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Peritoneal Dialysis (PD) 
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Chronic PD Dose 
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fecting Chronic PD Dose 

• Factors Affecting PD Dose in the 
Treatment of Acute Kidney Injury 
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CHAPTER OBJECTIVES  
 
 

• To review the concept of and evi-
dence for dose and adequacy in PD 

• To understand the various physio-
logical and sociological patient-
specific factors affecting achieved 
PD dose 

• To understand the various PD mod-
alities, prescription-specific factors 
affecting dose 

• To review the various factors and 
PD technique considerations in the 
treatment of acute kidney injury 

 
KEY TERMS 
 

• dialysis dose 
• adequacy 
• effective peritoneal surface area 
• membrane transport characteristics 
• residual urine function 
• body surface area and weight 
• compliance 
• PD modality 
• exchange frequency 
• fill volume 
• ultrafiltration 
• middle molecule clearance 
• acute kidney injury  

 

 
ABSTRACT  
 

Dose of dialysis has traditionally been measured as small solute clear-
ance (i.e. urea or creatinine). Treatment of acid-base, electrolyte, and  
volume disturbances should also be recognized as important functions of 
peritoneal dialysis (PD) that are not specifically measured when measuring 
urea clearance. There are a myriad of patient- and prescription-specific 
factors that affect the delivered dose of PD. Although patients with signifi-
cant residual renal function (RRF) can likely initiate on virtually any  
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standard PD therapy, with loss of RRF, one may need to tailor the PD pre-
scription to the patient's membrane transport characteristics. High transpor-
ters as measured by the PET are better suited to automated peritoneal di-
alysis (APD) with more frequent exchanges, and the use of icodextrin as a 
long dwell, whereas patients with lower transport status will tend to do 
well on CAPD where exchanges are longer. Larger patients may tolerate 
increased volumes as a means of increasing the dose of PD. More frequent 
exchanges can be used in either CAPD or APD but one must recognize 
there is a limit due to loss of dialysate contact time from frequent filling 
and draining. Understanding the patient's physiological characteristics, 
personal preferences and social circumstances coupled with a sound com-
prehension of the principles of PD and the prescription-factors that affect 
dose will lead to the best care for that patient. 

 
29.1   CONCEPT OF DOSE AND ADEQUACY IN PERITONEAL 
DIALYSIS 

 
This chapter will review the factors that influence dose of peritoneal di-

alysis (PD). Those in the dialysis community routinely use the terms pre-
scription and dose when speaking of dialysis and more specifically, PD.  
This brings to mind the analogy of prescribing a medication such as an ace 
inhibitor. One provides a prescription to a patient that outlines the medica-
tion name, how many tablets are to be included, how often the patient is to 
take it, and the dose of the medication. The dose is usually measured by 
mass and/or number of pills (i.e. one 5 mg tablet).  The efficacy of achiev-
ing the desired effect – i.e. lowering of blood pressure – will vary between 
patients for a given dose.  

 
The term dose in peritoneal dialysis is not as straightforward. One of the 

earliest references to dose of dialysis in PD was by Twardowski in 1989 in 
the context of the clinical value of the peritoneal equilibration test (PET) in 
patients (Twardowski 1989).  He suggested that patients with low transport 
status may need “high-dose PD prescriptions”.  Later Blake and colleagues 
evaluated the effects of dose of PD on clinical outcomes: dose was meas-
ured by the dialysis index (a now seldom used measure determined using 
urea kinetic modeling) and the more well-known Kt/Vurea (Blake et al. 
1991). Still others have simply defined the dose of dialysis as the drain vo-
lume – i.e. the total amount of fluid removed from the patient which is the 
sum of instilled dialysate plus ultrafiltrate (Tzamaloukas et al. 2007).  This 
would seem reasonable in continuous ambulatory PD (CAPD). The weekly 
measured peritoneal Kt/V for urea (pKt/Vurea) is defined as: 
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where K is solute clearance, D/Purea is the ratio of dialysate to plasma con-
centration of urea in 24-hours of collected dialysate, VD the drain volume, 
and V is total body water.  

