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Definition

Fluid overload is an important problem in peritoneal dialysis (PD) patients, especially when residual urine production

is absent. It may be caused by a high fluid intake, inappropriate PD prescription, noncompliance, or by a low drained

volume. The latter can be due to mechanical problems, such as catheter dislocation or subcutaneous leakages, or to

peritoneal membrane failure. When the diagnosis of ultrafiltration failure is based on a clinical definition, all the above

causes of overhydration are included, which might lead to overdiagnosis. Underdiagnosis is also possible, for instance,

when a patient with impaired peritoneal ultrafiltration remains in a good hydration status because of strict adherence

to a severe salt and fluid restriction. Hence, when faced with a disruption of volume homeostasis, the clinician needs to

determine where the fault lies: is it failure of the peritoneum to respond to an adequate osmotic stimulus, or the failure

of the prescription to provide such an osmotic stimulus, or the failure of the patient to comply with dietary restrictions

and guidelines. In addition, it can be argued that failure at the peritoneal level is also complex, as the response to the

osmotic stimulus may be adequate, but overshadowed by other operative processes (such as lymphatic/tissue reab-

sorption) whereby the net observed ultrafiltration response is inadequate.
The implications of the above discourse are clinically relevant as they affect the interventions required to alleviate

the consequences of fluid overload. They can be restated thusly: failure of volume homeostasis is not necessarily the

result of inadequate peritoneal fluid removal. It can result from excessive salt/water intake. Failure of excess fluid

removal does not obligatorily imply a pathologic alteration of the peritoneal membrane. It may be due to an erroneous

prescription that does not offer optimal conditions for peritoneal ultrafiltration, or the operation of contrary

mechanisms that thwart the effects of proper peritoneal membrane response.
The definition of peritoneal ultrafiltration failure has been debated. A common clinical definition refers to the

inability to attain volume homeostasis despite the use of more than two hypertonic bags per day (4.25%/3.86%

dextrose/glucose). However, others used a definition based on a standardized exchange and considered UFF to be

present, for instance, when there was negative net ultrafiltration with a 1.36% glucose dwell [1]. In 2000, the

International Society of Peritoneal Dialysis (ISPD) committee on ultrafiltration failure recommended a formal

evaluation with a standardized test with 3.86%/4.25% glucose, and considered a net ultrafiltration of less than

400 mL after a 4-h dwell as indicative of UFF [2].
Although peritoneal ultrafiltration failure (UFF) can occur in any stage of peritoneal dialysis, it usually develops

after a sustained period on PD [3, 4] and is therefore especially important in long-term PD. The proper incidence of

ultrafiltration failure is difficult to determine because of the variability in case definition [5–12]. Prevalence as high as

31% for patients treated with PD for more than 6 years have been reported [13] and in a Japanese long-term study,

drop-out because of UFF was as high as 51% after 6 years [14]. Both studies were based on clinical signs of UFF and

not on a standardized test. Recently in a population of PD patients treated for more than 4 years, prevalence for

ultrafiltration failure of 36% has been observed, based on a standardized peritoneal function test as advised by the

ISPD committee [15].
This does not necessarily imply a failure in clinical management, as the therapeutic options have improved with

wider use of cycler therapy and the availability of alternate osmotic agents such as icodextrin. Patients who have fluid

management problems on standard continuous ambulatory peritoneal dialysis (CAPD) may do well with use of

alternate osmotic agents such as icodextrin [16–22], or by transfer to automatic peritoneal dialysis (APD) [23].
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Classification

Table 17.1 offers a classification of causes of failure of volume homeostasis divided by the operative mechanisms.
This is an etiologic classification that is useful as a framework for discussion of the various conditions. It divides the
possible causes into groups based on a pathophysiologic approach and will be used in the discussion of the various
entities. The linear approach to causation classification, however, does not always capture the complexity of clinical
situations. It is not uncommon for causative mechanisms to coexist in the same patient. The most intuitively obvious
example of mixed causality is the mismatch between fluid intake and dialysis prescription when the former is excessive
and the latter is inadequate. More complex examples would be situations of ultrafiltration capacity failure due to high
transport coupled with enhanced lymphatic/tissue reabsorption. Such occurrences of mixed causality are not rare in
nephrology. They can be likened to mixed acid-base disorders and, like the latter, require a sharp diagnostic acumen
coupled with a systematic approach to unravel their intricacies.

Diagnosis

The diagnostic approach needs to account for the frequency hierarchy of causes to be most efficient and practical.
The more frequently occurring etiologies need to be addressed in a stepwise diagnostic scheme. Such a diagnostic
approach is illustrated in Fig. 17.1.

In the work-up of fluid overload, it is important to consider reversible factors that can alter fluid balance first
(Fig. 17.2). The clinical history may readily disclose the probable causation that can then be pursued with definitive
diagnostic testing. A history of noncompliance with either dietary advice or PD prescription may direct the evaluation
to more interventional pathways and preclude the need for expensive and tedious diagnostic work-up. Understand-
ably, the detection and resolution of patient noncompliance are not easy tasks. Parallel evidence for no-compliance in

Table 17.1 Causes of volume homeostasis failure

Input dependent causes

Excessive salt/water intake

Output dependent causes

Uncompensated loss of residual renal function

Mechanical failure of dialysis procedure

Obstruction and other catheter malfunctions

Leaks

Inadequate provision of ultrafiltration conditions

Long dwells

Inappropriate tonicity

Mismatch of prescription and PET status

Exaggerated contrary mechanisms

Lymphatic/tissue reabsorption

Failure of peritoneal response

High transport status

Aquaporin deficiency

Loss of functional peritoneum

Fig. 17.1 Diagnostic approach for the clinical syndrome of volume overload
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other aspects of the therapy, or generalized evidence for nonadequacy of the therapy may be helpful. Concomitant
small solute inadequacy and inadequate fluid removal are much less frequent due to true peritoneal membrane
pathology. The clinical profile of the syndrome is also helpful when it is associated with a persistent reduction in
drain volume. Reductions in drain volume due to mechanical problems have a more acute presentation. A positional
dialysate flow suggests a malpositioned catheter, whereas sluggish outflow (and/or inflow) may result from a partially
obstructed or entrapped catheter. Findings of edema localized to the abdomen or inguinal area on clinical examination
can be important clues to the presence of a peritoneal leak.

