19.6  General Principles of Dosage Adaptation 
for Antimicrobials During CRRT

The requirement for dose adjustment of antimicrobials de-
pends not only on the pharmacokinetic considerations de-
scribed above, notably CRRT-mediated drug clearance, but 
also on the pharmacodynamic behaviour of that drug. For 
antibiotics that exhibit time-dependent killing, such as the 
beta-lactam antibiotics, maintaining steady state plasma 
concentrations above the minimum inhibitory concentration 
(MIC) for a significant percentage of the dosing interval is 
crucial for efficacy. This typically requires frequent dosing 
and the recommended target drug concentration usually cor-
responds to the upper limit of the MIC range for susceptibil-
ity [42]. It is usually safer to shorten the maintenance dosing 
interval, rather than using large doses for time-dependent 
antibiotics in CRRT patients.

For other antibiotics, such as aminoglycosides, concentra-
tion-dependent killing prevails and the attainment of a high 

( )peak actual=     Body WeightD C C Vd×− ×
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peak plasma concentration is most important for antimicro-
bial efficacy. But this must be balanced against the avoid-
ance of toxicity, which reflects combined plasma levels over 
the whole dosing interval. Since aminoglycosides have low 
plasma protein binding and undergo mainly renal elimination 
they are subject to extensive extracorporeal clearance during 
CRRT. This means that CRRT may actually facilitate more 
frequent dosing of aminoglycosides with narrow therapeutic 
indices, since it helps to decrease plasma concentrations to 
low troughs, thereby decreasing the risk of adverse effects.

Overall, the choice of an initial loading dose (if any) of an 
antimicrobial drug should be primarily based on the known 
Vd of a drug, and this may change due to critical illness, renal 
failure or both, but generally not due to the CRRT process 
itself. Antimicrobial maintenance doses are largely deter-
mined by clearance, which includes both CRRT and non-
CRRT mediated clearance.

19.7  Other Drugs Affected by CRRT

In comparison to antimicrobials, there is very little infor-
mation on how CRRT affects the disposition of other drug 
classes. Drugs affecting haemodynamic stability, such as 
antihypertensives, inotropes or vasopressors, can be readily 
dose adjusted on the basis of haemodynamic measurements 
in ICU. However, for drugs such as anticonvulsants where 
serum levels are critical, but there is no outward clinical ef-
fect that can predict efficacy, clinicians should be aware of 
potential underdosing due to extracorporeal clearance, as 
seen for topiramate [51] and phenytoin [52]. For anticonvul-
sants such as valproate that are extensively albumin-bound, 
hypoalbuminemia may result in a large free fraction that is 
cleared readily by CRRT, leading to sub-therapeutic plasma 
levels [53]. Where possible, TDM should be conducted for 
anticonvulsants if the patient is at high risk of seizure activ-
ity and this is certainly routine practice for anticonvulsant 
drugs with unusual pharmacokinetics, such as phenytoin. 
The anticipated requirement for reduced doses of the renally 
eliminated direct thrombin inhibitor bivalirudin in patients 
with severe renal dysfunction has also been documented, but 
a higher dose is required following the initiation of IHD or 
CRRT to compensate for extracorporeal removal of bivali-
rudin [54].

19.8  Special Considerations: Hybrid RRTs

Extended intermittent or ‘hybrid’ RRT technologies are gain-
ing popularity in the ICU setting and are considered techni-
cally less challenging than continuous therapies, since they 
generally use equipment designed for patients with chronic 

renal failure [55, 56]. They may also reduce the requirement 
for anticoagulation and avoid the considerable infection risks 
associated with frequent accessing of the CRRT circuit to fa-
cilitate changes in fluid bags. Patients on nocturnal hybrid 
or extended dialysis therapies are also more available for 
other diagnostic tests and interventions, minimising disrup-
tion to other aspects of their care. Hybrid therapies generally 
use higher dialysate flow rates and shorter treatment periods 
than CRRT, typically in the region of 8–12 h/day. Variants 
include sustained low-efficiency dialysis (SLED), sustained 
low-efficiency daily diafiltration (SLEDDf) and ‘pulse’ 
high-volume haemofiltration. These hybrid technologies are 
also of use in treating intoxications, such as lithium, as they 
have fewer complications than charcoal perfusion and are 
sometimes employed sequentially after standard dialysis to 
prevent post-dialytic ‘rebound’ [57].

There are multiple variants of hybrid RRT and very few 
pharmacokinetic studies have been published to aid drug 
dosing in patients undergoing hybrid RRT or extended di-
alysis, although recently these reports have become more 
numerous [58–60].

19.9  Special Populations: Paediatric 
Considerations

AKI is much more common than chronic renal failure in the 
paediatric population. However, like adult patients, children 
with AKI requiring CRRT often have multiple comorbidities 
requiring drug therapy (reviewed in 61). In calculating the 
dose and impact of CRRT in children, it should be borne in 
mind that although children have lower rates of blood flow 
than adults, they also have a much smaller volume of dis-
tribution due to their smaller size. Also, usually adult-sized 
membranes are employed in paediatric CRRT, meaning that 
the smaller total blood volume of a child is exposed to the 
same large filter surface area as an adult undergoing CRRT. 
Thus, even drugs with a low extracorporeal clearance in 
adults may be removed quite extensively in children. Con-
versely, in children, the volume of distribution for water-
soluble drugs is larger than adults per unit of body weight 
because extracellular fluid volume and the quantity/qual-
ity of plasma proteins change significantly in the first few 
years of life. Overall this means that the management of drug 
therapy in children is not necessarily informed by reviewing 
adult data. Anecdotal evidence suggests that many paedia-
tricians use the anuric dose, extrapolate from IHD doses or 
simply prescribe the full dose when prescribing for children 
on CRRT [61]. It is important that future studies of drug dis-
position during CRRT include children, as this would allow 
for more specific recommendations for drug dosing in pae-
diatric patients.



23919 Drug Dosing in Continuous Renal Replacement Therapy (CRRT)

19.10  Conclusions

CRRT and extended dialysis technologies are now widely 
used to support critically ill patients with AKI. Although it 
is clear that the CRRT can be life saving and that it offers 
improved haemodynamic stability with optimal fluid bal-
ance control, it may also have deleterious effects by alter-
ing the clearance of essential drugs. Drug doses used in IHD 
cannot reliably be applied directly to ICU patients receiving 
CRRT, and pharmacokinetic handling of drugs, including es-
sential antimicrobials, is very different in these patients than 
in those with normal renal function. As a consequence, pa-
tients undergoing CRRT are at high risk of under-dosing and 
therapeutic failure.

Overall, the quality of pharmacokinetic studies on drug 
dosing in CRRT is, at best, moderate and many of the pub-
lished reports are small case series. Because of the numer-
ous variations in CRRT technologies, it is rare for physicians 
to be able to consult pre-existing dosing guidelines that are 
relevant to both the clinical condition of an individual pa-
tient and the CRRT modality being used. Well-powered and 
well-designed prospective studies are urgently required so 
that more reliable data can be generated, especially for the 
newer hybrid technologies. When there is no suitable pre-
existing data available, several methods can be employed to 
estimate suitable CRRT drug doses, the simplest of which is 
based on estimating total creatinine clearance. However, it is 
important to remember that disease-related pharmacokinetic 
variability is often more important in the ICU patient than 
CRRT itself in altering drug disposition. An individualised 
and inter-professional team approach to drug dosing should 
be adopted in ICU patients undergoing CRRT, and clinical 
judgement should remain paramount.
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The usual target substances in TPE, such as immuno-
globulins and cryoglobulins, have a high molecular weight. 
These substances equilibrate slowly between the intravascu-
lar and extravascular spaces; therefore, substance removal 
during a single plasma exchange is essentially limited to that 
which is in the intravascular space (Fig. 20.2). Equilibra-
tion occurs slowly after TPE, so repeated plasma exchanges 
separated by 24–48 h are usually required to substantially 
deplete the substance in question. In addition, production of 
the pathogenic substance must be rapidly halted, often by 
concurrent cytotoxic therapy.

20.2  Theoretical Background

TPE was traditionally performed by centrifugation. A spin-
ning centrifuge separates the elements of whole blood on the 
basis of specific gravity (Fig. 20.3). Red blood cells settle 
to the bottom, with less dense elements such as white blood 
cells and platelets overlying the red cell layer. Plasma settles 
at the top, from where it can be selectively removed.

It is becoming increasingly popular to perform TPE 
using a membrane plasma separation (MPS) technique. This 
method uses a highly permeable, biocompatible membrane. 
The membrane pore size enables selective sieving of plasma 
constituents, while retaining cells and platelets. Membranes 
with pore sizes 0.1–0.6 µm are typically used. This achieves 
a sieving coefficient of over 0.95 for the plasma constituents, 
while retaining essentially all cellular elements.

Standard hemodialysis equipment is used, making it eas-
ily accessible to most larger hospitals (additional training of 
dialysis staff is required). The machine is set to isolated ultra-
filtration mode, which generates a negative transmembrane 
pressure and facilitates plasma crossing the membrane.

Several important principles apply to MPS systems to 
ensure efficiency. The rate of plasma removal must be lim-
ited to ensure the hematocrit (Hct) does not rise excessively 
along the length of the filter, leading to deposition of cells 

20.1  Introduction and Definitions

Apheresis is an umbrella term used to describe selective re-
moval of a blood component such as plasma (plasmapher-
esis) or blood cells (hemapheresis or cytapheresis). The 
process typically involves extracorporeal separation of the 
blood into component parts, removal of the desired compo-
nent, and return of the remainder to the patient (special fluids 
to replace those removed are also returned).

Plasmapheresis may be performed in healthy donors for 
the purpose of blood product manufacture. It may also be 
performed with therapeutic intent, whereby a pathogenic 
substance is removed from the patient’s plasma and replaced 
with pathogen-free plasma or other replacement fluid (thera-
peutic plasma exchange (TPE) or therapeutic plasmapher-
esis). This chapter will focus on TPE.

During TPE, the patient’s venous blood is directed 
through either an extracorporeal centrifuge or a selectively 
permeable membrane, where plasma separation and removal 
occur (Fig. 20.1). Certain pathogenic substances, such as im-
mune complexes, antibodies, complement components, and 
cryoglobulins, are removed with the plasma. It is thought 
that TPE offers a further degree of immunomodulation be-
cause of alterations in cytokine production and modulation 
of T lymphocyte populations [1, 2].

Replacement fluids, of which there are several choices, 
ensure that the patient does not develop intravascular volume 
depletion during the process of TPE (Fig. 20.1). Replace-
ment has a dilutional effect on the patient’s plasma. Thus, 
an exchange of 1–1.5 times the plasma volume will reduce 
plasma concentrations of the molecule by approximately 
60–70 %.

© Springer Science+Business Media, LLC 2016
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on the membrane. The transmembrane pressure must also be 
limited to avoid red cell lysis and plugging of the pores.

20.3  Prescription

The prescription of each TPE procedure is tailored to the es-
timated patient plasma volume, the disease in question, and 
the individual clinical circumstances of the case. The num-
ber and frequency of exchanges must be planned, as well as 
the volumes of plasma to be removed and replaced. In addi-
tion, the type of replacement fluid, the anticoagulation dose 
and the calcium replacement should be carefully prescribed.

20.3.1  Volume

The plasma volume of an individual can be estimated by the 
following formula:

A standard single TPE procedure exchanges 1 to 1.5 times 
the plasma volume. Plasma exchange volumes in excess 
of this may remove slightly more of the substance in ques-
tion but are avoided because of the adverse effects. Larger 
exchange volumes are very time-consuming, often poorly 
tolerated and increase blood product and anticoagulant ex-
posure.

If a patient is significantly anemic, blood transfusion may 
be required pre-TPE to avoid hemodynamic instability.

20.3.2  Frequency and Duration

In general, TPE is continued until there is (a) return of the 
pathogenic antibody to near-normal levels and/or (b) im-
provement/stabilization of the patient’s clinical status. If 

( ) ( )
Estimated plasma volume
= 0.07  weight kg   1 hematocrit× × −

• 1.025 – 1.029Plasma

• 1.04Platelets

• 1.07Lymphocytes

• 1.087 – 1.092Granulocytes

• 1.093 – 1.096Erythrocytes

Fig. 20.3  The constituents of 
whole blood, with their respec-
tive specific gravities, as they 
separate out following centrifu-
gation
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production rates of the pathogenic substance are modest, 
five separate TPE procedures within 7–10 days will remove 
approximately 85–90 % of the total body burden [3]. For 
example, approximately 45 % of immunoglobulin G (IgG) 
is intravascular; exchanging 1.25 times plasma volume will 
remove 32 % of total body IgG. Equilibration between intra- 
and extravascular compartments occurs within about 24 h of 
TPE. Therefore, approximately five plasma exchanges, on 
alternate days, are required to remove 85 % of IgG (assum-
ing no more synthesis). In the case of IgM, approximately 
75 % is intravascular, so a small number of exchanges will 
substantially reduce overall levels.

Exceptionally aggressive diseases, such as anti-GBM dis-
ease and hemolytic uremic syndrome (HUS)-TTP, usually 
require daily TPE in the initial stages of management [4]. 
The duration of TPE will depend on the individual disease 
and the clinical response to therapy (see later).

20.3.3  Replacement Fluids

To avoid intravascular volume depletion and hypotension, 
plasma is typically replaced with one, or combinations, of 
the following fluids: albumin, normal saline, and fresh fro-
zen plasma.

Albumin, which exerts oncotic activity, is the replace-
ment fluid of choice in most diseases [4]. It is typically ad-
ministered as a 5 % solution. Although pooled from multiple 
donors, the risk of it transmitting viral infections is consid-
ered to be very low. It also carries little risk of anaphylactic 
reactions. However, it will cause a depletional coagulopathy, 
especially after multiple exchanges. Albumin is expensive 
and so saline can be used in combination with albumin re-
placement to help contain cost.

Saline alone as a replacement fluid is avoided, except in 
hyperviscosity syndrome, as it does not provide sufficient 
oncotic pressure to maintain hemodynamic stability. When 
used in combination with albumin, it should be limited to 
40 % of the replacement fluid. In this setting, albumin and 
saline are administered alternately, with the majority of the 
albumin given in the latter stages of the exchange to ensure 
hemodynamic stability.

Plasma is the replacement fluid of choice in HUS-TTP 
syndromes [4]. In situations where there is increased bleed-
ing risk, plasma is used in small volumes towards the end of 
the exchange to replace coagulation factors lost during the 
exchange. It is not usually used in other settings as it has 
a higher rate of adverse effects including allergic reactions, 
transfusion-related acute lung injury (TRALI), citrate-relat-
ed complications, and, potentially, viral transmission.

20.3.4  Anticoagulation

Anticoagulation is required during TPE to avoid extracor-
poreal clotting and blood loss. Centrifugal devices usually 
use citrate as the anticoagulant, whereas MPS systems use 
heparin [5]. Citrate chelates ionized calcium, thereby block-
ing calcium-dependent clotting factor reactions. If heparin 
is used, a loading dose of 5000 units is typically admin-
istered with maintenance of approximately 1000 units per 
hour. This may need adjustment in extremes of body size 
or Hct [6].

20.3.5  Calcium

Hypocalcemia can occur for several reasons: calcium bound 
to albumin and other plasma proteins is removed (along with 
these proteins), there is a dilutional effect with administra-
tion of albumin/saline, and citrate (if administered) binds 
to, and inactivates, ionized calcium. To avoid complications 
of hypocalcemia (see below), oral or intravenous calcium 
is routinely administered in most centers. Non-randomized 
trial evidence supports the routine supplementation of the 
return fluid with calcium gluconate. The trial group that re-
ceived constant calcium gluconate infusion (10 ml of 10 % 
calcium gluconate per liter of return fluid) had less symp-
tomatic hypocalcemia than those that received no calcium or 
intermittent small boluses [7].

Intraprocedural measurement of ionized calcium is per-
formed if the patient is symptomatic or at particular risk of 
citrate toxicity, such as sedated patients or those with other 
electrolyte abnormalities. Of note, patients with severe liver 
failure cannot metabolize citrate and are therefore at high 
risk of citrate toxicity. Ionized calcium levels should be mea-
sured every 30 min, with appropriate calcium replacement, 
in this setting.