 
With the longer dwells used in CAPD (as opposed to automated PD 

[APD]) one can assume that D/Purea approaches unity so that Eq. (29.1) can 
be simplified to (Heimburger 2009): 
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Assuming V is equal to 58% of weight (Wt) in kilograms one can then 
expresses Kt/V as a function of body weight and drain volume: 
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The relationship between drain volume, body size, and estimated 
pKt/Vurea is shown for a number of scenarios in Table 29.1 below. 

 
Table 29.1 Relationship between drain volume, body size, and estimated 
pKt/Vurea 

 

Weight 
(kg) 

Fill volume 
(L) 

Number of 
exchanges 

Drain Volume 
(L) pKt/Vurea 

50 2.0 4 8.0 1.92 
50 2.0 3 6.0 1.44 
75 2.0 4 8.0 1.28 
75 2.5 4 10.0 1.60 
65.4 2.0 4 8.0 1.47 

 
The latter example represents the average weight for patients in the con-

trol group of the ADEMEX study (Paniagua et al. 2002) (described in 
more detail later), all patients were on 2.0-L x 4 exchanges.  Measured 
pKt/Vurea was actually about 7.5% higher at 1.58, the difference presuma-
bly due to a combination of errors in assumptions about equilibration of 
urea, total body water estimation, and collection and measurement errors.  
Nevertheless, it does illustrate the point that for patients on CAPD with 
four or fewer exchanges, the drain volume is a useful tool to estimate the 
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dose of dialysis when taking into account the patient’s weight. It should be 
noted that while one could increase the number of exchanges to increase 
the pKt/Vurea, the assumption that the urea concentration will equalize be-
tween dialysate and plasma becomes increasingly inaccurate as exchanges 
become shorter.  

 
The assumption that urea will equilibrate between dialysate and plasma 

during an exchange (and therefore one can predict pKt/Vurea based on drain 
volume and body weight) is particularly problematic with patients on 
APD. One can craft a number of different scenarios where the total dose 
(i.e. drain volume) received is the same yet what is achieved in terms of 
the various functions of dialysis – small solute removal including phos-
phate, volume removal, middle molecule removal – will actually differ.  
Three examples for APD are shown in Table 29.2. Total therapy ranges 
between 9-hours and 24-hours and ultrafiltration volume from 1.0-L to 
1.5-L in the examples. Nevertheless drain volumes in each of the scenarios 
is 15.5-L. Small solute clearance may well be similar in these scenarios, 
depending on membrane transport properties etc., other aspects of adequa-
cy such as fluid removal and middle molecule clearance will not be. 

 
Table 29.2 Three different APD prescriptions with the same drain volume 

 

 Patient 1 Patient 2 Patient 3 
Modality APD APD APD 
Night-time therapy, 
hours 

9 9 10 

Night-time fill volume, L 2.0 2.5 2.0 
Number of cycles 7 5 5 
Day-time therapy, hours 0 4 14 
Day-time volume, L 0 2.0 4.0 (manual 

exchange) 
Ultrafiltration volume, L 1.5 1.0 1.5 
Total drain volume, L 15.5 15.5 15.5 
 
For these and other reasons, the fact that dose in PD is usually defined 

by small solute clearance such as urea, is not completely satisfactory. The 
nephrologist and PD nurse must recognize that this viewpoint largely ig-
nores other functions of dialysis and consider these issues when prescrib-
ing PD therapy. The most recent Canadian Society of Nephrology guide-
lines on hemodialysis (HD) have noted this fact.  
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“Urea clearance as assessed by Kt/V or PRU is a surrogate for 
dialysis dose. Although practice guidelines have traditionally 
emphasized the role of urea clearance, this parameter is only 
one component of dialysis adequacy. In addition to consider-
ing urea clearance and volume status, the clinician must con-
sider many other measures and indicators in assessing a pa-
tient’s health and prescribing treatment, including control of 
extracellular volume and BP, uremic symptoms, quality of 
life, control of hyperphosphatemia, adequate nutritional status, 
and treatment of anemia.”(Jindal et al. 2006)   