At the time of the initial office evaluation, a quick ‘‘fill and drain’’ with 2 L of dialysate is beneficial in order to
directly observe the nature and rate of in-flow and out-flow. The presence of fibrin clots may explain abnormalities
with flow, which reduce the efficiency of drainage and volume removal and can often be resolved with intraperitoneal
heparin. If incomplete drainage or positional drainage is observed, a flat-plate radiograph of the abdomen will assess
the possibility of a malpositioned catheter. When an entrapped catheter or peritoneal leak is suspected, peritoneo-
graphy or peritoneal computerized tomography are valuable in their diagnosis [24–27]. Diagnostic and therapeutic
approaches to these conditions should be sought in the appropriate chapters in this volume.

The exclusion of rapidly resolvable causes of impaired fluid removal has diagnostic and therapeutic advantages.
The causes discussed above can be frequently resolved with standard therapeutic approaches and the clinical syndrome
hence resolved. Streamlining of the diagnostic approach is also aided by the exclusion of the mechanical causes. The
next diagnostic step is to evaluate the ultrafiltration and transport functions of the peritoneal membrane.

Traditionally, peritoneal membrane function has been assessed by the peritoneal equilibration test (PET). The PET has
been standardized both procedurally and interpretably to classify membrane function [28, 29]. It is directed, however,
primarily at small solute clearance and although ultrafiltration capacity is closely linked to the latter, the traditional PET
[29] does not address the issue of quantifying pathologic variations in ultrafiltration. For the purposes of diagnosing
presence and causation of impaired fluid removal, the required test is one that will 1) measure ultrafiltration under
optimal conditions (to avoid false-positive results); 2) evaluate small solute transport to aid in defining causation; and 3)
have validated criteria that correlate with clinical behavior (to avoid both false-negative and false-positive results). The
current PET does provide a thorough evaluation of small solute transport, but because of themodest osmotic challenge of
a 2.5%/2.27% dextrose concentration utilized in the test, the osmotic drive for ultrafiltration is not optimal.

Therefore, a modification of the standard PET test was introduced by the group of Krediet [30], which offers a
reasonable alternative and is recommended as the main test for determining the appropriateness of peritoneal ultrafiltra-
tion response (Fig. 17.3). The modification consists of replacing the 2.5%/2.27% dextrose solution of the standard PET
with a 4.25%/3.86% dextrose solution, thereby satisfying the criterion of maximal osmotic drive defined above as required
for proper evaluation of ultrafiltration capacity. A value of less than 400 mL of net ultrafiltration in a 4-h dwell correlates
well with clinical behavior and avoids any false-positive results. An additional advantage of this approach is that it allows
for determination of sodium sieving by profiling the changes in dialysate sodium concentration induced by osmotically

Fig. 17.2 Work-up of fluid overload. Initially the reversible causes should be considered. Patient compliance to diet and prescription must
be evaluated, also an assessment of the prescription itself is useful. In addition several mechanical problem must be ruled out
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driven water flow. As water influx into the peritoneal cavity is mediated in part by aquaporins, the enhanced osmotic drive

will draw water into the peritoneal cavity thereby diluting the sodium concentration. The greater the influx of water is via

aquaporins, the greater the decline in dialysate sodium. Impaired aquaporin-mediated water transport will lead to

obliteration of the decline in dialysate sodium. Hence, measurement of sodium sieving will allow better diagnostic

discrimination of the causes of impaired ultrafiltration [31, 32]. The characterization of small solute transport with this

approach correlates well with the results of the standard PET test with 2.5%/2.27% [33, 34].
After initial exclusion of mechanical, compliance, dietary, and other relevant clinical causes of impaired fluid

removal, the patient needs to undergo an evaluation of ultrafiltration response. A PET using a 4.24%/3.86% dextrose

solution is performed and dialysate and plasma sampling obtained as per usual. The modified test allows for both fluid

removal and small solute profiles to be evaluated.
The primary intent of the test is to quantify the net ultrafiltration in response to a 4.25%/3.86% dextrose dialysis

solution challenge. If net ultrafiltration is greater than 400 mL/4 h, the subsequent diagnostic sequence needs to focus

on the following possible etiologies: 1) dietary indiscretion or dialysis noncompliance; 2) inappropriate prescription;

and 3) recent loss of residual renal function for which no adjustments were made in prescription. If net ultrafiltration is

less than 400 mL/4 h, the subsequent diagnostic sequence is dependent on an examination of the results of small solute

profile measurement (Fig. 17.4). When using the values for net ultrafiltration volume indicated above, the physician

Fig. 17.3 Peritoneal membrane function testing with a 3.86%/4.25% dextrose solution indicates peritoneal membrane failure when the net
drained volume is less than 400 mL after a 4-h dwell time

Fig. 17.4 Diagnostic sequence of ultrafiltration failure when the net drained volume is < 400 mL in a 4-h peritoneal function test using
3.86%/4.25% dextrose. Possible causes are given, according to the small solute transport status
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should keep in mind the possibility of overfill of dialysis bags and account for this volume in their evaluation of the
observed response. Pre- and postinfusion weighing of the dialysate solution bag and standardization of the flush before
fill volume are important approaches to ensure accuracy.