20.3.6  Fibrinogen

Where most non-immunoglobulin proteins recover to almost 
normal levels within 48 h after TPE, fibrinogen recovery can 
vary depending on production levels. If intensive TPE is re-
quired, fibrinogen levels should be monitored. If depleted, 
and the patient is at risk of bleeding, FFP may be required 
towards the end of the exchange to correct fibrinogen lev-
els. Some centers also give “pure” fibrinogen if bleeding is a 
major concern, for example, TPE immediately before a kid-
ney transplant.
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20.4  Vascular Access

Reliable, large-bore venous access is necessary to perform 
TPE. Peripheral venous access can support some TPE tech-
niques, such as centrifugation-based systems with a low 
blood flow (100 ml/min). However, peripheral access be-
comes increasingly difficult after multiple venepunctures.

A wide-bore central venous catheter (CVC) may be re-
quired for the duration of TPE. If the duration of TPE is 
thought to be short (i.e., days), a temporary CVC may suf-
fice. Several days of intensive TPE may lead to a depletion 
coagulopathy; therefore, CVC removal must be perfomed 
very carefully in this setting. Longer duration TPE necessi-
tates insertion of a tunneled CVC with careful confirmation 
of position.

If long-term maintenance TPE is anticipated (this is rare), 
an arteriovenous fistula (AVF) or graft (AVG) can be fash-
ioned to avoid the complications of long-term CVC use—
namely catheter-related sepsis and central venous stenosis 
and thrombosis [8]. This practice stems from the large body 
of evidence in the hemodialysis population favoring AVF/
AVG use over CVC use in the long term [9].

20.5  Indications

As TPE is an expensive and labor-intensive therapy, certain 
criteria must be met for it to be considered an appropriate 
therapy for a given disease. A substantial percentage of the 
pathogenic substance must be present in the vascular as op-
posed to the extravascular space. As the pathogen is usu-
ally thought to be an IgG or IgM molecule, this will usu-
ally be the case. It also should be large enough (molecular 
weight  15,000 Da) to rule out removal by dialysis or other 
cheaper purification techniques. The substance should be 
acutely toxic and resistant to other treatment modalities.

Pathogen removal by TPE is best suited to those patho-
gens with relatively long half-lives to provide a benefit over 
endogenous elimination [3]. IgG, for example, has a half-life 
of approximately 21 days and a molecular weight of over 
150,000 Da. Medications which reduce autoantibody (or 
other pathogen) production are used in combination with TPE 
to ensure that rapid discontinuation of antibody production, 
as well as removal of circulating pathogenic antibody, occurs.

Previous international reports have identified that the 
majority of TPE procedures are performed for neurologi-
cal and hematological conditions [10, 11]. The numerous 
indications for TPE are slowly evolving as pharmacologi-
cal advances are made and TPE processes are refined and 
rationalized [10].

The American Society for Apheresis has divided the indi-
cations for TPE into four categories on the basis of the level 
of peer-reviewed evidence for efficacy [4]. The list of indi-

cations now contains 78 diseases and is updated at regular 
intervals. These guidelines provide a framework for clini-
cal practice with succinct evidence-based synopses for each 
disorder [4].

Category I conditions are those disorders for which TPE 
is standard first-line therapy, alone or in conjunction with 
other treatments. Category II disorders are those in which 
TPE is acceptable second-line therapy, alone or in conjunc-
tion with other treatments. Category III disorders are those 
in which TPE is inadequately tested and therefore not an es-
tablished therapy. Category IV disorders are those in which 
TPE has been shown to be ineffective or harmful. A selection 
of these indications can be seen in Table 20.1.

20.5.1  Renal Disorders

The pathogenic antibody in anti-glomerular basement 
membrane (GBM) disease is directed against the α3 chain 
of type IV collagen, which is present in abundance in the 
alveolar and glomerular basement membranes. This ag-
gressive disease typically presents with a rapidly progres-
sive glomerulonephritis (RPGN) and/or diffuse alveolar 
hemorrhage. Because of the disease rarity and its fulmi-
nant clinical course, there have been few randomized con-

Category I Category II
AIDP/Guillain–Barré syndrome Acute disseminated 

encephalomyelitis
Hyperviscosity syndrome Cold agglutinin disease
TTP Catastrophic antiphospholipid 

syndrome
Severe ANCA-associated 
vasculitis

Lambert–Eaton myasthenic 
syndrome

Anti-GBM disease Neuromyelitis optica, acute
Myasthenia gravis, severe Hematopoietic cell 

transplantation
Severe cryoglobulinemia Familial hypercholesterolemia
Atypical HUS (factor H related)
Organ transplantation (specific 
situations; see text)
Category III Category IV
Hypertriglyceridemic pancreatitis Active rheumatoid arthritis
Aplastic anemia Lupus nephritis
Henoch–Schönlein purpura Schizophrenia
Chronic progressive multiple 
sclerosis

Inclusion body myositis

Paraneoplastic neurologic 
syndromes

Amyotrophic lateral sclerosis

Idiopathic dilated cardiomyopathy Systemic amyloidosis
Psoriasis

TPE therapeutic plasma exchange, AIDP  acute inflammatory demy-
elinating polyneuropathy, TTP  thrombotic thrombocytopenic purpura, 
ANCA  anti-neutrophil cytoplasmic antibody, GBM glomerular base-
ment membrane, HUS hemolytic uremic syndrome

Table 20.1  Indications for TPE based on American Society for Apher-
esis categories, 2013 [4]
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trolled trials (RCTs) to help guide practice. A small RCT 
( n = 17) demonstrated benefit in terms of patient and renal 
outcomes with TPE, cyclophosphamide, and steroid (vs. 
cyclophosphamide and steroid alone; [12]). Observational 
data concur [13].

TPE is performed every 1–2 days for 2–3 weeks. Further 
TPE may be required if the disease remains clinically active 
or the anti-GBM titer remains elevated [14]. About 1.0–1.5 
times the plasma volume is exchanged, using albumin and 
saline as replacement fluids. If there is diffuse alveolar hem-
orrhage, or a renal biopsy has been performed, plasma should 
be given as replacement fluid towards the end of TPE to help 
normalize coagulation. Recovery to dialysis independence is 
unlikely in those who require dialysis at presentation [15]; 
therefore, TPE is usually not performed in this situation un-
less the patient has intercurrent DAH.

TPE is also employed in the management of anti-neu-
trophil cytoplasmic antibody (ANCA)-associated vascu-
litis (AAV) in certain situations. Early, small-scale RCT 
evidence suggested that TPE was beneficial in patients with 
dialysis dependence [16]. Although the subsequent MEPEX 
trial had shortcomings, it also supported the use of TPE in 
patients with AAV and severe renal involvement (serum cre-
atinine over 500 µmol/l; [17]). Longer term (median 3.95 
years) follow-up of the MEPEX trial found that almost two 
thirds had either died or developed end-stage renal disease 
(the composite primary outcome), with no significant dif-
ference between the groups that received or did not receive 
TPE [18].

TPE is used in the initial management of AAV in the set-
ting of dual antibody positivity (anti-GBM and ANCA), al-
though RCT evidence is lacking [19]. Similarly, observation-
al data support the use of TPE in AAV with diffuse alveolar 
hemorrhage [20]. TPE prescription in AAV is typically 1–1.5 
times plasma volume exchanges, using albumin and saline 
as replacement fluids (with some plasma replacement in the 
setting of diffuse alveolar hemorrhage or recent renal biopsy; 
[4]). PEXIVAS, a large RCT, is underway and will hopefully 
further clarify the role of TPE in AAV [21].

The role of TPE as an adjunctive therapy in myeloma 
light-chain cast nephropathy is somewhat controversial. 
Standard treatment consists of intravenous fluids, steroids, 
and chemotherapy. A small RCT showed improved renal and 
patient survival in those with myeloma, renal failure, and sig-
nificant Bence Jones proteinuria treated with adjunctive TPE 
[22]. A retrospective study similarly supported early adjunc-
tive TPE in patients with biopsy-confirmed cast nephropathy 
[23]. The largest RCT did not reproduce these findings, al-
though inclusion criteria were different and included patients 
with renal failure from causes other than cast nephropathy 
[24]. In our opinion, rapid diagnosis of acute cast nephropa-
thy and rapid administration of fluids and chemotherapy are 
much more important than adding TPE.

Removal of toxic light chains by specialized hemodialy-
sis is also an attractive therapeutic concept. Extended dialy-
sis with a large-pore membrane (high cutoff hemodialysis) 
may be a beneficial adjunctive therapy but its role has not yet 
been clarified [25]. RCTs are underway—see also Chap. 10.

There is compelling RCT evidence for the use of TPE, 
with plasma as replacement fluid, in the treatment of cer-
tain HUS-TTP syndromes [26, 27]. In TTP, ADAMTS-13, 
a protease that cleaves von Willebrand factor, is deficient 
or dysfunctional due to inhibitory autoantibody action. Re-
placement plasma, as well as the “usual” antibody removal 
by TPE, helps to restore normal ADAMTS-13 levels and ac-
tivity. The exact pathogenesis of HUS-TTP is unknown, al-
though there is often a trigger such as a specific infection or 
drug. The exact mechanism of action of TPE in this setting is 
therefore unclear, although there is strong clinical evidence 
for its use.

In severe forms of HUS-TTP, TPE is initially performed 
daily (rarely, twice daily if life-threatening disease present), 
using platelet count and plasma lactate dehydrogenase as 
markers of disease activity [4]. The target for therapy is a 
platelet count greater than 150,000/µl for 2–3 days. At this 
point, treatment is often tapered before discontinuation, al-
though there is no specific evidence to guide this practice. In 
many centers, ADAMTS13 levels are being used to assist in 
the diagnosis and management of cases of HUS-TTP. Note 
that levels should be sent before the first TPE and that ini-
tiation of TPE should not be delayed, pending results of the 
ADAMTS13 assay.

There is a general consensus that TPE has a therapeutic 
role in severe, active cryoglobulinemia, such as progres-
sive renal failure or advancing neuropathy. All solutions and 
equipment should be pre-warmed to avoid precipitation of 
the cryoglobulins. Blood warmers and warming blankets 
are also useful. More selective filtration techniques, such as 
double filtration plasmapheresis (DFPP; see later), can re-
duce the need for replacement fluid. During cryofiltration, 
separated plasma is cooled. This leads to aggregation (and 
therefore increased size) of the cryoglobulins, which enables 
more efficient secondary filtration and return of autologous 
plasma.

There are several indications for TPE in renal transplanta-
tion. In the pre-transplant setting, it can be used to remove 
anti-HLA or anti-ABO blood group antibodies which are 
directed against donor antigens [28, 29]. This prevents the 
occurrence of hyperacute rejection, which would destroy the 
transplanted kidney within hours of transplant surgery. Typi-
cally, several immunosuppressive drugs are started around 
the time of the first TPE session. Low-dose intravenous 
immunoglobulin (IVIg) is often given after each TPE ses-
sion. Some centers also prescribe “prophylactic” TPE after 
the transplant surgery to prevent a large rebound in anti-
bodies, which might cause severe acute antibody-mediated 



250 C. Kennedy and C. C. Magee250

rejection. In the peri-transplant period, it is very important 
to avoid depletion of clotting factors, as this will increase 
the risk of perioperative bleeding. Good results have been 
reported from specialist centers [30]. Importantly, if plasma 
is prescribed as part of the replacement for a patient undergo-
ing ABI-incompatible transplantation, the plasma must not 
contain ABO antibodies against the donor kidney. Thus, an 
ABO-O patient receiving an ABO-A kidney would receive 
ABO-A plasma (but ABO-O blood).

In the posttransplant setting, TPE is often used (with 
variable success) to treat early recurrent focal segmental 
glomerulosclerosis (FSGS; [31]). Acute antibody-mediated 
rejection can occur at any time after transplant. In the early 
posttransplant period, it is sometimes seen after transplan-
tation across HLA or ABO incompatibilities (as described 
above). It may occur later, often associated with nonadher-
ence. Treatment typically involves TPE and increased im-
munosuppression; the rationale for TPE being that it quickly 
removes the pathogenic anti-HLA or anti-ABO antibodies 
[32]. The role, if any, of TPE in chronic antibody-mediated 
rejection remains to be defined.

20.5.2  Neurological Disorders

TPE is used in the management of a variety of antibody-me-
diated neurological conditions (Table 20.1). There is a large 
body of RCT evidence to support its use in Guillain–Barré 
syndrome if independent walking is impaired [33, 34]. This 
disease is associated with antibodies directed against gan-
gliosides on the outer membrane of Schwann cells and/or 
axons. TPE (of 1–1.5 times plasma volume) is typically per-
formed on alternate days for 10–14 days. Close monitoring, 
ideally in an intensive care setting, must be given to volume 
shifts in those patients with autonomic involvement.

The major antibody of interest in myasthenia gravis is 
directed against the acetylcholine receptor on the postsynap-
tic surface of the motor end plate (anti-acetylcholine recep-
tor). TPE is used in a variety of acute situations—as initial 
management in severe disease, perioperatively to optimize 
muscle function, and during myasthenic crises. It can also be 
used as adjunctive therapy during the chronic phase of the 
disease [4, 35].

Anti-N-methyl D-aspartate (NMDA) receptor encephali-
tis, first described in 2005, is an autoimmune encephalitis 
which is often paraneoplastic. It presents with prominent 
psychiatric changes, dyskinesia, memory disturbance, and 
language dysfunction. Diagnosis is confirmed by identify-
ing antibodies to the NR1 subunit of the NMDA receptor in 
serum or cerebrospinal fluid. Anti-NMDA receptor encepha-
litis is currently considered under the umbrella term “para-
neoplastic neurological syndromes” and graded category III 
in the American Society for Apheresis guidelines. Obser-

vational evidence in favor of TPE (alone or in combination 
with steroid and intravenous immunoglobulin) as first-line 
therapy is mounting [36, 37]. It should be noted that TPE 
may be challenging in this setting, especially if the patient is 
agitated or has autonomic instability.

Small-scale RCT evidence supports the use of TPE in 
the management of chronic inflammatory demyelinating 
polyneuropathy ([38]). TPE has been used with positive out-
comes in the management of acute disseminated encephalo-
myelitis, Lambert–Eaton myasthenic syndrome, and neuro-
myelitis optica, although RCT evidence is lacking.

20.5.3  Hematological Disorders

There is a strong evidence base supporting TPE in symptom-
atic hyperviscosity—typically in Waldenstrom macroglobu-
linemia, but also occasionally seen in multiple myeloma 
[39]. TPE does not specifically treat the underlying condi-
tion; therefore, it is usually performed in conjunction with 
chemotherapy. TPE-mediated removal of immunoglobulin 
improves the microcirculation of the vital organs [4]. Hyper-
viscosity is typically IgM related but can also occur with IgA 
and IgG disease, in which case a more intensive TPE regime 
may be required as a larger amount of these is extravascular. 
Importantly, replacement fluid in this setting should be nor-
mal saline alone.

20.5.4  Poisoning and Drug Overdose

TPE is theoretically useful for eliminating drugs/toxins that 
are highly protein-bound with a small volume of distribu-
tion (Vd). It has been used in a variety of poisonings, but 
the body of evidence is essentially anecdotal. There are 
conflicting data regarding the survival benefit with TPE 
in cases of amatoxin-containing mushroom ingestion. Be-
cause of the lack of clear evidence, the role of TPE in poi-
soning should ideally be limited to research protocols or 
life-threatening cases which have not responded to conven-
tional therapy.