 
The term ‘adequacy’ is perhaps more familiar to most dialysis providers 

and was described in the context of PD as early as 1976 by Lindsay and 
colleagues (Lindsay et al. 1976). Platelet adhesion was noted to be mar-
kedly impaired in uremia and it was suggested that platelet adhesion could 
be used as a measure of dialysis adequacy. A number of studies in the late 
1970s and early 1980s characterized neurological abnormalities in uremia 
including changes in memory and characteristic electroencephalographic 
changes that improved to a greater extent with more intensive dialysis 
(Shinaberger 2001; Teschan 1975; Teschan et al. 1981). These objective 
measures are no longer used clinically in the day-to-day management of 
patients and adequacy becomes more of a subjective concept. Many neph-
rologists would define adequacy to represent that amount of delivered di-
alysis that alleviates uremic symptoms (nausea, anorexia, fatigue etc.), re-
stores acid-base balance, achieves fluid homeostasis, and alleviates 
malnutrition. Such a definition would seem equally appropriate for hemo-
dialysis (HD) and PD patients. Other aspects of adequate treatment of 
ESRD might include correction of hyperphosphatemia, hypocalcemia, vi-
tamin D deficiency and anemia; however, these complications are less res-
ponsive to dialysis with some exceptions (Ifudu et al. 1996; Ifudu et al. 
2000; Movilli et al. 2001; Walsh et al. 2010). 

 
As time has gone on, it has become increasingly apparent that when one 

considers adequacy one must consider all aspects of the PD prescription 
(i.e. mode of PD, total time, exchanges, fill volume etc.) in order to 
achieve the desired results in a given patient based on their individual cha-
racteristics, particularly transport status and residual renal function (RRF). 
Ultimately, it stands to reason that one should evaluate the delivery of di-
alysis as adequate when increasing the dialysis dose does not lower the 
mortality risk and/or further improve quality of life (Golper et al. 1997). 
No single measurement can truly measure the adequacy of dialysis. Pub-
lished guidelines recognize this yet based on the best evidence and/or  
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opinion generally advises a lower limit for small solute removal (i.e. 
Kt/Vurea) in patients to achieve adequacy.  

Numerous observational studies suggested that greater clearances of 
small solutes were associated with improved survival on PD (Bhaskaran et 
al. 2000; Churchill et al. 1998; Jager et al. 1999; Jansen et al. 2005; Lam et 
al. 2006; Lo et al. 2005; Maiorca et al. 1995; Rumpsfeld et al. 2009, 2006), 
although others have not (Brown et al. 2003; Diaz-Buxo et al. 1999). The 
CANUSA study (Churchill et al. 1998) in particular led to the recommen-
dation of a target total Kt/Vurea of 2.0 (peritoneal plus renal) in guidelines 
although this was based on inferences from modeling of data that assumed 
RRF and peritoneal clearance were equivalent. Since then these findings 
have subsequently been shown to be largely explained by the presence or 
absence of RRF (Bargman et al. 2001). However, two important rando-
mized controlled trials have since shown that increased small solute clear-
ance was not associated with improved survival (Lo et al. 2003; Paniagua 
et al. 2002). ADEMEX in particular was very telling – 965 CAPD patients 
were randomized to 2.0-L x 4 exchanges or an increased volume of dialy-
sate (Paniagua et al. 2002).  There was no benefit in either group studied 
despite good separation in clearance values (pKt/Vurea 1.62 vs. 2.13). Ap-
proximately 55% of patients were anuric. 

 
Despite all the concerns in limiting the view of adequate PD therapy as 

simply sufficient small solute removal, it remains important to consider the 
factors that affect dialysis dose in PD. It is clear that some amount of PD 
therapy is clinically important, recent guidelines have suggested a mini-
mum Kt/Vurea of 1.7 (Blake et al. 2011). Although peritoneal clearance 
does not appear to predict clinical outcomes in patients with RRF, clear-
ance does seem to be important in patients who are anuric based on the 
majority of observational studies (Bhaskaran et al. 2000; Jansen et al. 
2005; Lo et al. 2005). 