Causes of Volume Homeostasis Failure

Input Dependent Causes

Excessive salt and water intake in end stage renal disease (ESRD) is so frequent that it invites neglect either because of
familiarity or resigned frustration. Below the apparent simplicity of the clinical imperative to limit intake lies a complex
web of factors that make the task very difficult. Patient-related factors such as established habits, difficulties in altering
behavior, resentment and contrariness, and simple and pure gluttony are familiar to the practicing physician and so are
the barriers to their modification. Resigned frustration with the latter, however, should not be allowed to become a
pattern of clinical approach. The attention to intake issues has to focus additionally on three other aspects. First, is
avoidance of being lulled by the impression that, because PD is a continuous daily therapy, the dangers of fluid
overload are attenuated [35]. The potential advantages of PD are only real if they are used properly. The ability to
control fluid removal on a daily basis is a significant advantage, but only as much as it is used appropriately. The
tolerance of PD patients for greater food and fluid intake than hemodialysis patient should not be abused by neglect of
proper dietary guidelines. Second, attempts at limiting salt and water intake should be balanced against provision of
adequate nutrition. Salt and water are obligatory components of food and the zeal to control the former should not
lead to restriction imposed on the latter that may hinder proper nutrition. Third, some physicians have used excessive
fluid intake coupled with large ultrafiltration volume achieved with high glucose dialysate as a method of enhancing solute
clearance. The contribution of ultrafiltration to clearance in PD is quite significant and the success of the above approach
in the hands of expert users is testimony to this fact. Caution, however, is necessary when such an approach is used in both
the selection and education of the patient in whom this approach is contemplated. Failure of the ultrafiltration to occur
because of noncompliance with prescribed regimen, and excessive license in increasing intake by the unwary patient are
risks to consider. In addition, the high glucose load that the patient will be exposed to with this regimen will not only have
its effects on the metabolic status of the patient, but can also have negative effects on the peritoneal membrane.

Output Dependent Causes

Uncompensated Loss of Residual Renal Function

The contribution of residual renal function to fluid balance is major at the time of usual initiation of dialysis. Patients
started on dialysis at a glomerular filtration rate of 5–10mL/min/1.73 m2 usually have over a liter of urine output per day.
They are able to maintain such an output for over a year unless an intercurrent illness (peritonitis) or event (contrast dye
study) causes a sudden loss of renal function. It is usually in such settings that a discrepancy between fluid balance needs
and suitability of ongoing prescription arises most acutely. As renal function will inevitably undergo further declines in all
patients, failure to adjust the dialytic prescription to the fluid balance requirements will lead to incipient fluid overload.
The rate of loss of renal function varies among patients, and the impact of declining glomerular filtration rate (GFR) on
urine output is also variable. GFRmay decline without a perceptible change in urine output until advanced failure sets in.
It is therefore useful to evaluate urine output on a quarterly basis and adjust prescription as needed.

Inadequate Provision of Optimal Ultrafiltration Conditions

From a clinical standpoint, inadequate provision of optimal ultrafiltration conditions can be reduced to two situa-
tions: a mismatch between prescription and PET status is best exemplified by use of long dwells in high transporters,
andmismatch between dwell time and tonicity exemplified by use of low tonicity solutions in both high transport states
and long dwells.

Long Dwells

Glucose is an unsuitable osmotic agent for long dwells because of its rapid absorption. By 4 h in patients with high
transport, less than 25% of the original glucose concentration persists in the dialysate. Glucose concentration
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continues to fall, albeit less dramatically, with further prolongation of the dwell. The two critical periods for
ultrafiltration failure in a diurnal cycle of treatment are then the overnight dwell in CAPD and the daytime dwell in
APD [23]. The former can be shortened by the use of an automated night-time exchange device and the latter by earlier
drainage, either manually or by reattachment to the cycler for that function exclusively. Alternatively, and likely
preferable from a quality-of-life standpoint, the use of alternate osmotic agents such as icodextrin would provide
enhanced ultrafiltration at less disruption of lifestyle. When problems with fluid removal arise, examination of the long
dwell first is worthwhile as this is the most vulnerable component of the therapy. Determining which patients have
negative net ultrafiltration during the long dwell is a useful screening maneuver to adopt in PD clinics. With the use of
2.5% dextrose for a single long dwell in APD, three out of four patients may have negative net ultrafiltration. In high
and high-average transporters, two out of every five patients may have a negative net long dwell UF with 4.25%.
Icodextrin virtually eliminates negative net UF during the long dwell.

Inappropriate Tonicity

While improvements in fluid removal can be achieved by modifications in dwell time, and as discussed in another
section, prescriptions with lower glucose content can be modeled and used, provision of appropriate tonicity for the
chosen dwell duration and the peritoneal transport type is nevertheless necessary [23]. It is not uncommon to find
patients labeled as having ultrafiltration failure when the cause of fluid excess is the reluctance of the physician to
prescribe even 2.5%/2.27% dialysate. Indeed, the areas of the world where ‘‘ultrafiltration failure’’ is most frequently
cited as a cause of technique failure are those that have the lowest utilization of solutions with tonicity higher than
1.5% glucose [14]. In the United States where ‘‘ultrafiltration failure’’ is seldom listed as a cause of technique failure,
more than 50% of the dialysate used is in 2.5%/2.27% formulation. With the advent of icodextrin as an alternate
osmotic agent, enhanced ultrafiltration without an increase in glucose exposure may be obtained.

Exaggerated Contrary Mechanisms

The peritoneal absorptive flow consists of two different pathways: 1) direct lymphatic absorption and 2) fluid absorption
into tissues. The peritoneal fluid and protein absorption rates in animal experiments have been shown to be directly
proportional to the intraperitoneal hydrostatic pressure. Hydrostatic pressure-driven convection is the most likely
mechanism driving the fluid and protein transport into adjacent tissues.