20.5.5  Selective Techniques/Experimental Uses

More refined plasmapheresis techniques have been devel-
oped to enable very selective substance removal and there-
fore minimize nonspecific depletion of plasma proteins. 
Such techniques also avoid or minimize the need for replace-
ment fluids, which in turn reduces adverse effects and cost. 
However, these techniques are not widely available in some 
countries, often for financial reasons.
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Double filtration plasmapheresis (DFPP), or cascade fil-
tration, applies a second filter (a plasma fractionator), with 
a smaller pore size, to separated plasma (Fig. 20.4). DFPP 
has been successfully used, mostly in European and Asian 
centers, in hyperviscosity syndrome and antibody-incom-
patible transplantation [40–42]. In the latter setting, it has 
the advantages of causing less depletion of clotting factors 
in the perioperative period (which would increase the risk 
of bleeding); higher volumes of plasma exchange may also 
be tolerated [42]. DFPP is occasionally employed in familial 
hypercholesterolaemia where large low-density lipoprotein 
(LDL) particles are retained and eliminated from plasma 
[43]. At ambient temperature, cryogels can form and occlude 
the pore structure of the second filter resulting in decreased 
selectivity of the filter and increased removal of high-densi-
ty lipoprotein. To avoid this problem, a heating system that 
maintains the plasma at 38 °C can be incorporated. This pro-
cess is referred to as lipidfiltration.

DFPP has been used with considerable success in dry 
age-related macular degeneration [44]. In this setting, certain 
substances with a high molecular weight (e.g., fibronectin, 
LDL cholesterol), which are associated with the disease, are 
selectively removed [4]. The removal of these substances 
improves blood microcirculation by reducing plasma viscos-
ity and red cell aggregation. The use of DFPP to alter blood 
flow is termed rheopheresis.

Immunoadsorption (IA) is a modified form of plasma-
pheresis in which immunoglobulins or other proteins are 
removed from the plasma after passing it through a column. 
IA may be specific, where a single antibody of interest is 
removed, or nonspecific, where all antibodies are removed. 
Some IA columns become saturated with antibody binding 
and therefore treat a fixed plasma volume only. Others can 
be regenerated and treat unlimited volumes of plasma.

Selective IA, which removes antibodies directed towards 
a specific antigen, has been pioneered in Sweden. Such sys-

tems have worked effectively in ABO-incompatible organ 
transplantation [45]. In this setting, the IA column contains 
bound synthetic blood group A or B antigen. One single-use 
column selectively removes over 90 % of the target antibod-
ies. When anti-A and anti-B are to be removed, two columns 
can be placed in series. The advantage, of course, is mini-
mal removal of clotting factors and other plasma proteins. 
The disadvantage is the high cost of these columns. Selec-
tive removal of HLA antibodies has proven more difficult 
to develop. One problem here is that a given patient may 
have antibodies against many different antigens of the donor, 
thus multiple columns or columns with multiple specificities 
would be required to remove these antibodies.

Extracorporeal photopheresis (ECP) involves extracor-
poreal treatment of the buffy coat with a photoactive com-
pound (psoralen) and exposure to ultraviolet A light prior to 
returning it to the patient. This is an established treatment 
for erythrodermic cutaneous T cell lymphoma [46] and an 
experimental treatment for other conditions including graft-
versus-host disease after allogeneic hematopoietic cell trans-
plantation.

20.6  Complications

Complications related to central venous access are not insig-
nificant and include damage to surrounding structures, infec-
tions, venous stenosis, and thrombosis.

There are several other potential complications of TPE—
some related to the procedure itself and others to the blood 
products and drugs used (Table 20.2). Most adverse effects 
are mild and do not prevent completion of TPE. With tech-
nique improvement over the years, the rate of adverse events 
has fallen substantially [47].

Aside from hypotension, complications are seen more fre-
quently with plasma (rather than albumin) replacement [48, 

Fig. 20.4  Double filtration plasmapheresis circuit. (© 2011 Mina Hur, Hee-Won Moon, Seog-Woon Kwon. Originally published in Understand-
ing the Complexities of Kidney Transplantation, ISBN 978-953-307-819-9, under CC BY-NC-SA 3.0 license. http://dx.doi.org/10.5772/20514)
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49]. Serious complications, including death, are extremely 
uncommon [50, 51], but are, again, more common in those 
receiving plasma replacement [52].

The main reported causes of death are cardiac arrhyth-
mia, anaphylaxis, fatal thrombosis, and TRALI associated 
with plasma replacement. TRALI is a rare complication of 
blood product administration caused by passive transfusion 
of leukocyte antibodies leading to non-cardiogenic pulmo-
nary edema.

Allergic reactions to plasma range from mild urticaria 
to fatal laryngospasm. Clinical features include fever, urti-
caria, wheezing, and hypotension [53]; treatment involves 
acetaminophen, antihistamines, steroids, and adrenaline de-
pending on the severity. Following a mild allergic reaction, 
the patient should receive acetaminophen and antihistamines 
+/− steroids before subsequent TPE procedures. A more se-
vere allergic reaction may warrant continuous antihistamine 
infusion during subsequent TPE procedures.

Hypotension occurs because approximately 200 ml of the 
patient’s blood is extracorporeal at any given time and non-
plasma replacement fluids have a lower oncotic pressure 
than plasma [48]. It usually responds to Trendelenburg posi-
tioning, saline boluses, and/or slowing of the procedure rate. 
In general, antihypertensive drugs should not be given short-
ly before TPE. The blood pressure should be checked every 
15 min during TPE and with any change in clinical status. 
More serious causes of hypotension include hypokalemia- 
or hypocalcemia-related cardiac arrhythmias, acute coronary 
syndromes, anaphylactoid reactions, or hemorrhage. These 
should be excluded with clinical examination and appropri-
ate investigations. If hypotension does not respond to a mod-
erate saline bolus, the TPE should be discontinued to enable 
urgent patient evaluation.

Electrolyte disturbances are relatively common in TPE 
and require appropriate prevention and treatment. Dilutional 
hypokalemia can occur with albumin/saline replacement. As 
discussed above, hypocalcemia can occur for several rea-
sons. Early symptoms include perioral and peripheral par-

esthesia. The patient should be encouraged to report these 
symptoms if they occur. Severe hypocalcemia can cause 
continuous muscle contraction and QT interval prolongation, 
which can progress to tetany (and potentially life-threatening 
laryngospasm) and cardiac arrhythmias, respectively. Citrate 
also chelates magnesium but the role of magnesium supple-
mentation is unclear.

TPE is nonselective, leading to loss of physiologic plas-
ma components. Plasma exchange with non-plasma replace-
ment fluid causes a depletion coagulopathy, particularly of 
factors I, II, and X [54]. The coagulopathy is mild and tran-
sient immediately post exchange. However, reductions in co-
agulation factors, especially fibrinogen, occur when multiple 
exchanges are performed within a short period of time [55]. 
Despite reduced coagulation factor levels, the incidence of 
clinically significant bleeding appears to be low [56].

That said, caution is advised in patients with additional 
risk factors for hemorrhage, such as recent renal biopsy or 
diffuse alveolar hemorrhage. In these patients, the general 
consensus is that plasma is substituted for some (usually 
500–1000 ml) of the standard replacement fluid and admin-
istered towards the end of the exchange (earlier administra-
tion would cause unnecessary exposure to blood products 
that would be partially removed later in the exchange; [4]). 
Similar practice may also be observed in patients who re-
quire intensive, daily TPE to avoid a severe depletional co-
agulopathy [4].

TPE predictably causes a depletional hypogammaglobu-
linemia. It is unclear whether this actually translates to an 
increased rate of opportunistic infections, as many patients 
who require intensive TPE will also require aggressive im-
munosuppression [57, 58]. There is no RCT evidence to 
guide immunoglobulin replacement in this setting. Some 
experts advocate replacement with single-dose IVIg (100–
400 mg/kg) if IgG levels fall below 500 mg/dl and a systemic 
infection occurs. Ideally, this would be given after the course 
of TPE is completed.

Table 20.2  Prevention and treatment of TPE-related complications
Complication Prevention Treatment

Vascular access Infection Standard precautions Judicious antibiotic use
Careful line maintenance

Procedure Hypotension Hold antihypertensives before TPE Trendelenburg position
Saline bolus
Reduce blood flow rate

Electrolyte disturbance Monitor daily Replace electrolytes as required
Calcium co-prescription

Depletional coagulopathy Partial FFP replacement if intense TPE required FFP administration
Blood product Allergic reaction Emergency drugs and equipment at the ready Antihistamine

Corticosteroid
Adrenaline

TRALI Unpredictable; minimize blood product 
exposure

Oxygen
Consideration ITU

TPE therapeutic plasma exchange, TRALI transfusion-related acute lung injury, FFP fresh frozen plasma, ITU intensive therapy unit
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There is a theoretical risk of viral transmission when 
plasma replacement is used. Hepatitis B vaccination should 
be considered if exposure to large volumes of plasma is pre-
dicted.

Careful attention to administration of medications is war-
ranted in patients undergoing TPE. It is difficult to predict 
drug removal by TPE and pharmacokinetic studies are few 
[59]. Where possible, drugs should be given after TPE and, 
if appropriate, drug levels (or effects) should be frequently 
monitored. Drug removal by TPE depends on drug charac-
teristics such as Vd, half-life, and protein binding. Those 
with a low Vd and/or high protein binding are more likely to 
be removed. This has been harnessed with (varying) success 
in cases of intentional and unintentional overdose with drugs 
including vincristine, verapamil, and diltiazem [59]. Of par-
ticular interest are the immunosuppressive agents that are 
often used in conjunction with TPE. Whole-blood levels of 
prednisolone and the calcineurin inhibitors have been shown 
to be essentially unaffected by TPE [59, 60]. Cyclophospha-
mide and azathioprine have low protein binding rates and 
are therefore thought to be not appreciably removed during 
TPE [59]. Basiliximab is significantly removed [61]. Re-
moval rates of rituximab are unclear bur are likely to be high. 
Several commonly used drugs are variably removed in the 
available published reports (Table 20.3). Again, it is prudent 
to give all drugs—where possible—after the TPE session, 
rather than before.

Removal of plasma cholinesterase, involved in the me-
tabolism of certain drugs including some muscle relaxants, 
can have important clinical implications [62]. Angiotensin-
converting enzyme inhibitors (ACEi) should be discontinued 
prior to TPE. This is based on an observation that patients 
receiving an ACEi during TPE with albumin replacement ex-
perienced a higher rate of certain symptoms (flushing, hypo-
tension, and abdominal cramping; [63]). The precise mecha-
nism is not well understood although may relate to inhibition 
of kinin metabolism [3].

20.7  TPE in Special Patient Populations

20.7.1  Pediatric

A number of challenges exist when therapeutic plasmapher-
esis is used in the pediatric setting. The pediatric evidence 

base is small; therefore, practice is often extrapolated from 
the adult experience. The main technical issue is the large 
extracorporeal volume (ECV), relative to the child’s intra-
vascular volume. Adapted circuitry, with smaller circuit 
volume, can allow for safe TPE in small children, including 
infants [64]. Ideally, ECV should not exceed 10 % of total 
blood volume in children to avoid significant hypovolemia.

At the start of TPE, whole blood enters the circuit and the 
priming saline is diverted to the effluent bag. If the prim-
ing volume exceeds 10 % of total blood volume, the prim-
ing saline (or other fluid of choice depending on the clinical 
situation) should be infused into the child at the start of TPE 
rather than diverting. Red cell priming may be required in 
hemodynamically unstable children or those weighing less 
than 15 kg, to avoid a clinically significant drop in circulat-
ing blood volume. At the end of the procedure, the circuit 
should be “rinsed back” only if the child can tolerate the 
positive net volume shift that this creates.

Central venous access is required in small children, as 
peripheral veins will not accommodate large needles. Ad-
verse events are more common in children [65]. Continuous 
calcium infusion and regular monitoring of ionized calcium 
levels should be undertaken if the child is unable to report 
symptoms of hypocalcemia.

Despite the above issues, TPE has been used in a wide vari-
ety of pediatric conditions. Renal indications include AAV, an-
ti-GBM disease, atypical HUS, and posttransplant FSGS [66].

20.7.2  Pregnancy

Correct patient positioning is critical in later pregnancy to 
avoid aortocaval compression and associated hypotension. 
Appropriate adjustments should be made to allow for the 
relative changes in plasma volume during pregnancy.

20.7.3  Intensive Care Unit

TPE can be safely performed in critically unwell patients. 
The patient should be adequately resuscitated using stan-
dard treatment including vasopressors. Increased vasopres-
sor doses may be required during TPE. Continuous cardiac 
monitoring is recommended. Ionized calcium levels should 
be monitored during the procedure, as the patient is unlikely 
to be able to report symptoms.

If a patient is volume overloaded, standard measures (di-
uretics/dialysis), and not TPE, should be used for volume 
removal. TPE may not be well tolerated immediately post 
hemodialysis because of hypovolemia; therefore, if both 
procedures are required in a given day, TPE should gener-
ally be performed first. Performing dialysis after TPE has 
the added advantage of correcting any remaining electrolyte 
abnormalities.

Table 20.3  Drugs that may be removed during TPE
Aspirin
Gentamicin
Levothyroxine
Ceftriaxone
Verapamil
Diltiazem

Careful drug level (or action) monitoring should be performed where 
possible
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20.8  Conclusions and Future Direction

In conclusion, TPE is currently an important part of therapy 
for a wide range of immune-mediated diseases. That said, 
there is a paucity of RCT evidence to guide its use, even 
in conditions where it is considered standard of care. The 
future of TPE is likely to involve more selective techniques, 
which will offer a more refined therapy with fewer adverse 
effects. There are several ongoing clinical trials evaluating 
the role of TPE in a variety of diseases and we eagerly await 
the results of these.

20.9  Examples of TPE in Clinical Practice

20.9.1  Case 1

A 40-year-old male is referred with rapidly rising creatinine 
and hemoptysis. His lab values are significant for creatinine 
4.8 mg/dl, Hct 25.0, and anti-GBM 114 units/ml. The renal 
biopsy shows a severe crescentic glomerulonephritis, in-
volving approximately 70 % of glomeruli. The diagnosis is 
anti-GBM disease with renal and lung involvement. He is 
started on cyclophosphamide and steroids. He weighs 80 kg. 
What TPE regimen would you prescribe?

An aggressive TPE regimen is required here, as the pa-
tient could develop end-stage renal disease and/or fatal pul-
monary hemorrhage. A typical regimen would be 1.0–1.5 
plasma volumes daily for 10–14 days. After this period, fur-
ther TPE can be prescribed depending on the anti-GBM titre 
and the clinical status of the patient.

So, 1 plasma volume is 0.07 × 80 × 0.75 = 4.2 l
1.3 plasma volumes is 5.5 L (an easy number to prescribe).
So the prescription would be:

1. Remove 5.5 L
2. Replace with 3.0 L of 5 % albumin, 2.0 L of normal sa-

line, and 0.5 L of FFP1

3. Premedicate with oral calcium
4. Premedicate with oral acetaminophen and oral diphen-

hydramine if any concern about allergic reaction to FFP
5. Give 55 ml of 10 % calcium gluconate IV over the TPE 

session2

1 FFP is given because of the renal biopsy and the hemoptysis. If bleed-
ing is a major concern, then more FFP and less normal saline could be 
prescribed.
2 If the patient received more FFP, more IV calcium gluconate may be 
required.Note: if DFPP were used, the prescription would simply ask 

( ) ( )
Estimated plasma volume
= 0.07  weight kg   1 hematocrit× × −

20.9.2  Case 2

A 30-year-old female is referred with TTP. She has altered 
mental status and lab values are significant for Hct 24.0, 
platelets 24 × 109/l, and LDH 3420 units/ml. She weighs 
74 kg. What TPE regimen would you prescribe?

An aggressive TPE regimen is required here, as this is 
a life-threatening disease. A typical regimen would be 1.5 
plasma volumes daily for 10–14 days. After this period, fur-
ther TPE can be prescribed depending on the platelet count, 
plasma LDH, and the clinical status of the patient.

So, 1 plasma volume is 0.07 × 74 × 0.76 = 3.9 L
1.5 plasma volumes is 5.9 L (easier to round up to 6 L).
So the prescription would be:

1. Remove 6.0 L
2. Replace with 6.0 L of FFP3

3. Premedicate with oral calcium
4. Premedicate with oral acetaminophen and oral diphen-

hydramine if any concern about allergic reaction to FFP
5. Give 60 ml of 10 % calcium gluconate IV over the TPE 

session and further IV boluses of 10 ml of 10 % calcium 
gluconate if ionized calcium < 0.9 mmol/l (check ionized 
calcium every hour during TPE)

20.9.3  Key Points

• TPE is an extracorporeal therapy that involves removal of 
pathogen-containing plasma and replacement with patho-
gen-free fluid

• Prescription is individualized to the patient and the dis-
ease

• Indications are divided into four categories depending on 
the strength of supporting evidence for the role of TPE

• Minor adverse effects are common; serious ones are rare

for removal of 5.5 L plasma and replacement with small amounts of 5 % 
albumin (as a small amount is removed). FFP and/or fibrinogen would 
only be given if there were laboratory evidence of a coagulopathy.
3 FFP is given because it is therapeutic here.