 
It is worth reminding the reader that there are two main PD modalities 

available to patients – CAPD and APD. CAPD is the simpler of the two, 
involves manual exchanges of fluid using gravity, and it is performed over 
24 hours. Although the timing of the exchanges could be varied to achieve 
different desired effects; usually only the fill volume (standard is 2.0-L) 
and the number of exchanges (standard is 4 although 3 is used in some 
countries) (Lo et al. 1996) are varied to achieve different doses of dialysis. 
APD on the other hand is amenable to greater variation in prescription. 
The therapy can be continuous or discontinuous (i.e. part or all of the day-
time is dry), the number of exchanges overnight and the duration of the 
cycles manipulated as can be the volume. In either the case of CAPD or 
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APD, one can vary the prescription by altering the dialysate used to 
achieve differing ultrafiltration rates. 

 
In the subsequent sections, the various factors that affect dose in PD 

will be reviewed. These are broken down into patient-specific and pre-
scription-specific factors. The special case of clearance of middle mole-
cules and PD in the treatment of AKI will also be considered. 
 
29.2   PATIENT-SPECIFIC FACTORS AFFECTING CHRONIC PD 
DOSE 

 
29.2.1   Peritoneal Membrane  

 

The abdominal peritoneum is divided into the visceral peritoneum, which 
lines the visceral organs and accounts for approximately 80% of the total 
surface area; and the parietal peritoneum which lines the remainder of the 
abdominal cavity (Albanese et al. 2009; Bouchet 1989; Fischbach et al. 
2003; Pawlaczyk et al. 1996; Rubin et al. 1988). Functionally in PD, the pa-
rietal peritoneum appears to be more important than the visceral peritoneum 
(Flessner 1991). The peritoneal membrane consists of three anatomical 
components: a single mesothelial cell layer, the interstitium which is com-
posed of mucopolysaccharide matrix and bundles of collagen fibers, and the 
capillary wall (Flessner 1996b, 1991). The peritoneal microvasculature is 
comprised of true capillaries and post capillary venules, while most of the 
lymphatic drainage is through stomata located in the diaphragmatic perito-
neum. For a more in-depth discussion on the topic of peritoneal anatomy, 
functional structure, or physiology, please refer to previous chapters. 

 
Peritoneal transport comprises three simultaneous processes: diffusion, 

ultrafiltration, and fluid absorption (Burkart 2000). There is now cumula-
tive evidence supporting the view that the major site of resistance to peri-
toneal transport is provided by the peritoneal capillary and is likely the key 
determinant of transport capacity (Flessner 1996b; Krediet 2000a). The 
mesothelium is no longer considered an important transport barrier 
(Flessner et al. 2003; Krediet et al. 1993). Furthermore, the barrier function 
of the interstitial tissue is not well known (Flessner 1996b). 

 
The three-pore model of peritoneal transport is a simple simulated com-

puter model that for the most part, adequately describes peritoneal per-
meability and selectivity (Rippe et al. 1991; Rippe et al. 2004). Using this 
model, the capillary endothelium contains three distinct types of pores.  
The major exchange route for water and solute is through a large number 
of “small pores” (radius 40-50 Angstroms), corresponding to paracellular 
clefts in the endothelium (Bundgaard 1984). Small pores account for 95% 



1484 K. CY To and K.S. Brimble

 
of the hydraulic conductance and functionally for approximately 50% of 
the effective ultrafiltration (Fusshoeller 2008). A second very small popu-
lation of “large pores” (radius 250 Angstroms), likely representing inte-
rendothelial clefts serve as the transcapillary pathway for albumin and oth-
er large proteins (Rippe et al. 2004). The third population consists of the 
abundant “ultra-small pores” (radius 3-5 Angstroms) that are responsible 
for the transport of solute-free water across the capillary wall. Ultra-small 
pores have been predicted to mediate 40 to 50% of the ultrafiltration and 
the “sodium sieving” observed during a dwell with hypertonic dextrose. 
Aquaporin-1 (AQP1), a protein belonging to a family of integral plasma 
membrane proteins has been found to be the molecular counterpart of the 
ultra-small pores (Devuyst 2010; Devuyst and Ni 2006). 