Increased lymphatic/tissue absorption (or overall peritoneal fluid absorption) can lead to a low drain volume
despite an adequate response to an osmotic challenge [31, 36, 37]. Lymphatic/tissue absorption of peritoneal fluid
negatively influences the overall removal of water (decreases net ultrafiltration) and solute (partially negating the effect
of diffusive and convective solute transport). Since the lymphatic/tissue absorption of peritoneal fluid does not alter
the concentration of solutes in the dialysate, the D/P creatinine ratio remains unchanged even though net ultrafiltra-
tion can be significantly decreased. Measurement of fluid absorption from the peritoneal cavity can only be done with
indirect methods. The disappearance rate (clearance) of intraperitoneally administered macromolecular tracers, such
as radio-iodated serum albumin (RISA) [38, 39] or dextran 70 [40, 41], can be used. The disappearance rates of these
tracers are constant in time [42] and independent of molecular size. This indirect measure can be applied as functional
characterization of the effective lymphatic absorption rate. It implies that all pathways of peritoneal lymphatic
drainage, both subdiaphragmatic and interstitial, are included in the definition. Lymphatic/tissue absorption rates
average 0.95–1.0 mL/min in the upright position and thus contributes significantly to intraperitoneal volume balance.
An overall increase in intraperitoneal pressure causes a decline in net ultrafiltration primarily by the increase in
lymphatic/tissue absorption rate [43]. The relative contribution of increased lymphatic/tissue reabsorption to fluid
removal problems is not definitively established. Proper assessment of frequency of the condition, however, will
require further work. Impaired net ultrafiltration associated with the disappearance of intraperitoneally administered
macromolecules was found in two out of the nine patients with ultrafiltration failure described byHeimbürger et al. [8].
Krediet and his group [31, 44] found a dextran disappearance rate exceeding 2 mL/min in about one-third of the
patients with inadequate ultrafiltration (net UF < 400 mL/4 h on 4.25%/3.86% glucose), often in combination with
the presence of a large peritoneal surface area. There seems to be no evidence that the prevalence of this cause of
impaired peritoneal fluid removal would increase with the duration of peritoneal dialysis, since lymphatic absorption
rates appear to be stable over time [45].

Definitive proof of the condition requires identification of highmacromolecule clearance from the peritoneal cavity to
plasma as a surrogatemarker for fluid removal by the lymphatic pathway [40, 46]. The point bears emphasis: clearance of
macromolecules is used as an indicator of fluid clearance, but the two are not necessarily identical. In the absence of such
a test, the diagnosis is made by exclusion of mechanical catheter problems, and aquaporin deficiency in patients with
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low-average or high-average solute transport on the modified PET. The rate of lymphatic absorption is estimated by
measuring the disappearance ofmacromolecules, such as albumin or dextran 70 from the peritoneal cavity (molecules too
large for transcapillary transfer by either diffusion or convection). As described by Pannekeet et al. [43], this can be done
by adding 1 g of dextran 70/L to a 2-L, 4-h 4.25%/3.86% dextrose dwell. The dialysate would be sampled at 0, 10, 20, 30,
60, 120, 180, and 240 min and the lymphatic or tissue absorption rate of dialysate would be calculated from the dextran
clearance from the peritoneal cavity. Measurement of lymphatic flow is uncommon in clinical practice due to the
complexity of the procedure.

Failure of Peritoneal Response

High Transport Status

The most frequent cause of peritoneal ultrafiltration failure is the presence of a large vascular surface area, character-
ized by a highD/P of creatinine or lowD/D0 glucose. It leads to high absorption rates of low-molecular-weight osmotic
agents and therefore to a rapid dissipation of the osmotic gradient. A large peritoneal surface area can be anatomic or
functional. In the first, neoangiogenesis in the peritoneum [47] leads to more vessels, so a larger surface for the
transport of solutes is available. Functional enlargement of the vascular surface area can be present whenmore existing
peritoneal microvessels are perfused (for instance, during PD-related peritonitis). Patients with a net ultrafiltration
(< 400 mL/4 h with a 4.25%/3.86% modified PET) and D/P creatinine > 0.81, represent the largest group of patients
with inadequate filtration due to peritoneal membrane characteristics. Patients can have an inherent high small solute
transport profile at initiation of dialysis; they can have a transient fast transport status during peritonitis and there
are patients who develop a high transport profile in the course of long-term peritoneal dialysis. These patients tend to
have good small molecular weight solute transport, but have poor ultrafiltration during standard CAPD using glucose
containing dialysate. If their dwell times are mismatched for their membrane transport characteristics, they often
appear to have inadequate ultrafiltration as they lose residual renal function and no longer have urine flow to
supplement net daily peritoneal fluid removal.

Inherent high transport

Fifteen percent of patients starting peritoneal dialysis display this transport profile. This proportion appears to be
constant in various population groups and stable over medium periods of observation [48]. Patients in this group have
very efficient membranes for small solute clearance, but may have difficulty in ultrafiltration particularly in long dwell
cycles. These patients are at risk of high protein losses in the peritoneum. A high level of technique failure has been
described on CAPD therapy, likely related to fluid management. Retrospective analysis also suggests higher mortality
in this group [49–53]. Automated PD and icodextrin for long dwell are recommended therapeutic approaches in this
group (see below).

Recent peritonitis

Impaired ultrafiltration with PD is a transient phenomenon during acute peritonitis [54]. The high solute transport
rates during acute peritonitis lead to a rapid disappearance of the osmotic gradient. The infection-induced hyperper-
meability is probably caused by increased secretion of vasoactive substances such as prostaglandins and cytokines [55]
and an up-regulation of NO-synthase activity [56, 57]. These mediators are likely to increase the number of perfused
peritoneal capillaries, leading to a functional increment of the vascular peritoneal surface area. This leads to an
increase in transcapillary ultrafiltration rate during peritonitis, compared to the stable situation. In addition, vasodi-
latation leads to a reduced size-selectivity, resulting in a decreased restriction coefficient to macromolecules [58]. It is a
common clinical observation for peritoneal dialysis patients to experience fluid retention during episodes of peritonitis
[54, 59]. These patients often need a temporary change in their standard dialysis prescription (shorter dwell times or
increased tonicity of fluids) to achieve net ultrafiltration. When compared to baseline, PET data during peritonitis
reveal an increase in the D/P ratio for creatinine and a decrease in the D/D0 ratio for glucose, usually accompanied by
an increase in protein losses and a significant decrease in net ultrafiltration. Several studies have indicated that
ultrafiltration during an episode of peritonitis can be satisfactorily achieved with the use of icodextrin [60, 61].