( ) ( )
Estimated plasma volume
= 0.07  weight kg   1 hematocrit× × −
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21.1  Introduction

Advances in dialysis membrane engineering have led to in-
cremental developments in dialyzer technology towards the 
biological characteristics of the glomerular basement mem-
brane (GBM) [1]. Some of these advances have been moti-
vated by the principle that increased clearance of middle mo-
lecular weight (MW) molecules may be associated with bet-
ter clinical outcomes [2]. Table 21.1 shows specific middle 
MW molecules that accumulate in kidney failure. Molecules 
with a MW in excess of 20 kDa are above the threshold for 
effective clearance by standard high-flux hemodialysis (HF-
HD); however, some uremic toxins have a MW below that of 
albumin (65 kDa) and could be targeted by an appropriately 
engineered dialysis membrane.

High Cut Off HD (HCO-HD) uses a dialysis membrane 
that has a cut off for protein permeability that is close to 
the GBM and has the highest clearance of middle MW mol-
ecules of any dialyzer. It is defined by a significant sieving 
coefficient (SC) from blood for proteins up to the MW of 
albumin; this represents a major development in dialyzer 
technology. Figure 21.1 shows a high-magnification photo-
micrograph of an HCO membrane compared to a standard 
HF-HD membrane.

Over the past decade, HCO-HD has been evaluated for 
patients with the following clinical indications:

• Removal of pro-inflammatory cytokines associated with 
sepsis syndrome

• Diseases where acute kidney injury (AKI) is caused by a 
specific nephrotoxin (e.g., myeloma and rhabdomyolysis) 
of a MW that is preferentially removed by the membrane

• Uremic toxin removal in end-stage kidney disease 
(ESKD) in a chronic dialysis prescription.

While HCO-HD has not yet entered mainstream clinical 
practice, a growing clinical evidence base supports both the 
safety and (in part) the efficacy of this modality. Further-
more, HCO-HD provides a rationale for next-generation dia-
lyzers that have high permeability but a more precise MW 
cut off. This addresses an important limitation of HCO-HD: 
albumin loss of a magnitude that precludes use of the modal-
ity in a long-term chronic HD prescription.

21.2  The Permeability Characteristics of a 
Dialysis Membrane

Pore size and pore size distribution are the two main permea-
bility characteristics of a dialyzer membrane that distinguish 
between different groups of dialyzers. The potential of a mol-
ecule of a given MW to pass through a dialysis membrane is 
defined by these characteristics. The other membrane fea-
tures that influence molecule clearance include the material 
used for the dialyzer membrane, which may produce differ-
ent absorption and absorption characteristics for any given 
protein [3] and the thickness of the dialysis membrane.

The permeability of a dialysis membrane for a molecule 
of a defined MW can be quantified by the SC. Marker solutes 
are used to define the SC; this approach has been described 
in detail elsewhere [4, 5]. The most widely used molecule 
for characterization of the properties of a dialyzer is dextran, 
a linear carbohydrate chain available at different MW frac-
tions. The relationship between the size of any given dextran 
chain and a protein of the same MW equivalence can be cal-
culated from the radius of the dextran-coiled chain [3].

The SC for any molecule will have a value of between 
0 and 1; 0 refers to no permeability and 1 refers to full 

© Springer Science+Business Media, LLC 2016
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permeability. Full permeability indicates that a molecule of a 
given MW will redistribute from blood into dialysate so that 
the concentration of that molecule is the same on each side of 
the dialyzer membrane. The permeability of a single dialysis 
membrane to molecules of a range of MW can be depicted 
visually by a sieving curve [6].

The SC of the dialysis membrane is used to categorize a 
dialyzer as: (i) low-flux (LF), (ii) HF, (iii) protein-permeable 
(PP), or (iv) HCO. A useful system for linking the membrane-
specific characteristics to the dialyzer class has recently been 
proposed [7]. This system conceptualizes the permeability of 
a membrane based on the utilization of two thresholds: (i) the 
molecular weight cut off (MWCO); and (ii) the molecular 
weight retention onset (MWRO). The MWCO refers to the 
highest MW for which the SC of the membrane is at least 
0.1; the MWRO refers to the lowest MW for which the SC 

of the membrane is at least 0.9. Figure 21.2 is a schematic of 
the relationship between dialyzer pore size and the efficacy 
of a dialyzer in each of the four major dialysis categories, 
Fig. 21.3 shows the sieving curve of each dialyzer group, and 
Fig. 21.4 shows how the MWCO and the MWRO of each di-
alyzer category relates to the pore size and pore distribution.

21.3  The Distinction Between HCO and Other 
Dialyzer Groups

The characteristics of different dialyzer groups are shown in 
Table 21.2. The in vitro figures are derived from experiments 
using dextran molecules of different MWs [7]. These char-
acteristics change when blood is in contact with the dialyzer 
such that in vivo the SC curve moves to the left. In summary: 
(i) An LF dialyzer has low permeability to water and an SC 
that does not allow the clearance of β2-microglobulin (β2M; 
MW); (ii) an HF dialyzer has high permeability to water, a 
high SC for β2M (0.7–0.8) and very little albumin loss when 
used in an HD mode; (iii) a PP dialyzer has high permeabil-
ity to water, a very high SC for β2M, and low albumin loss; 
(iv) an HCO dialyzer has very high water permeability and 
an SC of 1.0 for β2M and up to 0.2 for albumin. For HF, PP, 
and HCO dialyzer groups, there is demonstrable stratified 
clearance of molecules of MW between β2M and albumin.

When a HF, PP, or HCO dialyzer is used in HD mode, 
there is a component of convective clearance (ultrafiltration; 
water movement across the dialysis membrane) because of 
internal filtration across the membrane; this is a complex 
process that has been best modeled for HF-HD by using 
radio-labeled albumin [8]. The distinction between HF and 
PP dialysis becomes less clear when a HF membrane uses 
convective transfer though a hemodiafiltration (HDF) com-
ponent; with high-convective transfer, the albumin leak that 
occurs with HF-HDF can be equivalent to that seen with PP 
dialysis [9, 10]. Recognizing the impact of convective clear-

Table 21.1  Selected uremic toxins, MW, and increased concentra-
tions in ESKD
Molecule MW (kDa) Fold increase concentration in ESKD 

(max)
β2M 11.8 50
Cystatin C 13.3 12
κLC 22.5 30
IL-6 24.5 25
TNF-α 26 31
IL-1β 32 11
λLC 45 30

MW molecular weight, kDa kilodaltons, ESKD end-stage kidney dis-
ease, max maximum, β2M beta-2 microglobulin, κLC kappa light chain, 
IL-6 interleukin 6, TNF-α tumor necrosis factor-alpha, IL-1β interleu-
kin-1 beta, λLC lambda light chain Fig. 21.2  Conceptualization of the relationship between pore size (di-

ameter) and pore numbers for each of the major dialyzer groups

 

Fig. 21.1  A high-powered photomicrograph of (a) a high cut off he-
modialysis (HCO-HD) membrane and (b) a standard high-flux hemo-
dialysis (HF-HD) membrane. Note the differences in size of the pores 
and pore size distribution between the two dialyzers. (Courtesy of Bax-
ter–Gambro)
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ance across the dialysis membrane is important when consid-
ering the use of a dialyzer in clinical practice.

The three major classes of solutes that are removed by di-
alysis membranes and are classified as uremic molecules or 

toxins are: (i) small water-soluble molecules, such as creati-
nine and urea, that are removed by all dialyzer membranes; 
(ii) protein-bound solutes, that when free are of a MW simi-
lar to small soluble-water molecules (e.g., homocysteine); 

Fig. 21.3  Sieving curves for each of the major dialyzer group; based on in vitro studies with dextran. In vivo, the curves move to the left and the in vivo 
thresholds for MWCO and MWRO are less than those seen in vitro. MWCO molecular weight cut off, MWRO molecular weight retention onset

 

Fig. 21.4  The relationship between MWCO and MWRO for each of the 
major dialyzer groups has been shown. Note the distinct features of each 
dialyzer type, which form the basis of a classification system that identi-

fies the HCO dialysis membrane as having characteristics distinct from 
high-flux and protein-permeable dialyzers. MWCO molecular weight 
cut off, MWRO molecular weight retention onset, HCO high cut off
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(iii) free middle MW molecules up to the MW of albumin of 
which β2 M (MW 11.8 kDa) is the best characterized. Mol-
ecules within these groups both accumulate with loss of kid-
ney function, and may be involved in the pathophysiological 
pathways that are associated with the poor clinical outcomes 
seen in patients with kidney failure (see Table 21.1 for exam-
ples). The European Uremic Toxin (EUTox) working group 
has produced detailed reviews of uremic toxins [2, 11–13].

21.4  The High Cut Off 1100 Dialysis 
Membrane

The HCO 1100 dialysis membrane is the only dialysis mem-
brane that fulfils the criteria of classification for HCO di-
alysis. The membrane is produced by Baxter–Gambro and 
the name is derived from a membrane water permeability 
of 1100 ml/(m2/h/mmHg) for 0.9 % sodium chloride at body 
temperature and with a blood flow (QB) of 100–500 ml/
min. The pore size radius for the HCO 1100 membrane is 
8–12 nm; this compares to a typical dialyzer pore size radius 
of 2–3 nm for a LF membrane, 3.5–5.5 nm for a HF mem-
brane, and 5–6 nm for a PP membrane [7]. The first HCO di-
alyzer used in man (HCO 1100 dialyzer) had a small (1.1 m2) 
surface area. Subsequently, a large surface area (2.1 m2) dia-
lyzer (Theralite™) has been produced and is being used in 
clinical practice. The MWCO for the HCO 1100 membrane 
when used in vivo is around 50 kDa; however, the distribu-
tion of pores beyond this MWCO means that there is a loss 
of albumin that has been quantified as up to 20 g for a single 
HCO 1100 dialyzer used for 4 h [14].

The use of HCO-HD has been evaluated to date in the fol-
lowing clinical settings:

1. The treatment of patients with AKI associated with sep-
sis syndrome. In this setting, the dialyzer was effective 
at removing pro-inflammatory cytokines and improving 
cellular immune responses. However, these observations 
have not translated into clinical studies that have shown 
that HCO-HD improves clinical outcomes.

2. The removal of disease-specific nephrotoxins:
i. The dialyzer was repurposed for assessment of the 

removal of immunoglobulin light chains (LC) in 

patients with MM and severe AKI. The large major-
ity of clinical treatments with the dialyzer to date have 
been made for this indication; two randomized con-
trolled trials of the utility of HCO-HD are in process 
and should be reporting soon.

ii. Myoglobin removal in AKI secondary to rhabdomy-
olysis.

iii. In short-term studies in patients with ESKD receiving 
chronic HD; these studies have focused on inflammation.

21.5  The Use of HCO-HD in Patients with 
Sepsis Syndrome

Pro-inflammatory cytokines, including tumor necrosis fac-
tor-alpha (TNF-α) and interleukin-6 (IL)-6, have an impor-
tant role in the poor clinical outcomes sustained by patients 
with sepsis syndrome [15]. These cytokines are both a con-
sequence of the underlying illness and are associated with 
aberrant immune responses triggered by the illness. Further-
more, the kidneys differentially clear many of the pro-in-
flammatory cytokines that are produced in sepsis syndrome; 
therefore, the development of AKI can lead to the accumula-
tion of these molecules.

HDF can remove some cytokines that are involved in sys-
temic sepsis; however, many of the molecules that are as-
sociated with sepsis syndrome are of a MW not effectively 
removed by conventional HDF. For example, Heering et al. 
were not able to show a decrease in levels of TNF-α over 
24 h of hemofiltration delivered through a conventional HF 
dialysis membrane [16]. Shortly after this study, the utility 
of enhanced targeting of larger MW cytokines by dialysis 
was demonstrated by Kline et al.; they used a canine model 
of sepsis syndrome and showed that large pore compared to 
standard HD was associated with better left ventricular con-
tractility and other indices of better cardiac function [17].

The limitation of conventional HD and HF for the re-
moval of inflammatory mediators in sepsis syndrome pro-
vided impetus for the development of the HCO 1100 dialysis 
membrane. Preclinical and clinical studies were performed 
to quantify the utility of the dialyzer in sepsis syndrome and 
AKI. Studies on blood, from normal humans (300 ml/volun-

Table 21.2  Characteristics of membrane by type: MWCO and MWRO in vitro defined by dextran sieving; sieving coefficients in vivo at QD 
500 ml/min and QB 250 ml/min
Dialyzer type MWCO (kDa) MWRO (kDa) Sieving coefficient H2O permeability Albumin loss (g)

Urea β2M Albumin
LF 10–20 2–4 1 < 0.1 < 0.01 10–20 0
HF 25–65 5–10 1 0.8 < 0.01 200–400 < 0.5
PP 60–70 2–4 1 0.9 0.02 50–500 6
HCO 170–320 15–20 1 1.0 0.2 1100 9–28

Albumin loss over a conventional dialysis session, in vivo
MWCO molecular weight cut off, MWRO molecular weight retention onset, QD dialysis fluid flow rate, QB blood flow rate, g grams, β2M Beta-2 
microglobulin, LF low-flux, HF high-flux, PP protein-permeable, HCO high cut off
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teer), treated with lipopolysaccharide and using an extracor-
poreal system incorporating the HCO 1100 dialyzer, showed 
that pro-inflammatory cytokines could be removed. Clinical-
ly relevant SCs were demonstrated for five cytokines (IL-1β, 
IL-6, IL-10, IL-8, and TNF-α) with MWs ranging from 11.1 
to 51 kDa [18]. The SC for albumin in this study was 0.1.

A subsequent ex vivo study, using a membrane prototype 
with higher clearances than the HCO 1100 and quantifying 
the clearance of creatinine kinase (MW 80 kDa) and IgG 
(MW 160 kDa), assessed the albumin loss in HDF as well as 
HD. Using this membrane in HDF mode led to three times 
the albumin loss sustained in HD mode [19].

21.6  Clinical Studies in Sepsis

Morgera et al. studied the impact of the dialysis modality 
on peripheral blood mononuclear (PBMN) cell phagocyto-
sis [20]. Twenty-eight patients with sepsis syndrome and 
AKI were randomized to receive 12-h cycles of hemofiltra-
tion using HCO 1100 or a conventional HF dialyzer. They 
showed that the high phagocytosis rates present in these pa-
tients were decreased significantly by the use of an HCO di-
alysis membrane; the conventional HF dialyzer had no effect 
on phagocytosis rates. They explored a mechanistic basis for 
this finding and showed that ultrafiltrate from HCO dialysis 
produced significant induction of phagocytosis; there was 
no equivalent effect when using ultrafiltrate from patients 
treated with conventional hemofiltration. As phagocytosis in 
the acute phase of sepsis syndrome may be aberrant (excess) 
[21], these data provided evidence that HCO treatment may 
contribute to the restoration of an appropriate physiological 
response in patients with sepsis syndrome.

Morgera et al. then proceeded to study the impact of the 
HCO 1100 dialyzer on cytokine levels in vivo. In compari-
son to CVVH and continuous venovenous hemodialfiltration 

(CVVHDF) with conventional HF dialyzers, they showed 
very high clearances of IL-6 and IL-1rα. Using HCO 1100 
in an HDF mode led to more cytokine clearance; however, 
there were higher albumin losses in vivo with HCO-HD, 
consistent with the observations in the ex vivo model [22].

To assess the impact of HCO-HD on a clinical parameter, 
Morgera et al. performed a pilot randomised control trial 
(RCT) enrolling 30 patients with sepsis and severe AKI and 
patients and randomizing in a 2:1 ratio to HCO-HD or HF 
hemofiltration for 48 h [23]. They compared the effect of the 
treatment on norepinephrine dose and found a significantly 
decreased requirement for norepinephrine in the HCO-HD 
group. They also found that HCO-HD was associated with 
decreased levels of circulating cytokines compared to con-
ventional hemofiltration.