 
29.2.1.1   Effective Peritoneal Surface Area 

 
In adults, the anatomic surface area is approximately equal to the body 

surface area, ranging from 1.0 to 2.0 m2 (Albanese et al. 2009; Nagy 1996).  
However, during a session of PD, the entire peritoneum is not in contact 
with dialysate to partake in solute and water transport.  Moreover, the peri-
toneal surface area that is in contact with dialysate participates to varying 
degrees, determined primarily by the peritoneal vascularity (Krediet et al. 
1994). This has led to the term, "effective peritoneal surface area" which 
emphasizes the importance of peritoneal membrane vascularity over its 
anatomic surface area. The effective peritoneal surface area is the product 
of the vascular peritoneal surface area and the permeability (also referred 
to as size selectivity). In turn, the vascular peritoneal surface area is de-
pendent on the peritoneal surface area in contact with dialysate (PSA-CD) 
and on the density of perfused capillaries (Chagnac et al. 1999). Using ste-
reologic methods applied to CT scans of the peritoneal membrane, the 
PSA-CD was estimated to be 0.55 m2 (25 to 30% of the anatomic surface 
area) in adult PD patients (Chagnac et al. 1999). An increase from a 2.0 to 
3.0-L dwell volume was associated with an 18 % increase in the PSA-CD 
from a mean value of 0.57 to 0.67 m2, and in a 28% increase in the mass 
transfer area coefficient (MTAC) for creatinine from 10.6 to 13.6 ml/min. 
The MTAC is also known as the permeability-surface area product and is 
equal to the theoretical clearance of a solute that would be achieved if the 
concentration gradient was always infinitely high. The MTAC is typically 
calculated with the aid of a computer program,  

 

                                    0D
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                         (29.4) 
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where VD is the drain volume, t is the dwell time (240 minutes), P is the 
plasma concentration, D0 is the dialysate concentration before inflow, Dt 
is the dialysate concentration at the end of the dwell (Krediet et al. 
2000a).  Although the effective surface area cannot be measured directly, 
it can be characterized by the MTAC of creatinine, expressed as ml/min 
(Krediet et al. 1993).   

 
The transport of macromolecules such as serum proteins are size-

selectively restricted, and thus determined by both the effective surface area 
and permeability (size-selectivity) of the peritoneum. On the contrary, the 
transport of low-molecular-weight solutes is not hindered by the intrinsic 
permeability of the peritoneum and is therefore mainly dependent on the ef-
fective surface area ( Krediet et al. 1994). Consequently, changes in the D/P 
ratios of small solutes and in the MTAC reflect changes in the effective sur-
face area (Krediet et al. 1993). The effective surface area can increase mar-
kedly in certain situations, such as, peritonitis, ultrafiltration failure following 
chronic PD, and following intraperitoneal administration of nitroprusside, a 
vasodilator (Douma et al. 1997; Krediet et al. 1987,  2000a). 

 
29.2.2   Peritoneal Blood Flow 

 
The visceral peritoneum receives its blood supply from the superior me-

senteric artery and drains into the portal system while the parietal perito-
neum receives its blood supply from the lumbar, intercostal, and epigastric 
arteries and its venous drainage is through the inferior vena cava (Bouchet 
1989). The number of perfused peritoneal capillaries is dynamic and varies 
with changes in splanchnic blood flow, although a direct relationship is  
unlikely (Aune 1970).   