High transport during long-term PD

In long-term patients, the presence of a large vascular surface area, as judged from fast transport rates of small solutes, is by
far the most frequent cause of ultrafiltration failure [62]. This fits well with the finding of an increased number of vessels in
the peritoneal membrane of long-term PD patients [47, 63]. This peritoneal neoangiogenesis resembles the abnormalities
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frequently observed in diabetic retinopathy. In PD the peritoneal tissues are exposed to extremely high glucose concentra-
tions. This may explain the diabetiform alterations in the microvasculature, like reduplication of the capillary basement
membrane and the marked increase in the number of microvessels [47], as well as the accumulation of advanced glycation
end-products in the vascular walls [64]. Peritoneal equilibration testing shows an increase in D/P ratio for creatinine, a
decrease in the D/D0 ratio for glucose, and a smaller than usual decrease in dialysate sodium during the dwell. In contrast
to the situation seen with peritonitis, where transport changes are usually transient, and protein losses are increased, the
small solute transport changes in this group tend to be permanent and protein mass transport does not change.

These changes in peritoneal membrane function were originally described with acetate-containing dialysis solutions [5,
65], but have also been seen in patients who have only used lactate-containing dialysis. A history of recurrent peritonitis
and extensive use of hypertonic exchanges has been observed in some, but not all, studies. The incidence seems to increase
with time on peritoneal dialysis implicating repeated exposure of the peritoneum to dialysis solution as a cause.

The natural history of peritoneal membrane transport over time has been debated [3, 48, 66–70]. This is mainly due
to noncomparability of the methods used. A small number of studies have used standardized 4-h dwell evaluations
with examination of both ultrafiltration and solute transport, while a larger number utilized clearance monitoring.
The latter may mask opposing directional changes in solute and fluid transport. The potential increase in solute
clearance due to an increase in D/P creatinine may be masked by the potential decline due to lower ultrafiltration. The
emerging picture, however, is that during long-term observations (greater than 2 years) some degree of increase in
D/P creatinine does occur in patients on PD.

Aquaporin Dysfunction

This condition has first been described clinically in patients with severe peritoneal ultrafiltration failure, without signs
of increased solute transport [32]. It is a rare condition to be present as the only cause of UFF, it is more frequently seen
in combination with augmented small solute parameters. Impaired aquaporin function offers a very interesting model
to understand peritoneal transport and its alteration by pathologic states. The peritoneal capillary membrane is not
freely permeable to solutes but is a highly selective barrier, with the ability to impede diffusion and convection of
relatively small molecules while restricting large macromolecules, but to a lesser degree than standard hemodialysis
membranes. This suggests that the peritoneal capillaries contain populations of varying ‘‘pores,’’ which alter solute
transport. This has led, through computer simulations [71–76] and animal work [77–80], to the ‘‘three pore theory’’ of
water and solute transport across the peritoneal membrane (mainly transcapillary movement of solute and fluid).
This theory proposed three populations of pores. First a large number of transcellular pores (4–5 A radius). Second a
large number of small pores (40–50 A) and third a small number of large pores (200–300 A). This theory predicted that
40–50% of the total ultrafiltrate is obtained through the transcellular path and therefore will be solute free, when driven by
an osmotic pressure differential. Animal work and indirect human research has strongly pointed to the aquaporins being
the water channel transcellular pores (ultra small pore). This assumption has been tested in rats and rabbits. Aquaporin-1
was inhibited by intraperitoneal administration of mercury-chloride and as a result almost complete blockage of the sieving
of sodium was present [80, 81]. In humans, aquaporins have been demonstrated by in situ techniques to be present in the
peritoneal capillary endothelium and mesothelium [82, 83]. The small pores are also involved in water transport through
colloid osmosis and hydrostatic pressures which are in balance; these are also the pores through which most of the small
solute transport occurs. Aquaporin dysfunction is that situation where there is damage to or diminished number of water
channel ultrasmall pores, which can lead to deficient crystalloid induced ultrafiltration [32, 84].

The function of the ultrasmall pores or water channels can be estimated by the ‘‘sieving’’ of sodium during a
hypertonic dwell [38, 85, 86]. The sodium concentration in dialysate decreases in case of free water transport. This is
indeed observed in the initial phase of a 3.86%/4.25% glucose dwell, but not in a 1.5%/1.36% glucose exchange
(see Fig. 17.5). The initial high osmotic pressure gradient in the 4.25%/3.86% glucose dwell will lead to osmotically
driven fluid transport trough the ultrasmall pores, which leads to a dilution of the dialysate sodium concentration.
The lowest dialysate sodium concentration is usually reached after 60 min. The lower osmolality of a 1.5%/1.36%
glucose solution does not have the osmotic force to induce a fluid flow through these pores, so no sieving of sodium is
observed. In case of a large difference between dialysate and plasma sodium concentration, diffusion of sodium from
the circulation to the dialysate will take place. This will increase the dialysate sodium concentration and therefore a
falsely decreased sodium sieving will be measured, incorrectly indicating loss of free water transport. To avoid this, a
correction for sodium diffusion can be applied [87, 88].

Another way to assess aquaporin-mediated transport is to calculate the difference in net ultrafiltration obtained
after a 4-h dwell with 1.5%/1.36% glucose and with 4.25%/3.86% glucose dialysate; 1.5%/1.36% glucose induces only
a small crystalloid osmotic pressure gradient, and therefore limited transport through water channels. On the other
hand, 4.25%/3.86% glucose induces a very high crystalloid osmotic pressure gradient and the net ultrafiltration
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obtained with it is therefore much more dependent on the number and function of water channels. Consequently,
� ultrafiltration 4.25%/3.86%–1.5%/1.36% will decrease in situations with impaired aquaporin-mediated water
transport. D/P Na+ or �Na+ are probably the simplest ways for rough assessment of aquaporin function.

Direct methods to calculate aquaporin mediated water transport have recently been developed. LaMilia and
co-workers have described an easy direct measurement of free water transport [89], which has been refined [90–92]
and tested with computer simulations by others [93]. In essence, this method uses a standardized 4.25%/3.86% glucose
dwell and measures net UF after a shorter dwell period corresponding to the expected maximal sodium sieving time
(60 or 90 min). By measuring directly net UF and sodium concentrations during this shortened dwell, the amount of
actual free water transport can be calculated and hence one has a direct measure of aquaporin mediated fluid transport.