In a subsequent trial of ten patients with sepsis syndrome 
and severe AKI, Haase et al. showed a decrease in a range of 
cytokines (IL-6, IL-8, IL-10, and IL-18) after a single inter-
mittent 4-h dialysis treatment carried out with a single HCO 
1100 dialyzer compared with standard HF-HD [24]. This 
study reported albumin loss of 7.7 g with HCO-HD com-
pared to 1 g with standard HF-HD.

The studies are summarized in Table 21.3

21.7  The Current Status of HCO-HD in Sepsis 
Syndrome

The four studies that are outlined earlier and summarized 
in the table were the focus of a narrative review by Haase 
et al. published in 2007 [25]. The review was based on a for-
mal search strategy of the then available published literature 
(phase 1b/2a studies). Haase et al. outlined significant limi-
tations in all these studies which included: (i) they were all 
single center; (ii) the studies were not well controlled; (iii) 
they had significant inter-study variability in design.

Table 21.3  Studies in patients with sepsis syndrome and acute kidney injury (AKI) with the HCO 1100 dialyzer
Type Ref. No. (yr) Patient No. Design Primary outcome Result
Phase 
I/II

[20] (2003) 28 Randomization to 
either HCO-hemo-
filtration or HF-
hemofiltration, then 
alternating treatments

PMN phagocytic 
activity

Decrease in phagocytosis during HCO treatment com-
pared to HF treatment. Filtrate from HCO treatments 
induced phagocytosis, filtrate from HF did not

Phase 
I/II

[22] (2004) 24 Random allocation to 
continuous CVVH or 
CVVHD

Cytokine levels IL-1, 
IL-1rα, IL-1β, IL-6, 
TNF-α

High clearances of cytokines up to but not including 
TNFα for both modalities. Increased clearance of 
IL-1rα with CVVHD. A significant decline for some 
cytokines from baseline levels. More albumin loss 
with CVVHD

Phase 
I/II

[23] (2006) 30 Randomized 2:1 
intervention/control

Norephenipherine 
dose

Decrease in adjusted norephenephrine dose by HCO-
HD compared to HF-HD

Phase I [24] (2007) 10 Double-blind 
crossover

Change in IL-6 at 4 h Reduction in IL-6 levels by HCO-HD by 30.3 versus 
1.1 % for HF-HD

HCO high cut off; PMN polymorphonuclear; Ref reference; no number, HF high-flux, IL-1 Interleukin-1, IL-1rα interleukin-1 alpha, IL-1β inter-
leukin-1 beta, IL-6 interleukin-6, TNF-α tumor necrosis factor-alpha, IL-6 interleukin-6, CVVHD continuous venovenous hemodialfiltration, HD 
hemodialysis
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The authors recommended proceeding to larger, multi-
center, randomized controlled trials. However, further clini-
cal trials with HCO dialysis in the setting of sepsis syndrome 
and AKI are unlikely. While the biological evidence for 
HCO-HD is supportive, properly designed multicenter phase 
2 and phase 3 studies are expensive and most interventions 
of this type do not translate into studies that are fully evalu-
ated for efficacy in routine clinical practice.

21.8  Multiple Myeloma and the Rationale for 
Extracorporeal Light Chain Removal

The major focus for developing an evidence base for a rou-
tine clinical use for HCO-HD is in the management of pa-
tients with myeloma kidney (cast nephropathy) and severe 
AKI. Almost 50 % of patients with MM have an estimated 
glomerular filtration rate (eGFR) of < 60 ml/min/1.73 m2 and 
up to 10 % of all patients have severe AKI requiring dialysis 
treatment [26]. Around 90 % of the AKI associated with MM 
is caused by direct toxicity of excess clonal immunoglobu-
lin LC that is produced as a consequence of the underlying 
tumor [27, 28]. This excess clonal LC causes the classical 
renal lesion of cast nephropathy (myeloma kidney).

Overall outcomes for patients with MM are improving, 
with a median survival now in excess of 4 years [29, 30]. 
Patients with severe AKI requiring dialysis treatment have 
very poor outcomes, however, with a median survival of 
less than 1 year [31, 32]. These poor outcomes are associ-
ated with failure to recover independent kidney function in 
the large majority of cases reported to date; patients who do 
recover independent kidney function have better long-term 
outcomes [33].

The poor outcomes sustained by patients with severe 
AKI and MM and a direct pathogenic link with a circulat-
ing nephrotoxic protein (Ig LC) provide a rational for as-
sessing the efficacy of extracorporeal removal of LC. Until 
2005, the focus was on clinical trials of the utility of plasma 
exchange (PEX) for LC removal. Early studies indicated a 
possible benefit associated with PEX, although these stud-
ies were small and poorly designed [34, 35]. Subsequently, 
the largest randomized controlled trial showed no benefit of 
treatment by PEX compared to standard care [36]. In this 
study, 104 patients with MM and severe AKI were random-
ized to receive 5–7 PEX treatments or no PEX. There was no 
difference in outcome for patients between the two groups 
for all clinical outcomes including independence of dialysis 
or kidney function at 6 months.

Subsequent open-label studies utilizing PEX have 
shown a higher proportion of patients recovering inde-
pendent kidney function than has been historically re-
ported; the likelihood of renal recovery is dependent on 
a rapid decrease in serum LC levels in the first 3 weeks 

after commencement of therapy [37, 38]. These results 
should be approached with caution, as they reported out-
comes from patients who also received novel chemother-
apy agents, in particular the proteasome inhibitor bort-
ezomib, in combination with dexamethasone [39]. These 
regimes are associated with faster and deeper anti-tumor 
responses in patients with MM than traditional chemo-
therapy regimes [40].

From 2007, there has been an increasing body of evi-
dence supporting the use of HCO-HD as a more effective 
modality than PEX for extracorporeal removal of LC. The 
utility of the therapy is based on two principles. First, the 
two isotypes of immunoglobulin LCs are of a MW that can 
be removed effectively by HCO-HD: κLC is a monomeric 
molecule with a MW of 22.5 kDa; λLC, a dimeric molecule 
with a MW of 45 kDa. Second, PEX is a short treatment, and 
while it will effectively remove intravascular LC, as pro-
teins of the MW of LC are redistributed in all extracellular 
compartments, and around 85 % of the proteins are in the ex-
travascular compartment [41], a short treatment (PEX) will 
have a limited impact on overall intravascular LC levels.

Figure 21.5 shows the relationship between the produc-
tion and distribution of LC, and the main routes of removal. 
With normal kidney function, the half-life of κLC is around 
2-h and λLC is 4 h. With severe AKI and anuria, the main 
route of clearance is through the reticuloendothelial system 
(mononuclear phagocyte system); this is a far slower clear-
ance route, the half-life of both isotypes of LC in this setting 
is around 4 days.

There is disequilibrium between extravascular and intra-
vascular clearance [42], and on discontinuation of extracor-
poreal therapy there is redistribution of extravascular LC into 
the intravascular compartment [43]. This can be addressed, in 
part, by extended HCO-HD. The efficacy of HCO-HD for LC 
removal in MM and AKI has been modeled theoretically for 
treatment times of up to 72 h [44]; HCO-HD treatment sessions 
are being used in clinical practice for times of up to 8 h [14].

A direct comparison of the efficacy of HCO-HD to PEX 
requires an understanding of the effect of the chemotherapy 
regime on the impact of the extracorporeal therapy. For ex-
ample, with no renal clearance and chemotherapy delivering 
a tumor kill rate of 2 % a day, 8 h of daily HCO-HD treat-
ment with two HCO 1100 dialyzers in series will decrease 
the starting LC load by 83 %; daily PEX remove around 9 % 
over the same period of time [44].

21.9  The Clearance of Immunoglobulin Light 
Chains by HCO-HD

Using two HCO 1100 dialyzers in series produce clearances 
of both isotypes of LC of around 40 ml/min. Serum λLC lev-
els decrease more than κLC levels for an equivalent dialysis 
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dose; this reflects higher resistance to the inter-compartmen-
tal transfer of λLC leading to a higher measurable decrease 
in serum λLC compared to serum κLC at a given extracor-
poreal clearance rate [14]. There is reduced clearance of 
each isotype with time; this stabilizes at 3 h for κFLCs but 
continues throughout the dialysis session for λLC, probably 
as a consequence of protein blunting [45]. Protein blunting 
refers to the phenomenon of larger MW molecules, close to 
the MW cut off of the dialyzer membrane, accumulating at 
the membrane surface; these increased local levels then lead 
to increased clearance. Replacing the dialyzer(s) results in a 
significant increase in the sustained clearance rates of λFLC 
but not κFLC, [14] further emphasizing the enhanced effect 
of protein blunting on molecules approaching the MW cut 
off of the membrane.

After an initial proof of principle study, [44] that included 
detailed modeling of LC clearance, subsequent open label 
studies reported excellent outcomes for patients receiving 
HCO-HD, with recovery rates from dialysis-dependent AKI 
higher than those previously reported [33, 46–54]. These 
studies are summarized in Table 21.4.

However, these data from these open label studies are 
confounded by at least two factors:

i. Centers that use HCO-HD may be more focused on the 
management of cast nephropathy; the length of time to 
starting HCO-HD and the experience of the center in 
dealing with the emergency are important outcome con-
founders [50].

ii. Current chemotherapy regimes are associated with a very 
high tumor response rate compared to historic chemother-
apy regimes.

An additional consideration is that some patients have poly-
mers of LC that are above an MW that can be removed by 
the HCO dialyzer [55]; the MW of the polymers will also be 
above that of a size that is freely filtered by the glomerulus 
and will not contribute to the development of cast nephropa-
thy.

21.10  Current Considerations for the Use of 
HCO-HD in Patients with MM

The published literature till date mainly reports on the effi-
cacy of the 1.1 m2 HCO 1100 dialyzer. There are large differ-
ences between the studies in the delivered dialysis dose that 
patients received; the studies variably reported the use of one 
dialyzer or two dialyzers in series and the length of time of 
any single dialysis session varied from 4–8 h.

The data from uncontrolled studies do not report an in-
creased rate of complications over the number anticipated 
for standard dialysis treatments. In particular, there have 
been no reports of increased infective or thrombotic compli-
cations; although there has been no direct comparative data 
with standard dialysis regimes to date, so caution should be 
applied until the randomized controlled trials report.

In 2011, Baxter–Gambro introduced a 2.1 m2 dialyzer 
called Theralite™ into clinical practice. This dialyzer clears 
around 80 % of the LC cleared by two HCO 1100 dialyzers in 
series. The difference in clearances is mainly due to internal 
filtration in the second dialyzer, providing an increased con-
vective dose with this prescription. Experiments performed 
with a single 1.1 m2 HCO dialyzer showed that using a 
formal convective component (HCO-HDF) will lead to a loss 
of albumin of 50 % more than that seen with HCO-HD [14].

Fig. 21.5  The basis for targeting the intravascular compartment with 
extended extracorporeal removal. Eighty-five percent of extracellular 
fluid is extravascular and light chains ( LC) redistribute into all extracel-
lular fluid. The contribution of extracorporeal removal to LC depletion 

is dependent on at least three other variables: (i) tumor load and the 
impact of chemotherapy; (ii) kidney clearance; and (iii) reticuloendo-
thelial system clearance
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21.11  Chemotherapy Clearance

If HCO-HD is being used, then the timing of the chemo-
therapy prescription should be considered. A recent in vitro 
study assessed the clearance of chemotherapy drugs used in 
clinical practice for myeloma by HCO-HD [56]. Drug levels 
were assayed up to 12 min after injection, and up to this point 
of time there was significant clearance of chemotherapy by 
HCO-HD.

If HCO-HD remains a long-term option for the treatment 
of patients with MM and AKI, then this area will require 
further study to ensure that disease responses are not being 
compromised by drug clearance across the membrane. Cau-
tion should be exercised in transposing the results of this in 
vitro study to clinical practice, where drugs in use in routine 
clinical care are usually given orally or (in the case of bort-
ezomib) by subcutaneous injection.

21.12  Randomized Controlled Trials of 
HCO-HD in Patients with MM

Two randomized controlled trials are now in process. The 
first study “European Trial of Free Light Chain Removal by 
Extended Haemodialysis in Cast Nephropathy” (EuLITE) 
has finished recruitment and results should be reported 
shortly [57]. The second study “Multiple Myeloma and 
Renal Failure Due to Myeloma Cast Nephropathy” (MYRE) 
is in progress and the protocol for the study can be reviewed 
at http://clinicaltrials.gov/ct2/show/NCT01208818. EuLITE 
and MYRE are using bortezomib- and dexamethasone-based 

regimens; EuLITE used two HCO 1100 dialyzers in series 
and MYRE is using Theralite™. An important part of both 
studies is to report on the safety and efficacy of bortezomib-
based chemotherapy in dialysis-dependent AKI. The HCO-
HD dialysis intervention for both these studies is intensive; 
for example, EuLITE involved dialysis treatment or che-
motherapy daily for the first 12 days and then alternate-day 
dialysis through to 3 weeks if the patient remained dialysis 
dependent. Each dialysis session for patients in the HCO-HD 
treatment arm lasted 8 h.

21.13  Myoglobin Clearance by HCO-HD

Rhabdomyolysis is an important cause of AKI, due to cast 
nephropathy associated with myoglobinuria. The first pub-
lished use of the HCO 1100 dialyzer for this indication was 
reported in a patient with multifactorial rhabdomyolysis [58]. 
The patient was initially treated with conventional CVVH 
and then converted to HCO dialysis treatment. The myoglo-
bin level in the ultrafiltrate of the HCO dialysis was over 
five times that seen with a standard high-flux dialyzer, with 
a calculated SC for myoglobin by HCO-HD of around 0.7.

These data have been confirmed by subsequent case re-
ports. The largest series published to date [59] showed that 
using the dialyzer in both conventional and sustained low-
efficiency daily dialysis protocols provided clearances of 
myoglobin up to twentyfold those seen in patients treated 
with conventional HF-HD. Subsequent modeling studies 
have confirmed the potential for increased clearance of myo-
globin by HCO-HD [60].

Table 21.4  Published studies of high cut off hemodialysis in patients with multiple myeloma and severe acute kidney injury (four patients or more)
First author Ref 

no
Year published Number treated % recovery renal 

function (no)
Comments

Hutchison 44 2007 5 60 (3) Includes detailed modeling of light chain removal by 
HCO-HD and plasma exchange prescription

Kleeberg 46 2009 4 Not reported Patients with κLC myeloma only. Narrative report on 
kinetics of removal

Hutchison 33 2009 19 68 (13) Includes five patients previously reported. Recovery of 
kidney function associated with better long-term out-
comes. Largest single-center report (with Heyne 2011)

Peters 47 2011 5 60 (3)
Heyne 48 2011 19 74 (14) Largest single-center report (with Hutchison 2009)
Martin Reyes 49 2011 6 50 (3) Uses Theralite as the standard of care
Hutchison 50 2011 67 63 (42) Includes patients from Hutchison (2009) and Heyne 

(2011). Renal recovery was independently associated 
with the time to commencement of treatment

Sinisalo 51 2012 7 86 (6) Theralite and bortezomib chemotherapy
Borrego-Hinojossa 52 2013 5 80 (4)
Khalafallah 53 2013 4 75 (3) Bortezomib, thalidomide, and dexamethasone 

chemotherapy
Tan 54 2014 6 50 (3)

Ref reference, no number, HCO-HD high cut off hemodialysis, κLC kappa light chain

http://clinicaltrials.gov/ct2/show/NCT01208818


26521 High Cut Off Hemodialysis

It is highly unlikely that an adequately powered random-
ized controlled trial will be performed to assess the utility 
HCO-HD for this indication. However, the good single-cen-
ter results that are reported indicate that HCO-HD may be an 
option in clinical practice.