 
Under physiological conditions, peritoneal blood flow (estimated between 

50 and 100 ml/min) does not limit the transfer of solutes, as the MTAC for 
urea and creatinine are 17 and 10ml/min, respectively (Flessner and 
Lofthouse 1999; Heimburger et al. 1992; Rosengren and Rippe 2003; 
Waniewski et al. 1992). This is demonstrated by the finding that a reduction 
in blood flow by hemorrhagic hypotension resulted only in a marginal de-
crease in urea and creatinine clearance (Erbe et al. 1967; Greene Jr et al. 
1970). It is important to note that the “effective blood flow” available is only 
a fraction of the total blood flow through the tissues surrounding the perito-
neal cavity because some capillaries are too far from the mesothelium to be 
active in the exchange process or they are in a part of the peritoneum not in 
contact with dialysate (Flessner 1996a, b). Moreover, there is evidence indi-
cating that perhaps peritoneal blood volume rather than blood flow per se, 
determines the degree of peritoneal mass transfer (Pietrzak et al. 1989). 
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Therefore, in PD, the clearance of small solutes is not limited by peritoneal 
blood flow, but rather, dialysate flow (Flessner and Lofthouse 1999). 

 
29.2.3   Peritoneal Equilibrium Test 

 

First described in 1987 by Twardowski, the peritoneal equilibration test 
(PET) is the most widely used standard test for evaluation of peritoneal 
transport characteristics, specifically solute transport and ultrafiltration ca-
pacity, which are fundamental in guiding the PD prescription (Twardowski 
et al. 1987). There is considerable variability in membrane transport prop-
erties between-patients and within-patients over time. The goals (van Bi-
esen et al. 2010) of evaluating peritoneal membrane transport are: 1) To 
optimize the PD prescription with respect to small solute clearance, vo-
lume management, and treatment of uremia; 2) To evaluate peritoneal 
membrane function over time; 3) To assess other membrane characteris-
tics, such as, osmotic conductance of glucose, aquaporins, lymphatic reab-
sorption, hydraulic conductance (in patients with ultrafiltration failure). 

 
This semi-quantitative assessment is influenced by the molecular weight 

of the solute of interest, membrane permeability, and the peritoneal effective 
surface area. There is far less between-patient variability in the peritoneal 
clearance of urea due to its more rapid equilibration between dialysate and 
plasma than with creatinine at 4-hours as illustrated in Fig. 29.1 (more nar-
row distribution of the D/Purea-time curve). As such, the 4-hour peritoneal 
clearance of creatinine is used to characterize the small-solute transport cha-
racteristics of the membrane. Conventionally, the PET test is performed with 
2.0-L of 2.5% dextrose solution for a 4-hour dwell. The technical aspects of 
the test are outlined elsewhere (Twardowski et al. 1987). Equilibrium ratios 
(D/P) between dialysate and plasma for urea (D/P urea), and creatinine (D/P 
creatinine) are calculated at 4-hours. For glucose, D/D0 glucose is calculated 
to determine the fraction of absorbed glucose from the dialysate at 4-hours 
to the initial dialysate glucose concentration (D0). Peritoneal transport status 
is then classified into one of four membrane categories based on the 4-hour 
D/P creatinine: High, High-average, Low-average, and Low. High transpor-
ters (defined as a D/P creatinine greater than +1 standard deviation [SD] 
from the mean) have the highest D/P creatinine and the lowest D/D0 glucose 
(< -1 SD from the mean). Conversely, low transporters (defined as a D/P 
creatinine less than -1 SD from the mean) have the lowest D/P creatinine 
and the highest D/D0 glucose (> +1 SD from the mean). In 90% of properly 
conducted PETs this inverse relationship between D/D0 glucose and D/P 
creatinine is observed (Prowant et al. 2010). The PET is also used to meas-
ure the net ultrafiltration. Ultrafiltration volumes correlate positively with 
the 4-hour D/D0 glucose and negatively with D/P creatinine. A baseline PET 
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study is performed shortly after a patient has been established on PD and can 
be repeated routinely (i.e. yearly) based on local practice patterns or when 
there is clinical suspicion of change in membrane transport characteristics 
(i.e. hypervolemia, malnutrition, metabolic disturbances). Consideration of 
individual patient-specific peritoneal membrane characteristics (small solute 
clearance and ultrafiltration capacity) will allow nephrologists to tailor a PD 
prescription to meet the needs of the patient. 