Loss of Functional Peritoneum

The combination of low drain volume in the face of adequate osmotic challenge and low small solute transport is very
rare and reflects a major disruption of the peritoneal membrane and/or intraperitoneal fluid distribution. It is usually
due to adhesions and the functional consequences may be related to fluid trapping in small spaces. Peritoneography
may be helpful in making the diagnosis by identifying sequestered spaces. Poor UF in association with low transport is
reported to occur in the advanced stages of peritoneal sclerosis [94–97]. It is important, however, to realize that a high
transport rate has also been described prior to a diagnosis of peritoneal sclerosis [3, 65–67]. Unfortunately, no large
prospective study of fluid problems in PD patients has been performed so it is not possible to state how often UFF
together with low transport occurs. Because this condition results in both inadequate volume and inadequate solute
removal, transfer to hemodialysis is required for adequatemanagement in anuric patients [10]. In patients with residual
renal function, management by peritoneal dialysis and oral loop diuretics may be successful. Whether restitution of
peritoneal free space by adhesiolysis is warranted needs to be determined on an individual case basis.

A caveat on the diagnostic criteria is in order: patients with underlying low transport rate and leaks or mechanical
problems or high lymphatic/tissue reabsorption may also present with the composite picture of low drain volume and
low small solute transport. It is therefore important to exclude these latter causes before accepting low transport as the
reason for the difficulty with peritoneal fluid removal.

Mechanical Failure of Dialysis Procedure

Catheter Malfunctions

Catheter-related problems contributing to poor drain volumes include obstruction, entrapment, or malposition
[11, 12]. Catheter obstruction, either partial or complete, often results from fibrin plugs or build-up within the catheter
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Fig. 17.5 Dip in dialysate over plasma ratio for sodium using a 3.86%/4.25%dextrose solution (closed squares) and a 1.36%/1.5%dextrose
solution (open circles). The high osmolality of the first solution will induce osmotically driven ‘‘free water’’ transport, leading to dilution of
the dialysate sodium concentration. This is not seen for the 1.36%/1.5% dextrose solution
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lumen but can be due to omentum obstructing the catheter ports or even a kinked catheter. These lead to sluggish or
intermittent inflow/outflow of dialysate and thus alter the efficiency of fluid removal. Fibrin strands seen in the
dialysate should raise suspicion of the problem. Treatment consists of aggressive ‘‘flushing’’ of the catheter with a
dialysate-filled syringe and if this is unsuccessful, the use of fibrinolytic agents when fibrin-related occlusion is
suspected.

The intra-abdominal portion of the catheter may become ‘‘entrapped’’ in a compartment formed by adhesions. This
can lead to a reduction in intraperitoneal capacity resulting in pain on inflow once the compartment volume has been
surpassed. With the use of peritoneography the compartment can be demonstrated. Treatment may be attained with
surgical lysis of the adhesions if they are not too extensive.

Catheter malposition may occur because of improper placement, but this often results from the migration of
catheters originally in good position [98]. A malpositioned catheter has positional outflow and does not drain the
peritoneal cavity effectively, leading to an increase in residual volume. A normal residual volume (R) is approximately
200–250 mL [43] and can be measured from information obtained during the PET using the following equation:

R ¼ VinðS3 � S2Þ=ðS1 � S3Þ

Where Vin = instillation volume, S1 = solute concentration (urea or creatinine) in the pretest drain, S2 = solute
concentration of the instilled fluid (0 for urea or creatinine) and S3 = solute concentration immediately following
instillation [43]. An increase in residual volume dilutes the glucose concentration in the freshly instilled dialysate.
This decreases the osmotic gradient and thus reduces the rate of transcapillary ultrafiltration without any significant
effect on solute transport. Net ultrafiltration is decreased while the D/P creatinine ratio remains essentially unchanged.
An increase in the calculated residual volume should raise the suspicion of a malpositioned catheter. However, the
presence of this problem is often clinically apparent and the diagnosis is easily made with the aid of simple radiographic
techniques (flat-plate of the abdomen) as peritoneal dialysis catheters have radio-opaque material imbedded within.

Leaks

Dialysate leaks from the abdominal cavity result in a decrease in drain volume and net fluid removal. In the case of
external leaks, the impact is greater on drain volume. In leaks into the abdominal wall or pleural space, net fluid removal
is diminished either because of accumulation in and reabsorption from the interstitial spaces or sequestration in the
pleural space. Leaks into the interstitial space are commonly accompanied by abdominal wall edema with or without
genital edema. Leaks can occur at anytime but are often seen shortly after the start of PD and usually occur at the catheter
insertion site but can also be associated with an abdominal wall hernia or a history of multiple abdominal surgeries [24,
25, 99, 100]. Localized abdominal wall edema or subcutaneous fluid collections are often evident. Diagnosis is confirmed
by utilizing radiographic techniques that include intraperitoneal infusion of a dialysis solution in which radiographic
contrast has been added with computed tomography, or through the intraperitoneal infusion of radioisotope with
peritoneal scintigraphy [24–27, 99–103], or by use of magnetic resonance imaging with or without contrast.

Peritoneal membrane function is not compromised and therefore peritoneal transport as evaluated by the PET is not
changed compared to baseline. Leaks associated with hernias usually require surgical repair. Leaks occurring in the
absence of a hernia usually represent a tear in the parietal peritoneum. In this situation there is frequently a history of
multiple abdominal surgeries, pregnancies, recent corticosteroid usage, or abdominal straining (coughing, Valsalva
maneuver). Small leaks may respond to peritoneal rest with hemodialysis support or the use of nighttime small volume
peritoneal dialysis with cycler and a dry day without the need for surgical repair. Recurrence may require surgical repair.

Therapy

General Guidelines

A summary of guidelines for the prevention of fluid overload is presented in Table 17.2.

Routine Standardized Monitoring

Routine standardized monitoring of desired weight, course of residual renal function, and achieved ultrafiltration with
current dialysis prescription should be emphasized in the care protocols of all patients on peritoneal dialysis. This
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approach will allow for early detection of developing problems and early intervention with corrective measures. The
volume status of patients on peritoneal dialysis should be used as a core indicator of dialysis adequacy. Constant
re-evaluation by physicians and nurses of the patient’s target weight in the light of blood pressure and other features
suggestive of fluid overload is required. Particular emphasis should be placed on the desirability of normalizing blood
pressure by using fluid removal alone, without antihypertensive drugs. Routine performance of PET with a view to
identifying high and high-average transporters in whom monitoring of fluid status is particularly critical is highly
encouraged. Use of icodextrin for the long dwell and utilization of APDmay be preferred approaches in these patients.