21.14  The Theoretical Basis for Uremic Toxin 
Removal by HCO-HD in a Chronic 
Dialysis Prescription

Low and middle MW molecules may contribute to the poor 
clinical outcomes seen in patients with ESKD [2] by effect-
ing both immune function and vascular biology. Chronic in-
flammation may be an important component of the adverse 
morbidity and mortality seen and is linked to the accelerated 
development of vascular disease [61, 62]. Using a dialyzer 
with increased capability for removal of those uremic tox-
ins which are thought to contribute to the inflammation and 
vascular injury in ESKD might improve clinical outcomes.

When dialyzers with different sieving coefficients are com-
pared, the dialyzer with the higher clearance can lead to mea-
surable decreases in inflammatory molecules. For example:

i. Changing the dialysis prescription in ESRF from LF-HD 
to HF-HD led to decreased concentrations of some mol-
ecules associated with poor outcomes in people with kid-
ney disease [63].

ii. When super-flux dialysis was used over a 6-month-treat-
ment period, advanced glycation end-product (AGE) pep-
tides, pentosidine levels and protein bound pentosidine 
were lower in patient with and without diabetes compared 
to HF-HD [64].

Using HF-HD as a standard of care provides an MWCO of 
> 0.1 for molecules of 15–20 kDa [65]. This can be extended 
to 20–25 kDa by use of an HF dialyzer in HDF mode [65, 
66]. However, many of the middle MW molecules that accu-
mulate as a consequence of renal failure are too big for sig-
nificant removal by HF-HDF or protein permeable dialysis 
(PPD) (see Table 21.1) [2].

HCO-HD will directly remove molecules up to and in-
cluding the MW of albumin. Increasing the removal of 
free uremic solutes may also lead to enhanced removal of 
protein-bound molecules, variably carried by albumin and 
other larger serum proteins. As the free (unbound) molecule 
is removed, there is solute shift from the bound to unbound 
state as a lower concentration of the unbound molecule leads 
to increased dissociation of the bound molecule. For homo-
cysteine, which has a low MW and is cleared by all dialysis 
modalities but is heavily bound to plasma protein, the use of 
PPD, compared to HF-HD in a chronic dialysis prescription, 

led to a decrease in serum homocysteine levels of one third 
from baseline after 12 weeks [10].

More recent studies have reinforced the differential effect 
of the dialysis modality on the clearance of protein-bound 
uremic toxins, for example, pre-dilution HDF has an effect 
on the levels of bound p-cresol but not bound homocysteine 
when compared to HF-HD [66]. While some of the clearance 
of bound molecules is due to dissociation of bound from un-
bound molecules, a significant component of the loss is due 
to the direct leakage of albumin across the dialysis mem-
brane. This is an important consideration. Understanding the 
levels of albumin loss that are both clinically acceptable and 
without adverse effects is an important challenge for dialysis 
researchers. A major limitation of HCO-HD is a high albu-
min leak; this has restricted the use of the dialyzer in patients 
with ESKD to short exploratory studies.

21.15  What Is the Impact of Albumin Leak on 
the Pathophysiology of ESRF?

The clinical impact of albumin loss across a dialysis mem-
brane is unknown [45]. Although a low serum albumin level 
is associated with worse survival in patients with ESKD 
[67], this may only represent a surrogate biomarker as albu-
min is a negative acute phase reactant; hypo-albuminaemia 
in ESKD is predominantly secondary to decreased produc-
tion of albumin as a consequence of malnutrition and in-
flammation, which is common in patients with ESKD [68, 
69]. Furthermore, patients with ESKD have increased lev-
els of modified (e.g., oxidized) albumin; modified albumin 
fractions may be associated with adverse clinical outcomes. 
Consequently, it is possible that some albumin loss associ-
ated with dialysis may be desirable, as a fraction of removed 
albumin will be modified and will be replaced by fresh albu-
min synthesis. However, the loss of albumin associated with 
HCO may be too high for use in long-term dialysis, particu-
larly in patients who have suppressed baseline liver synthe-
sis of albumin and therefore will not produce an appropriate 
response to hypo-albuminaemia sustained as a consequence 
of HCO-HD.

21.16  HCO-HD in a Chronic Dialysis 
Prescription

While the albumin-loss associated with HCO-HD may be 
too high for use in a long-term chronic dialysis prescrip-
tion, there have been short-term treatment studies that have 
assessed the impact of HCO-HD. In single center open 
label studies of up to 6 weeks with all dialysis delivered 
by HCO dialysis or 12 weeks with alternate HCO dialysis, 
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no apparent increased incidence of major adverse events 
were noted. However, only two studies have been reported 
in peer-reviewed journals to date; these are summarized in 
Table 21.5 [70, 71].

In the best designed study to date [71], there appeared 
to be more adverse events below the level of major/serious 
adverse events in the HCO group; these comprised dizziness 
or low blood pressure. While the authors did not identify 
an association with dialysis treatment, the large amount of 
albumin lost on dialysis and associated changes in intravas-
cular volume status could provide an explanation for this 
finding.

Fiedler et al. used a randomized double blind cross-over 
study to examine the impact of 2 weeks of treatment with 
HCO-HD in 19 chronic hemodialysis patients with evidence 
of chronic inflammation as a consequence of elevation of 
the levels of C-reactive protein (CRP) [71]. They found that 
HCO-HD cleared large quantities of pro-inflammatory cy-
tokines. However, over this period there was no decrease 
in the pre-dialysis cytokine levels. They also measured the 
numbers of circulating activated monocytes (defined by the 
presence of CD14 and CD16 on the cell surface) and found 
modest reductions in the numbers of these cells indicating an 
immune-modulatory effect in these studies.

The study of Fiedler et al. reinforced the impact of HCO-
HD on albumin levels. They showed a 50-fold increase in 
albumin loss across the HCO membrane compared to an HF 
dialysis membrane; a 5-h HCO-HD treatment led to the loss 
of approximately 9 g of albumin in total. There was no clini-
cal indication for supplementing albumin during the course 
of this study. These losses are consistent with the findings of 
studies of HCO-HD for FLC removal in multiple myeloma, 
where in some prescriptions 40 g of albumin are required as 
supplementation for extended (8 h) dialysis sessions using 
two HCO 1100 dialyzers in series [57].

21.17  Conclusions

High cut off HD is one of the major advances in dialysis 
technology over the past two decades. Clinical studies in 
patients have shown biological effects in sepsis syndrome, 
multiple myeloma and AKI, and ESKD. However, there is 

no level 1 evidence to date for any indication; pilot studies 
carried out in AKI and MM show that the use of the dialyzer 
is associated with rates of renal recovery at least twice that 
being reported by historic studies. The major limitation as-
sociated with HCO-HD is albumin loss; this is related to the 
pore distribution of the membrane. Next-generation dialyz-
ers should deliver dialysis targeting the same molecules as 
HCO-HD but with decreased albumin loss; this will provide 
greater utility, particularly in the setting of ESKD and chron-
ic dialysis prescriptions.
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22.1  Introduction

This chapter will outline the use of sorbents in relation to tox-
icology, nephrology, and immunology and the newer field of 
cytokine removal in various disease (inflammatory) states, 
and also the potential for removing viruses from the blood 
stream. (Ad)sorbents are defined as particles or structures 
which adsorb or bind ions, molecules, or drugs and chemi-
cals, loosely or tightly, by physical forces and remove them 
from solution. Hemoperfusion is defined as passage of blood 
over sorbents contained in a device (usually cylindrical), al-
most always requiring anticoagulation with agents such as 
heparin. The application of sorbents in medicine has spanned 
many decades; examples include oral activated charcoal in 
poisoning and hemoperfusion for uremia, poisoning, hepatic 
encephalopathy, sepsis, and acute lung injury. Sorbent tech-
nology forms a basic component in the development of the 
wearable artificial kidney [1] (See Chap. 14). Other available 
techniques include exposure of sorbents to dialysis fluid, or 
the exposure of plasma generated by plasma filtration, in the 
process of coupled plasma filtration adsorption (CPFA; [2, 
3]). These methods will be discussed briefly.

22.2  Oral Sorbents

Table 22.1 gives the common oral sorbents used in manage-
ment of poisoning (usually by multiple-dose activated char-
coal administration; MDAC) and renal disease. An exciting 
possibility is the adsorption of dietary advanced glycosyl-
ation end products by sevelamer and its potential to slow the 
progression of diabetic nephropathy [4].

22.3  Hemoperfusion

Hemoperfusion (Table 22.2, Fig. 22.1) devices are available 
in most developed countries, but the shelf life of around 2 
years in most instances may render them unavailable locally 
as was recently found in New York [5, 6]. Cost may be a 
consideration for single or repeat use, as most devices cost 
around US$500 or higher. Data from the 2012 report of the 
American Association of Poison Control Centers shows that 
MDAC and alkalinization treatments far outnumber treat-
ments by hemodialysis (2324), and these in turn far out-
number treatments using hemoperfusion (61) [7]. Table 22.3 
lists common drugs for which hemoperfusion has been used. 
Some drugs and chemicals removed with high flux dialysis 
(compared to reports of cuprophane dialyzers in the past) can 
be removed at rates equal to or exceeding that of hemoperfu-
sion devices [8, 9]. A review of the recent literature on ex-
tracorporeal treatment in poisoning (EXTRIP) has focused 
on a critical appraisal of the efficiency of both dialysis and 
hemoperfusion [10]. Hemoperfusion can be performed in 
conjunction with dialysis, in dialysis patients or in multiple 
drug intoxications complicated by acidosis or hypothermia 
(Fig. 22.2). For a detailed description of hemoperfusion de-
vices in intoxication see Ghannoum et al. [11].

22.4  Indications for and Side Effects of 
Hemoperfusion in Poisoning

The clinical condition of the patient is the primary indica-
tor for hemoperfusion in poisoning, with deep coma induced 
by central nervous system depressants being paramount. 
However agents that have delayed effects, such as para-
quat, demand immediate treatment within 24 h. Thrombo-
cytopenia is the main hematologic side effect, but since the 
charcoal devices use particles coated with a polymer mem-
brane, thrombocytopenia may be relatively minor (15 % fall 
in platelet count). Other effects such as leukopenia, hypo-
calcemia, and hypoglycemia have been reported. Physical 

© Springer Science+Business Media, LLC 2016
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Table 22.1  Oral sorbents
Sorbent Use Manufacturer Side effects Cost Current use
Activated charcoal Drugs and chemicals Many None + Yes in poisoning
Aluminum hydroxide Pi binder Many Bone disease, encephalopathy + No
Calcium Carbonate Pi binder Many Hypercalcemia, calcification + Yes
Calcium acetate Pi binder Many Hypercalcemia, calcification, pos-

sible enhanced aluminum absorption
+ Yes

Sevelamer Pi binder Sanofi Gastrointestinal ++ Yes
Cholesterol binder No
Binds AGEs Under investigation

Lanthanum Carbonate Pi binder Shire Gastrointestinal +++ Yes
Polynuclear iron 
hydroxide

Pi binder Fresenius Medical 
Care

Adsorbs vitamin D +++ Yes

Ferric citrate Pi binder, Fe donor Keryx Biopharmaceu-
ticals, USA

Gastrointestinal +++ Yes

AST-120 spherical 
activated charcoal

Indoxyl sulfate, 
p-cresol sulfate

Kureha Corporation, 
Japan

Gastrointestinal ++ Under investigation

Sodium polystyrene 
sulfonate

Potassium, lithium Covis Pharmaceutical, 
USA

Volume overload, intestinal necrosis ++ Yes

ZS-9, zirconium 
silicate

Potassium ZS Pharma, USA Unknown ? Under investigation

Pi inorganic phosphate, AGEs advanced glycosylation end products
(?) unavailable

Table 22.2  Current hemoperfusion devices for treatment of intoxications or hepatic encephalopathy
Device Use Manufacturer Substrate Side effects
MARS Hepatic encephalopathy Gambro, USA Activated charcoal/anionic substances, 

cholestyramine, anion exchange resin, 
and serum albumin

No reduction in platelets

Adsorba Drug removal Gambro, Sweden Activated carbon particles Reduction in platelets
Hemosorba Drug removal Asahi Medical, Japan Activated carbon particles Reduction in platelets
Prometheus Hepatic encephalopathy Fresenius, Germany Plasma filtration exposed to adsorption 

columns
Reduction in platelets

Toraymyxin Endotoxin and cytokine 
removal

Toray Industries, Japan Polymyxin-B immobilized on polysty-
rene fibers

Reduction in platelets

HA 289, HA 330 Drug removal Jafron Medical, Guandong, 
China

Neutral microporous polymer resin 
beads

Unavailable

MARS molecular adsorbents recirculating system

Fig. 22.1  Circuit diagram for hemoperfusion alone

 

Fig. 22.2  Circuit diagram for hemoperfusion combined with hemo-
dialysis
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factors influencing drug removal include volume of distribu-
tion (which renders hemoperfusion unlikely to be effective 
in tricyclic drug poisoning) [13], protein binding, and water 
solubility.

22.5  Immunoadsorption

Antibodies attached to resins or inert particles can remove 
antigens from blood or other solution (e.g., plasma from plas-
mapheresis). Hemoperfusion over anti- DNA antibodies at-
tached to particles was tried in the treatment of systemic lupus 
erythematosus [14], while removal of preformed human leu-
kocyte antigen (HLA) antibodies by staphylococcal A protein 
column was used before transplantation [15]. The latter tech-
nique has been supplanted by plasmapheresis and administra-
tion of intravenous immunoglobulin G (IVIG) [16].

Recently, several novel devices for removing immune 
products by exposure to antigens, antibodies, or chemical 
ligands have become available, mostly in Europe or Japan. 
These devices are outlined in Table 22.4. Randomized con-
trolled studies have not been published for any of these de-
vices, but several small series have demonstrated their po-
tential in a variety of disease states. Two devices are direct 
hemoperfusion devices, and the rest have plasma separation 
components (Fig. 22.3). The Toraymyxin device has also 
been shown to be associated with a serial reduction in anti-
CADM-140/MDA5 antibody in amyopathic dermatomyosi-
tis with prevention of lung injury [17].

22.6  Hemoperfusion in Uremia

In the quest to remove molecules greater than those removed 
with conventional or high flux dialysis, the addition of char-
coal [38, 39] or resin [40, 41] hemoperfusion in line with dia-
lyzers has undergone clinical trials. It has been demonstrated 

that “middle molecules,” β2-microglobulin (12 kDa) and 
molecules up to ~ 65 kDa (the molecular weight of albumin) 
including cytokines and small proteins can be removed more 
readily than high flux dialysis. No commercial products are 
available in the USA for uremia, but the Lixelle device is 
available in Japan, Europe, and recently approved in USA 
(Table 22.5) for the treatment of β2-microglobulin-related 
amyloidosis. The significant extra cost of sorbent hemoper-
fusion devices in this setting may hinder further development

22.7  Cytokine Adsorption

Our understanding of the systemic inflammatory response 
syndrome (SIRS) and sepsis has advanced considerably over 
the past two decades, generating a great deal of interest in 
removing proinflammatory cytokines from plasma in a non-
specific manner [44]. Continuous hemodiafiltration tech-
niques [45] and hemoperfusion devices have been studied in 
this regard. The perceived need has generated the construc-
tion of several devices varying in content and mechanism of 
adsorption. Such devices are outlined in Table 22.5.

The most studied devices are Lixelle, MATISSE, Toray-
myxin, and CytoSorb, approved in Japan or Europe for the 
treatment of sepsis.