Dietary Counseling

Avoidance of dietary indiscretion can be enhanced by detailed counselling and regular re-enforcement of taught
guidelines. The tendency to bemore liberal in dietary restrictions with peritoneal dialysis patients compared to patients
on hemodialysis should be tempered by the need to maintain desired weight and reduction of cardiovascular risk.
The general assumption that patients on peritoneal dialysis tolerate greater dietary salt and fluid indiscretion should
not be construed as an endorsement for such indiscretion [104]. Tepid indifference that allows patients to hover close to
mild edema may have pernicious long-term consequences. It is recognized that dietary interventions are the hardest to
implement as they involve an elaborate process of education and lifestyle modification.

Protection of Residual Renal Function

Residual renal function (RRF) plays an important role in both small solute adequacy and volume control.
The protective zeal that has become a cornerstone of nephrologic management in the pre-ESRD phase needs to be
sustained after initiation of dialysis. This is particularly important in the context of the new directions in dialysis
initiation where patients are started on dialytic therapy at higher levels of residual renal function than previously.
Attention to the nephrotoxic potential of over-the-counter medications should become a component of regular patient
interviews. Further, the use of aminoglycosides in the management of peritonitis should be limited to cases where no
safer effective alternative is available. Protection from the nephrotoxic potential of contrast agents is limited by the
obvious inability of using hydration methods. The promise of acetylcysteine or adenosine antagonists (e.g., amino-
phylline) has not been explored in this population and may be considered by inference until tested. Avoidance of
nephrotoxic agents should be practiced rigorously.

Diuretic Use

Routine use of high-dose loop diuretics to maintain urine output in patients with residual renal function is a viable
consideration. Usually large oral doses are needed (furosemide range 250–1000 mg) with or without addition of a

Table 17.2 Guidelines for prevention of volume overload in patients on peritoneal dialysis

General guidelines

Routine standardized monitoring including awareness of PET status

Dietary counselling concerning appropriate salt and water intake

Protection of RRF

Loop diuretics if RRF present

Enhanced compliance – Education

Appropriate prescription

Hyperglycemia control

Preservation of peritoneal membrane function

CAPD

Avoidance of long dwells with low glucose concentrations

Use of icodextrin for the long dwell

Use of night-time exchange device

Tailoring prescription to transport profile determined by PET

APD

Avoidance of long dwells with low glucose concentrations

Use of icodextrin for the long dwell

Use of short day dwells even when no additional exchange is needed for clearance
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thiazide-like diuretic (metolazone 5–10 mg given 30 min prior to the loop diuretic). Urine volume can be successfully

increased even in advanced renal failure by the use of large doses of loop diuretics alone or in combination with

thiazides. While these agents do not help preserve RRF, they do increase urine output [105, 106]. The concern over the

potential ototoxicity finds its origin in the experience with large intravenous doses. Oral administration seems not to
carry the same risk.

Education and Enhanced Compliance

Emphasis should be placed in the initial training period on the education of the patient in the diagnosis and significance

of fluid overload (e.g., awareness of importance of hypertension, peripheral edema, shortness of breath, etc.).

Additionally, patients should be provided appropriate education in what the indications are to use more hypertonic

PD solutions. Routine monitoring of patient compliance with PD exchanges and education of the patient in the

importance of this issue are highly desirable.

Appropriate Prescription

Choosing the correct prescription for the peritoneal transport type of the patient is crucial. Patients with high and high-

average transport can achieve adequate ultrafiltration using APD (four to five night cycles and long day dwell with

icodextrin) and lower total glucose exposure than with CAPD [23].

Hyperglycemia Control

In diabetic patients, hyperglycemia can adversely affect the maintenance of an osmotic gradient across the peritoneal

membrane. Control of the hyperglycemia may allow improved ultrafiltration without the need to use hypertonic

glucose solutions unnecessarily. As glucose control is under current practice conditions mostly monitored and

modified by the patients independently, education of the patient on the relevance of this activity to the adequacy of

dialysis is important.

Preservation of Peritoneal Membrane Function

The most important therapeutic option is the prevention of ultrafiltration failure. Reduction of the occurrence of

peritonitis can be achieved with appropriate patient training and retraining in aseptic techniques, the universal

adoption of exit site antibiotic prophylaxis (either gentamicin or mupirocin creams) and the use of the widely applied

double-bag system, which prevents extra disconnections [107]. The prevention of ultrafiltration failure in the long-

term patients will depend largely on the possibility to reduce the peritoneal glucose exposure and the development of

more biocompatible dialysis solutions. The first can, to some extent, be accomplished by preservation of the residual
renal function. Therefore, nephrotoxic agents should be avoided, even when a patient is already on PD. In case of

volume overload, the use of diuretics can lead to extra fluid removal by the kidneys, instead of increasing the

osmolality of the dialysate. Alternative solutions that can replace glucose for one exchange per day are the glucose-

polymer Icodextrin and amino-acids. Glucose polymers are attractive, because they are not hypertonic, exert their

effect by colloid osmosis, and are taken up from the peritoneal cavity to a limited extent. They are therefore

extremely useful in patients with an enlarged vascular surface area [16]. However, the use of icodextrin is limited

to one exchange in the long dwell. Whether the agent can be used more than once daily and during shorter exchanges

is under active investigation. Amino-acid-containing dialysis solutions are limited to one bag daily (separate
exchange or mixed with glucose on the cycler) because of the increase in the nitrogen load. The use of more

biocompatible dextrose-containing solutions seems to be promising in the preservation of the peritoneal membrane.