22.8  Virus Adsorption

Adsorption to cell surfaces is the first step in viral invasion 
and replication. Adsorption of viruses to nonorganic surfaces 
has been used to concentrate viruses for use in vaccine pro-
duction, isolation from blood, or other solutions, and in pre-
vention of viruses entering the potable water table. An exten-
sion of the physicochemical process has been applied to the 
removal of hepatitis C virus in a human trial in India, using 
a lectin-based adsorbent attached to the dialysate surface of 

Table 22.3  Drugs and chemicals removed with hemoperfusion. (Adapted from [12])
Analgesics Acetaminophen, aspirin, colchicine, d-propoxyphene, methylsalicylate, phenylbutazone, salicylic acid
Anticancer (Adriamycin), carmustine, chloroquine, doxorubicin, (5-flurouracil), (methotrexate)
Antidepressants (amitryptiline), (imipramine), (tricyclics), bupropion
Antimicrobials Ampicillin, clindamycin, chloramphenicol, dapsone, gentamicin, isoniazid, thiabendazole
Barbiturates Amobarbital, butabarbital, hexabarbital, pentobarbital, phenobarbital, quinalbital, secobarbital, thiopental, 

vinalbital
Cardiovascular Digoxin, diltiazem, (disopyramide), flecainide, metoprolol, n-acetylprocainamide, procainamide, quinidine
Plant/animal toxins Amanitin, Averrhoa carambola (star fruit), chlordane, demeton sulfoxide, dimethoate, diquat, methylparathion, 

nitrostigmine, (organophosphates), parathion, paraquat, phalloidin, polychlorinated biphenyls
Sedatives Carbromal, carbamazepine, chloral hydrate, (clozapine),(diazepam), diphenhydramine, ethchlorvynol, glutethi-

mide, meprobamate, methaqualone, methsuximide, methyprylon, promazine, promethazine, quetiapine, (valproate)
Solvents/gases Carbon tetrachloride, ethylene oxide, trichloroethane, xylene
Miscellaneous Aminophylline, cimetidine, (phencyclidine), phenols, (podophyllin), theophylline, thyroxine, (aluminum)#, (iron)#, 

2,4-dinitrophenol
() not well removed, ()# removed with chelating agent
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a modified hollow fiber dialyzer [46]. The device has also 
been demonstrated to remove cancer cell exosomes in vitro 

[47]. The Planova device has been used to remove scrapie 
virus from biological solutions (Table 22.6) [48].

22.9  Conclusion

The use of sorbents in medicine offers clinicians the ability 
to remove a variety of substances from the body and in turn 
modify the course of a disease or condition. Oral sorbents 
are commonly used in the treatment of poisoning, as with 
MDAC, or the treatment of mineral derangements, as with 
phosphate binders or cation binders. Hemoperfusion can be 
combined with plasma filtration to provide removal of pro-
tein-bound substances in the treatment of hepatic encepha-
lopathy or employed in the treatment of drug intoxications 
or poisonings. Immunoadsorption employs the specificity 
of the antigen and antibody binding to reduce specific anti-
body titers in advance of organ transplantation or to improve 
immune-mediated diseases. Finally, cytokine and virion 

Fig. 22.3  Circuit diagram for immunadsorption of plasma derived 
from centrifugal plasmapheresis or plasma derived from membrane 
plasmapheresis

 

Table 22.5  Cytokine/Endotoxin Adsorption Devices
Substance removed Device Manufacturer Substrate Method Availability
Cytokines CPFA Bellco, Mirandola, Italy Hydrophobic resin after plasma 

filtration
Adsorption Europe

Cytokines CTR-001 Kaneka Medical Products, 
Osaka, Japan

Cellulose beads Adsorption Japan

Cytokines CYT-860 Toray Industries, Inc, Tokyo, 
Japan

Polystyrene-based fibers Adsorption Japan [42]

Cytokines, 
β[beta]2-Microglobulin

CytoSorb CytoSorbents Inc, Princeton 
Junction, NJ, USA

Polystyrene divinylbenzene copo-
lymer beads

Adsorption Europe [43]

Cytokines, 
β[beta]2-Microglobulin

Lixelle Kaneka Medical Products, 
Osaka, Japan

Cellulose beads-hexadecyl ligand Adsorption Japan, Europe, 
USA

Endotoxin LPS adsorber Alteco Medical, Sweden Polypeptide bound to porous 
polyethylene discs

Adsorption Europe

Endotoxin MATISSE Fresenius, Germany Albumin bound to polymethacry-
late beads

Adsorption Europe

Cytokines MPCF-X Ube Industries, Ichihara, 
Japan

Cellulose beads Adsorption Japan

Endotoxin, cytokines oXiris Gambro-Hospal, France Acrylonitrile membrane grafted 
with polyethyeneimine/heparin

Adsorption
Convection

Europe

Cytokines, endotoxin Toraymyxin Toray Industries, Japan Polymyxin B bound to polypro-
pylene-polystyrene fibers

Adsorption Europe

Cytokines HA 280, HA330 Jafron Medical, Guandong, 
China

Neutral microporous polymer 
resin

Adsorption China

Table 22.6  Virus adsorbers
Substance removed Device Manufacturer Substrate Method Availability
Hepatitis C virus, circulat-
ing cancer exosomes, 
Ebola virusa

Hemopurifier Aethlon Medical, San 
Diego, CA, USA

Modified hollow fiber dialyzer Adsorption Under 
investigation

Unnamed virus Planova 15N, 20N, 
35N

Asahi KASEI, Tokyo, 
Japan

Hollow fiber devices Adsorption? Under 
investigation

Unnamed virus Planova BioEX Asahi KASEI, Tokyo, 
Japan

Hollow fiber devices Adsorption? Under 
investigation

a Oral presentation Helmut Geiger, M.D., Goethe University, Frankfurt am Main, Germany, American Society of Nephrology, Philadelphia, PA, 
November 2014
(?) possible mechanism of action
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adsorption have the potential to modify the systemic inflam-
matory response and treat viral infection.
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23.1  A Brief History

Conventional hemodialysis (HD) was developed for the 
treatment of patients with end-stage kidney disease as a pre-
dominantly diffusive process, deploying “tight” membranes, 
initially cuprophane-based, with small pore size (low flux), 
and with low hydraulic permeability characteristics. Dialyz-
ers were arranged in a flat-plate configuration. Use of an 
effluent pump in the dialysis fluid circuit provided the ca-
pacity for low-volume ultrafiltration. Use of this technology 
provided good clearance of small solutes, such as urea, and 
was effective in correcting electrolyte, acid–base, and fluid 
imbalances. Removal of larger molecular weight solutes 
was poor, however. The concept that accumulation of such 
solutes (middle molecules) may be toxic and contribute to 
conditions, such as uremic peripheral neuropathy, led to the 
notion of the “square meter-hour” hypothesis [1], with long 
dialysis sessions posited as the only means of middle mol-
ecule removal. The development of new classes of dialyzer 
membranes with increased pore size (high flux) and higher 
hydraulic permeability, most frequently configured in a more 
robust hollow fiber array, allowed improved diffusive clear-
ance of middle molecules and also increased the capacity for 
their convective removal [2].

These technological developments provided the possibil-
ity of providing a blood purification method based solely on 
the use of convection hemofiltration (HF) (Fig. 23.1). HD 
and HF have different clearance profiles. HD provides good 
clearance of small solutes but poor clearance of middle mol-
ecules; HF provides better clearance of these larger solutes 
but poor small-solute clearance [3]. Deficient small-solute 
clearance precludes the use of HF as an intermittent main-
tenance therapy for patients with end-stage kidney disease. 
It has found a major use though in continuous mode as a 

treatment for patients with acute kidney injury in critical care 
settings.

Combining these modalities HD and HF as hemodiafil-
tration (HDF) allowed the best characteristics of both to be 
utilized. The first reported use of HDF was carried out by 
Leber and coworkers in Giessen, Germany [4]. They treated 
six patients over 6 months and reported higher clearances of 
small and larger solutes with HDF compared to either HD or 
HF alone. They also suggested that patients treated with HDF 
were able to tolerate higher amounts of fluid removal. They 
considered HDF a method of choice to shorten dialysis time. 
Subsequently, Wizemann et al. from the same group demon-
strated the efficiency and hemodynamic tolerance of ultrashort 
HDF (2 h thrice weekly) [5], though later their enthusiasm 
was dampened by longer-term studies showing high inter-dia-
lytic weight gains, a greater requirement for antihypertensive 
drugs, and higher hospitalization rates in these subjects [6].

The recognition of dialysis-related amyloidosis as a seri-
ous complication of low-flux HD due to the accumulation of 
large uremic toxins or “middle molecules” prompted urgent 
efforts to find ways to improve their removal and imple-
ment HDF on a wider scale. ß2-microglobulin is implicated 
in dialysis-related amyloid and with a molecular weight of 
11,800 Da, it is considered a representative of middle mol-
ecules and the most extensively studied [7]. Adequate clear-
ance of this surrogate marker of middle molecules is consid-
ered an important goal of HDF.

The development of membrane technology that produced 
membranes with better diffusive characteristics for middle 
molecules and with higher hydraulic permeability enhanced 
the amount of convective transport that could be achieved in 
a single session [8]. Improvements in the volumetric control 
of ultrafiltration to allow safe and accurate removal of high 
volumes of hemofiltrate were further important steps [9, 10].

The biggest hurdle to the development of HDF as a rou-
tine maintenance therapy was the availability of a suitable 
fluid that could be used for both dialysis and substitution. 
The major issues related to the composition, quality, and 
cost of the fluid. These fluids needed to be sterile and  
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non-pyrogenic. The use of manufactured bagged fluids with 
these characteristics for substitution made the cost of the treat-
ment prohibitive for routine maintenance therapy. The solu-
tion came in 1978 when Henderson and colleagues produced 
large amounts of intravenous grade solution from standard 
dialysate by cold filtration [11]. In the same year, they also 
published a method for “On-line” preparation of substitution 
fluid which had the potential to reduce significantly the costs 
associated with HDF therapy [12]. This development could 
be considered the birth certificate of online HDF, the begin-
ning of a new era in the development of the HDF modality.

23.2  Technical Aspects of HDF

23.2.1  Characteristics of HDF

Solute removal during HD occurs principally by two mech-
anisms: diffusion and convection. Diffusion refers to the 
movement of solutes from an area of high concentration to 
low concentration along an electrochemical gradient. Dur-
ing HD, this is achieved by running fresh dialysis solution 
countercurrent to blood flowing on the other side of a semi-
permeable membrane. Small molecules such as urea are 

efficiently removed by diffusion, but larger molecules are 
poorly cleared by this process. In convection, solutes dis-
solved in fluid are moved across a semipermeable membrane 
in response to a transmembrane pressure gradient, a process 
known as solvent drag. Middle-sized molecules such ß2-mi-
croglobulin and myogloblin are more efficiently removed by 
this process (Table 23.1).

Convection occurs independently of solute concentration 
gradients across the membrane and is determined by the ul-
trafiltered volume and the porosity of the membrane, which 
is characterized by the sieving coefficient. The sieving coef-
ficient of a given solute for a given membrane is defined as 
a ratio of the solute concentration in the ultrafiltrate and the 
solute concentration of the plasma [13].

A small amount of convection occurs in high-flux HD due 
to the pressure drop across the dialyzer membrane resulting 
in around 4–8 l of internal filtration per treatment session. 
However, high-flux HD is not regarded as a form of con-
vective therapy since minimum effective convective volume 
of at least 20 % of the total blood volume processed must 
be achieved to be classified as such [14]. Additionally, the 
convective process during high-flux HD is not controllable, 
variable, and difficult to measure [15]. HF is a purely con-
vective modality which is effective at removing larger mo-
lecular weight solutes, but small-solute clearance is limited 
by the ultrafiltration volume. By adding a diffusive compo-
nent—hemodiafiltration, this further enhances the capability 
of small-solute removal compared with HF.

23.2.2  Types of HDF

Prior to the development of online HDF, different techniques 
have been used to deliver HDF historically. This section de-
scribes some of the relevant HDF techniques and the sche-
matic representations of these circuits are shown in Fig. 23.2.

Table 23.1  Comparison of average clearance rates in hemodiafiltration (HDF) and high-flux hemodialysis (HFHD). (From Spalding et al. [56]; 
used with permission)

HDF HFHD P
Urea Diffusive 256.6 ± 50.7 239.5 ± 52.6 0.167

Convective 13.9 ± 7.2 2.10 ± 1.50 < 0.001
Total 270.5 ± 53.1 241.5 ± 52.9 0.027

Phosphate Diffusive 147.2 ± 35.2 142.9 ± 30.3 0.739
Convective 17.3 ± 11.7 2.3 ± 1.4 < 0.001
Total 164.4 ± 33.1 145.3 ± 30.9 0.041

β2M Diffusive 49.6 ± 31.4 38.5 ± 19.6 0.252
Convective 63.2 ± 20.9 6.7 ± 2.6 < 0.001
Total 112.8 ± 27.8 45.2 ± 19.7 < 0.001

Myoglobulin Diffusive 25.9 ± 44.6 12.5 ± 18.8 0.817
Convective 76.5 ± 24.7 7.9 ± 3.0 < 0.001
Total 102.4 ± 37.4 20.4 ± 18.6 < 0.001

HDF hemodiafiltration, HFHD high-flux hemodialysis

Fig. 23.1  Schematic diagram of a hemofiltration circuit—the volume 
of fluid ultrafiltered from the patient is replenished by an equal amount 
of substitution fluid infused intravenously minus the desired fluid vol-
ume removal
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23.2.3  Classic HDF

This technique involves giving substitution fluid usually 
in the range of 9–12 l, which is typically given through the 
venous port. The substitution fluid is contained in separate 
commercial bags. It is essential to have an ultrafiltration 
control system in the equipment and a reinfusion pump for 
administration of the substitution fluid. Depending on the 
volume of replacement fluid, this type of HDF is termed soft 
HDF (3–6 l) or hard HDF (> 15 l).

23.2.4  Paired Filtration HDF

In this technique, two filters are placed in series. The first 
filter removes fluid and solutes through convection and the 
second is a dialyzer where diffusion is used to clear solutes. 
Replacement fluid is administered in between the two filters. 
This technique is used to minimize the overlap between con-
vection and diffusion within a single filter, thereby increas-
ing the efficiency of each of these processes. A modifica-
tion of this technique, termed online hemodiafiltration with 

Fig. 23.2  HDF Techniques. a Classic HDF, b paired filtration HDF, 
c internal HDF, d mid-dilution HDF, e online HDF (pre-dilution), f 
online HDF (post-dilution); A—port = arterial port; V—port = venous 

port; UF = ultrafiltration; Di = dialysate inlet line; Do = dialysate outlet 
line; RF = replacement fluid
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endogenous reinfusion (HFR), utilizes the ultrafiltrate from 
the filter and purifies it through adsorption and subsequently 
uses it as replacement fluid.

23.2.5  Internal HDF

In high-flux HD, a small degree of convection occurs with-
in the dialyzer. This is due to variation in transmembrane 
pressures between the arterial port, where fluid movement 
from blood to dialysis fluid is favored and the venous port, 
where the reverse pertains. This form of “internal HDF” can 
be enhanced by various methods: by reducing the internal 
diameter of the fibers, by applying a constriction to the fiber 
bundle, or by obstructing the dialysate flow in the dialysate 
compartment [16].

Online HDF
The various forms of HDF described above have now largely 
been superseded by online hemodiafiltration (OL-HDF) pri-
marily due to its lower cost and the ability to generate large 
quantities of dialysate water of high purity. In this technique, 
dialysis fluid is sequentially passed through a series of filters 
to obtain ultrapure water. This is then reconstituted with the 
desired balance of acid and bicarbonate concentrate to pro-
duce substitution fluid and infused directly into the blood 
compartment either before the arterial port (pre-dilution), 
after the venous port (post-dilution), or mid-dilution. Pre-
dilution technique has the advantage of reducing shear stress 
in the filter by diluting the blood at the arterial port and has 
less risk of albumin leakage, but due to the dilution effect, 
the concentration gradient of small solutes between blood 
and the dialyzer is reduced resulting in less small-solute 
removal. Post-dilution, on the other hand, results in better 
removal of solutes and low–molecular-weight proteins but 
is associated with higher transmembrane pressures leading 
to the risk of albumin leakage and ultrafiltration failure due 
to clotting of fibers. Mid-dilution HDF is a technique that 
requires the use of a special filter with two longitudinal com-
partments in series. The blood flows through the arterial port 
into the first compartment where ultrafiltration occurs, re-
sulting in hemoconcentration at the end of the compartment. 
However, instead of exiting the filter through a venous port, 
blood is directed to the second compartment in the direction 
opposite to that of the first compartment. Replacement fluid 
is infused between the first and second compartments so that 
the blood is diluted to the required volume at the beginning 
of the second compartment. Mid-dilution HDF may be able 
to overcome the difficulties of ultrafiltration failure due to 
hemoconcentration that occurs with post-dilution HDF with-
out compromising middle-molecule removal [17].