Unfortunately, long-term patient-studies are still lacking. However, animal studies have shown that the use of more

biocompatible solutions (lower content of glucose degradation products, higher pH, bicarbonate/lactate buffer)

lead to less pathological alterations of the peritoneal membrane after long-term exposure compared to the conven-

tional solutions [108, 109]. Temporary cessation of peritoneal dialysis has been used in a few patients with high small

solute transport characteristics with some success and may be a reasonable option to consider if other approaches

are unsuccessful [110–112]. Alternatively, reduction of peritoneal membrane glucose exposure may lead to some
improvement in transport parameters [113].
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Therapeutic Guidelines for Specific Diagnostic Categories

Failure of Peritoneal Response

Patients with peritoneal ultrafiltration failure should be treated according to the cause. Possibilities are summarized in

Table 17.3

Fast Transport Status

In addition to the universal guidelines discussed above, therapeutic interventions in patients with high small solute

transport need to address the basic pathophysiologic mechanism of rapid dissipation of the osmotic gradient. The

latter phenomenon is particularly prominent during the long overnight dwell in CAPD and the daytime dwell in APD.

The most appropriate intervention is the use of large molecular weight substitutes for glucose such as icodextrin

[17–22]. Dialysis solutions containing icodextrin have been shown to be superior to glucose-based solutions in

achieving net ultrafiltration during long dwells in majority of patients and particularly in high transporters. In areas

where icodextrin dialysis solutions are not available, shortening dwell time is the preferred approach. In CAPD

patients this can be achieved with the use of an automated night-time exchange device. This approach will shorten

dwell time and has the additional benefit of improving small solute clearance with little impact on patient lifestyle.

Alternatively, patients can be switched to APD where the use of short dwell times in the night phase enhances

ultrafiltration. In patients on APD who do not have access to icodextrin, foregoing the daytime exchange and

optimizing the night-time regimen may be sufficient [23]. If small solute clearance suffers, then a short daytime

exchange with mid-day drainage will supplement night-time clearance without compromising ultrafiltration. If the

preceding options are insufficient, then high glucose concentrations may be required. In a few patients adjunctive,

temporary, or permanent hemodialysis may be required.
Preventive measures remain limited and speculative because of a lack of thorough understanding of the factors

underlying high transport [114, 115]. In patients with inherent high transport, there are no clear associations with

reversible conditions that can be therapeutically addressed. The possible association with higher indices of chronic

systemic inflammatory response remains unproven. The clearest category for intervention is that of the transient small

solute high transport rate associated with peritonitis. Approaches to reduce and prevent infections with improved

connectology, patient training, and local prophylaxis have been successful, but more remains to be achieved.

In patients who develop a high transport profile in the course of chronic peritoneal dialysis the approach is more a

question of considered opinion rather than evidence-based. Reinforcing universal measures before relying on the

chronic intensive use of 4.25%/3.86% glucose dialysate is generally preferable. Further, wherever available, use of

icodextrin for the long dwell is recommended.

Loss of Functional Peritoneum

The combination of reduced solute clearance and diminished ultrafiltration represents a state of significant short-

comings in delivery of appropriate renal replacement by peritoneal dialysis. If therapeutic targets for either azotemia

and volume homeostasis cannot be met, then adjunctive hemodialysis or permanent transfer to hemodialysis may be

required in anuric patients. In patients with residual renal function, use of loop diuretics may allow achievement of

adequate fluid balance while continuing on peritoneal dialysis.

Table 17.3 Therapeutic strategies in a patient with peritoneal ultrafiltration failure, according to the cause

Cause of Ultrafiltration Failure Therapeutic Option

Fast transport status � Avoid long dwells

� Use icodextrin

Loss of functional peritoneum � Transfer to hemodialysis when RRF is absent

� Adhesiolysis if indicated

Aquaporin dysfunction � Avoid hypertonic glucose

� Use icodextrin

� Temporarily discontinuation of PD?

Exaggerated contrary mechanisms � Avoid large dialysate volumes

� Avoid long dwells
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Aquaporin Dysfunction

Adherence to the universal measures detailed above is necessary in all conditions whatever the underlying etiology of
the impaired ultrafiltration. Patients with aquaporin dysfunction continue to have significant ultrafiltration via non-
aquaporin pathways. This can be enhanced by the use of icodextrin in long dwells allowing for sustained fluid removal
[19, 22, 115, 116]. For the glucose-based exchanges, increasing the dextrose concentration will not be beneficial.

Exaggerated Contrary Mechanisms

When enhanced tissue reabsorption results in reduced net ultrafiltration, interventions to maximise overall ultrafiltra-
tion are required to reach a state favorable to fluid removal. Ultrafiltration needs to exceed reabsorption to allow
proper volume homeostasis. All interventions that maximize ultrafiltration (short dwell time, high tonicity of
dialysate) need to be combined. As tissue absorption is a continuous process, and as ultrafiltration tends to decline
with time, short cycle therapy is required to keep the balance of operation earlier than the convergence of the two
processes. Adjusting cycle number and overall cycler time in APD, or cycle number in CAPD to the requirements of
both ultrafiltration and solute clearance need to be done meticulously [23]. Also avoiding large dwell volumes can be
beneficial, since large volumes will increase lymphatic absorption

Although there is a lot of promising investigative evidence that tissue absorption can be reduced [117–121], no
pharmacological intervention can be recommended at this time for the lack of definitive clinical studies.

Future Prospects

Alternate use of current therapeutic options is a rich area deserving of consideration for the management of ultra-
filtration failure in these challenging patients. Preliminary studies on the use of two icodextrin exchanges in a 24-h
period suggest that this approach may be a successful option in this setting [122, 123]. In APD, the two exchanges are
used sequentially during the long day interval, each dwelling for 7–8 h. In APD patients, a decrease in glucose exposure
and a parallel decline in body weight have been observed [122]. In CAPD patients, one icodextrin dwell is used during
the night and the other substitutes for a day dwell with extension of dwell time. Better blood pressure control and
reversal of left ventricular hypertrophy have been achieved with such a regimen [123]. The use of two exchanges of
icodextrin per day has resulted in modest asymptomatic changes in plasma oligosaccharides [122], but careful long-
term studies are needed. Another area under exploration is the use of icodextrin as part of the solutions used on the
cycler to allow for reduction in glucose exposure and possibly increased UF [124]. Such an approach would be
particularly useful in very high transporters.
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