It is essential to use “ultrapure” water as substitution fluid 
for HDF to be employed. Improvements in dialysate prepa-
ration and higher purity of the water with cold-sterilization 

techniques have enabled the adoption of OL-HDF by many 
centers worldwide. Moreover, many new pieces of dialysis 
equipment are fitted with necessary software and system 
controls to perform online HDF. With the exception of the 
USA, OL-HDF is now well established in routine clinical 
practice in most developed countries, particularly in Europe 
and Japan [18].

23.2.6  Technical Requirements of HDF

The use of HDF in clinical practice requires several tech-
nical and clinical conditions to be satisfied. These include 
suitable high-flux dialyzers coupled with specifically de-
signed OL-HDF and European Community-certified HD 
machines, vascular access capable of delivering high blood 
flow rates (300–450 ml/min), and the availability of ultra-
pure water with appropriate water quality monitoring sys-
tems in place.

23.2.7  Choice of Hemodiafilter

To achieve high-volume HDF, it is necessary to use highly 
permeable hemodiafilters to optimize ultrafiltration flow. 
Hemodiafilters with high hydraulic (KUF ≥ 50 ml/h/mmHg) 
and solute permeability (KoA urea > 600 and ß2-microglob-
ulin > 60 ml/min) and a large surface area (1.5–2.1 m2) are 
needed [19].

23.2.8  Production of Online Substitution Fluid

One of the greatest risks to patients during HD is the expo-
sure to contaminated dialysis water. Due to the large ultrafil-
tration volume achieved HDF, fluid is replaced by diverting a 
proportion of the fresh dialysis water (mixed with the desired 
concentration of electrolytes) and infusing it directly into pa-
tient’s blood. Water quality must therefore meet strict criteria 
as set by the European Best Practice Guidelines (EBPG) and 
Association for Advancement of Medical Instrumentation 
(AAMI) to avoid delivering any pyrogenic or inflammatory 
stimulus to the patient. Ultrapure water used for HDF must 
contain < 0.1 colony-forming units (CFU)/ml and < 0.03 en-
dotoxin units (EU)/ml.

This is prepared by passing water that has been pretreated 
with micro-filters, softeners, and activated carbon through 
two reverse osmosis (RO) modules in series. RO refers to 
the process of forcing water through a semipermeable mem-
brane producing purified water leaving behind dissolved sol-
ids and organic particles. Purified water from the RO module 
is further passed through a series of ultrafilters prior to infu-
sion into the patient (Fig. 23.3). The ultrafilters are highly 
permeable to water and solutes up to a molecular weight of 
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30–40 kDa and act to prevent the passage of bacterial cells 
and large cell wall components [20].

Water quality must be regularly tested for microbiologi-
cal and chemical purity. Maintenance of online systems is 
essential with adherence to regular disinfection protocols to 
prevent the buildup of biofilms in water distribution systems 
and areas of low flow in the fluid pathways of HD machines. 
Ultrafilters need to be replaced at regular intervals as speci-
fied by the manufacturer, and the final filter that is placed 
prior to infusion into the patient (used to convert ultrapure 
dialysis fluid to sterile substitution fluid) acts an additional 
safety feature to prevent the infusion of contaminated substi-
tution fluid into patients [20].

23.2.9  Vascular Access

Patients treated with HDF require a good vascular access that 
is able to deliver at least 300 ml/min blood flow to facilitate 
the high ultrafiltration volume necessary to avoid increased 
transmembrane pressures which may cause alarms, reduce 
clearance, and cause potential clotting of the extracorpore-
al circuit. In situations of inadequate vascular access, poor 
blood flow rate, or conditions that increase blood viscosity 
(e.g., high hematocrit) pre-dilution or mixed dilution HDF 
may be preferred.

23.3  Clinical Outcomes

23.3.1  Mortality and Cardiovascular Outcome 
in HDF

The clinical superiority of HDF over conventional high-flux 
HD has been a matter of much intense debate. The recent pub-
lication of three large prospective randomized controlled tri-

Fig. 23.3  Flow diagram of online fluid preparation. Following pre-
treatment with reverse osmosis, water is mixed with acid and bicar-
bonate concentrates and after ultrafiltration becomes ultrapure water 
used for hemodialysis and hemodiafiltration. Ultrapure dialysis fluid 

undergoes further filtration through a sterile quality controlled ultra-
filter and converted to sterile substitution fluid used for hemofiltration 
and hemodiafiltration

 

als—the Dutch Convective Transport Study (CONTRAST) 
study [21], the Turkish Online HDF study [22], and the Cata-
lonian On-line Hemodiafiltration Survival Study (or Estudio 
de Supervivencia de Hemodiafiltración On-Line [ESHOL]) 
[23]—has helped bring more light to this matter. All three tri-
als had a similar design: between 714 and 906 prevalent HD 
patients were randomized to receive post-dilution OL-HDF 
and matched against either low-flux HD [21] or high-flux 
HD [22, 23] and followed up for 2–3 years with death or 
cardiovascular events as their primary and secondary out-
comes. The Dutch CONTRAST and Turkish OL-HDF study 
did not demonstrate any overall survival benefits in patients 
receiving OL-HDF, but the largest of the three randomized-
controlled trials, the ESHOL study demonstrated a 30 % 
lower risk of all-cause mortality (hazard ratio [HR], 0.70; 
95 % confidence interval [95 % CI], 0.53–0.92; P = 0.01) and 
33 % lower risk of cardiovascular mortality (HR 0.45, 95 % 
CI, 0.21–0.96; P = 0.03) in HDF patients compared to high-
flux HD arm. However, the HDF group tended to be health-
ier (being younger), having less incidence of diabetes and 
catheter access. Although adjustments were made to account 
for these factors in the statistical analysis, they may still have 
caused a survival bias for patients receiving HDF.

All three randomized controlled trials were incorporated 
into two recent large meta-analyses comparing convective 
and diffusive therapies by Wang [24] and Nistor [25] com-
prising 3220 [24] to 4039 [25] patients. Both meta-analyses 
demonstrated no benefit in all-cause mortality, but Nis-
tor et al. found that convective therapies (HDF, HF, and 
acetate-free biofiltration) were associated with a reduction 
in cardiovascular mortality (RR 0.87; 95 % CI 0.72–1.05) 
[25]. Unfortunately, the limitation of both meta-analyses 
was that the majority of studies included were of subopti-
mal quality, underpowered, and had a high risk of bias in 
domains such as blinding, data completeness, or selective 
outcome reporting.
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Overall, current literature does not definitely conclude the 
superiority of HDF over standard HD. However, it has been 
suggested that delivered dose of convective volume may be 
a possible explanation for improved survival with HDF ob-
served in some studies. Delivered convective dose was not 
studied in both meta-analyses [26], but post hoc analysis of 
the CONTRAST study and the Turkish OL-HDF study sug-
gested a survival benefit in patients that received convective 
volumes > 21.95 and 17.4 l respectively per session. Simi-
larly, the ESHOL group found that HDF patients in the high-
est tertile of delivered convective volumes (> 25 l) had the 
greatest mortality risk reduction. This suggests that the pos-
sible prognostic benefit of HDF is mediated through better 
clearance of toxic middle molecules, though ß2-microglobu-
lin increased significantly in both arms of the ESHOL Study. 
Unfortunately, residual kidney function (RKF), a critical de-
terminant of ß2-microglobulin [27] was not measured. This 
finding mirrors that of the Turkish OL-HDF study, but the 
CONTRAST investigators did find ß2-microglobulin levels 
significantly lowered by HDF especially in those without 
RKF [28], though the comparator group used low-flux HD. 
It may therefore be that improved survival in HDF is medi-
ated by mechanisms other than improved middle-molecule 
clearance or that ß2-microglobulin is not a good representa-
tive of toxic middle molecules.

Although all three randomized controlled trials demon-
strated improved outcome in those with the highest achieved 
convective volume, cautious interpretation of this observa-
tion is required given the inherent problem with post hoc 
analysis and that no studies to date have randomized patients 
to different convective volumes. In addition, convective vol-
ume is dependent upon a good functioning access and session 
time. Therefore, patients with better vascular access and di-
alysis for longer hours are able to achieve higher convective 
volumes. Both of these characteristics may themselves con-
fer a survival advantage [29]. The results of a fourth French 
prospective randomized controlled trial looking primarily at 
all-cause mortality, cardiovascular events, and intra-dialytic 
morbidity in elderly patients on HDF are currently awaited.

23.3.2  Middle-Molecule Clearance—HDF as a 
Substitute for Residual Kidney Function

Toxic middle molecules such as ß2-microglobulin accumulate 
in kidney failure, and this molecule is an important predictor 
of mortality in patients with end-stage kidney disease [30, 
31]. Maximizing removal of middle molecules was a major 
driving factor for the development of convective therapies 
such as HDF. Many studies demonstrated a reduction in pre-
dialysis ß2-microglobulin levels after switching from low- or 
high-flux HD [32–36], a phenomenon which has also been 
confirmed in two recent meta-analyses [24, 25]. However, 

RKF is the most important determinant of ß2-microglobulin 
levels and its presence supersedes any enhanced convec-
tive clearance by HDF [27, 28]. Data from the CONTRAST 
study demonstrated that reduction in ß2-microglobulin levels 
with HDF was more pronounced in patients without RKF. 
Given the importance of RKF in improved clinical outcomes 
in dialysis patients [37, 38], possibly mediated via its effect 
on middle-molecule clearance [39, 40], it may be particular-
ly important to employ the use of convective therapies such 
as HDF in those patients who have lost RKF and thus their 
native ability to clear toxic middle molecules.

23.3.3  Other Clinical Benefits of HDF

A whole host of other clinical benefits with HDF have been 
proposed including improved inflammatory and nutritional 
states, better bone mineral metabolism, lower incidence of 
intradialytic hypotension (IDH), and better anemia manage-
ment. This is summarized in Table 23.1.

23.3.4  Anemia, Erythropoietin Resistance, and 
Inflammation

Anemia is hypothesized to be improved by HDF possibly 
due to improved removal of medium–large molecules that 
may inhibit erythropoiesis. There are a number of positive 
and negative trials in relation to this. These include the Turk-
ish OL-HDF study which showed a reduction in erythropoie-
tin dose in patients on HDF (Table 23.2). However, from the 
current literature, it is difficult to draw any firm conclusions 
on the beneficial effect of HDF in anemia management.

It has also been postulated that improvements in eryth-
ropoietin resistance may be due to enhanced clearance of 
uremic toxins which cause inflammation. Chronic inflam-
mation is a common problem in the HD population. It is of 
prognostic importance and its pathogenesis is likely to be 
multifactorial but possibly related to the dialysis procedure 
such as exposure to contaminated dialysis fluid, membrane 
incompatibility, or intestinal bacterial translocation due to 
gut ischemia during dialysis.

A few studies have found that switching HD patients to ul-
trapure dialysate reduced erythropoietin requirements and re-
duced levels of inflammatory biomarkers such as C-reactive 
protein and IL-6 [41, 42], probably due to decreased endo-
toxin transfer from dialysis fluid. A number of observational 
studies demonstrated an improved inflammatory profile in 
HDF patients [33, 43, 44], but this effect may have been 
mediated through improved water quality. The Turkish OL-
HDF and ESHOL study found no effect of HDF on inflam-
matory biomarkers as compared to high-flux HD; however, 
the CONTRAST study found that CRP and IL-6 increased 
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in patients treated with low-flux HD but remained stable in 
patients treated with HDF. The annual increase of CRP and 
IL-6 differed by 20 and 16 %, respectively ( p < 0.05) between 
groups after adjustment for baseline variables. This observa-
tion could not be explained by differences in dialysis fluid 
quality since both arms were treated with ultrapure dialysate 
[45].

23.3.5  Mineral and Bone Metabolism

Phosphate has clearance profile similar to middle molecular 
weight molecules. Its clearance can be enhanced by adding 
a convective element to HD treatment. A number of studies 
have shown improved phosphate removal in HDF [21, 33], 
though others show no significant effect on serum phosphate 
levels [22, 23, 32].

In the CONTRAST study, slightly lower serum phos-
phate levels were obtained in the HDF group compared to its 
low-flux HD comparator. On the other hand the ESHOL and 
Turkish OL-HDF studies found no significant differences in 
calcium, phosphate, and parathyroid hormone levels (PTH) 
compared to the high-flux HD group.

23.3.6  Nutrition and Quality of Life

The majority of published studies do not demonstrate any 
significant improvements in nutritional status. In a small 
crossover trial, Schiffl et al. [33] showed that switching to 
HDF resulted in increases in dry body weight, mid-arm cir-
cumference, and serum albumin. The ESHOL investigators 
did not find significant improvement in nutritional state in 
terms of albumin and dry weight with HDF. Unfortunately, 
there have been few studies which have looked specifically 
at nutritional state (beyond weight and albumin). Further 
studies are needed in this area to determine whether convec-
tive therapies improve nutritional status in patients. Similar-
ly, there is a paucity of studies looking at the effect of HDF 
on quality of life. In their meta-analysis, Wang et al. [24] 
reported only three trials which studied the effect of HDF 
on quality of life. Two studies reported no significant dif-
ferences in physical symptoms domain scores between HDF 
and HD at 12 months. The CONTRAST study also found no 
differences in quality of life measured by the Kidney Disease 
Quality of Life Short Form at 2 years post-recruitment.

23.3.7  Hemodynamic Stability on HDF

IDH  is a common complication of HD therapy and is as-
sociated with significant long-term harm possibly mediated 
by recurrent episodes of reduced myocardial blood flow 

resulting in episodes of cardiac ischemia. Reduction in epi-
sodes of IDH could improve quality of life and prognosis 
for HD patients. There are a large number of studies, includ-
ing the ESHOL study which demonstrate improved hemo-
dynamic stability with HDF compared to conventional and 
high-flux HD [33, 43, 46]. Convective modalities demon-
strated fewer episodes of symptomatic hypotension in two 
large meta-analyses [24, 25]. The precise mechanisms of 
apparent improved hemodynamic stability are unknown but 
may be related to increased sodium delivery due to the large 
volume of substitution fluid infused, resulting in more rapid 
vascular refilling. Donauer et al. [47] found that the ben-
eficial effects of improved hemodynamic stability in HDF 
compared to HD could be obliterated by cooling the dialy-
sate, suggesting that cooling may be the main blood pressure 
stabilizing factor in HDF.

23.4  Indications and Conclusions

23.4.1  Indications for HDF

The large volume of conflicting data on the efficacy of HDF 
over standard HD poses difficult questions for clinical ne-
phrologists. Should HDF be the preferred modality over 
standard HD? If so, in what circumstances should it be de-
ployed?

Whether HDF alters long-term mortality and cardiovas-
cular outcome remains to be fully resolved. However, there 
is increasing evidence that HDF is associated with better he-
modynamic stability so there may be a specific benefit of 
this modality for patients who are at high risk of dialysis-re-
lated hypotension. IDH is associated with increased morbid-
ity and mortality and may also contribute to more rapid de-
cline in RKF [48]. Avoidance of this problem is important in 
maintaining RKF, improving quality of life, and improving 
long-term prognosis. In patients without RKF, HDF plays a 
greater role in middle-molecule removal and in maintaining 
an overall better inflammatory profile [45]. Anuric dialysis 
patients may represent a second target group who would spe-
cifically benefit from HDF.

23.4.2  Conclusion

HDF is an effective method of renal replacement therapy, 
and high-volume HDF may offer a survival advantage over 
conventional and high-flux HD. HDF appears to be safe, 
with no evidence of clinical harm to patients in any pub-
lished studies so far. The long-term microbiological safety 
of online HDF has also been demonstrated [49]. The higher 
cost of HDF appear to be the only disadvantage over stan-
dard HD [50]. However, most modern dialysis machines are 
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capable of delivering HDF and since ultrapure water is al-
ready required for high-flux HD, any extra expense may be 
marginal [51].

HDF makes sense physiologically since it utilizes the 
same process of convection which occurs in the natural kid-
ney to achieve solute clearance (albeit at a lower rate). With 
mounting evidence supporting the efficacy of HDF in end-
stage kidney disease, it is envisaged that there will be fur-
ther widespread adoption of this form of renal replacement 
therapy in the future.
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