 
(a) 

 

Fig. 29.1 Standard peritoneal equilibration curves for (a) creatinine, (b) 
urea, and (c) glucose absorption showing ranges for High, High-average, 
Low-average, and Low transporters. (Adapted from Twardowski ZJ, et al. 
Peritoneal equilibration test. Perit Dial Bull 1987:7:138) 
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(b) 

Fig. 29.1 (Continued) 
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(c) 

Fig. 29.1 (Continued) 

29.2.3.1   Peritoneal Membrane Transport Status 
 
As originally described by Twardowski (Twardowski et al. 1987), peri-

toneal membrane transport status is classified into one of four transport 
categories. However, it has been proposed that the classification should be 
changed to three categories that may be more intuitively related to the 
dwell time (van Biesen 2010): Fast, Average, and Slow transporter status.  
In the discussion that will follow, the classification as it was originally  
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described by Twardowski was used but the reader should be aware of this 
alternative classification used in the literature.  

 
29.2.3.1.1   High Transporters 

 

High transporters have a relatively larger effective peritoneal surface 
area or higher intrinsic membrane permeability and achieve the most rapid 
diffusive transport, resulting in the highest D/P creatinine values (Li and 
Chow 2007). This also explains the observation of higher dialysate protein 
losses and lower serum albumin values. However, high transporters have 
the lowest D/D0 with reduced ultrafiltration capacity owing to more rapid 
dissipation of the glucose osmotic gradient and resultant negative ultrafil-
tration in dwells with 1.5% dextrose for longer than 3 hours (Perl et al. 
2009; Mujais et al. 2000). High transporters dialyze well with respect to 
small solute clearance but ultrafiltration poorly and are best suited for PD 
prescriptions with short dwells, preferably less than 3-hours. The conveni-
ence of APD in performing frequent exchanges with short dwell times 
makes this modality the ideal choice for High transporters. For High trans-
porters who choose to do CAPD due to lifestyle preferences, such as, sleep 
disturbance from the cycler, consideration for the use of icodextrin for the 
long night dwell should be given, especially when there is loss of RRF. 

 
Amongst the four transporter types, High transporters have been asso-

ciated with the highest mortality (Rumpsfield et al. 2006; Brimble et al. 
2006; Churchill et al. 1998; Fried 1997). This was best demonstrated in a 
meta-analysis by Brimble et al (Brimble et al. 2006) that included 19 stu-
dies (9 prospective) in PD patients with PET data and mortality and/or 
technique failure outcomes. Compared to patients with low transport sta-
tus, High transporters had a 77% increased mortality risk (RR 1.15 for 
every 0.1 increase in D/P creatinine, P<0.001); a finding that was present 
in studies from diverse geographic regions and in patients with a variety of 
comorbidities. There was a trend towards death-censored technique failure 
in those with higher transport status (D/P creatinine) that did not meet sta-
tistical significance (P=0.12). Furthermore, studies that enrolled patients 
on APD demonstrated a lower mortality risk for a given increase in perito-
neal membrane solute transport rate compared with those that did not, sug-
gesting APD may be more appropriate for High transporters. Possible me-
chanisms for the adverse outcome seen in High transporters include: 
protein losses leading to malnutrition, volume overload, inflammation, and 
greater systemic exposure to glucose. 

 
An observational study by Johnson et al (Johnson et al. 2010) using data 

from the Australia and New Zealand Dialysis and Transplant (ANZDATA) 
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registry also suggested that the higher mortality associated with High 
transporters can be abrogated by the use of APD. 

 
The ANZDATA registry included data from 4128 incident PD patients 

who started PD between 1999 and 2004, of which 628 were High transpor-
ters. There were 486 patients in the CAPD and 142 in the APD group.  
Compared to High transporters treated with CAPD, APD-treated High 
transporters were more likely to be Caucasian (P=0.006), younger 
(P=0.003), and less likely to have diabetes (P=0.03). Mean baseline PET 
D/P4hr creatinine was comparable between the APD and CAPD groups 
(0.88 vs. 0.87, P=0.15). On multivariate intention-to-treat analysis, treat-
ment with APD was associated with superior survival (adjusted HR 0.56, 
P=0.01) and comparable death-censored technique survival (HR 0.88, 
P=0.4). There were no statistically significant differences in patient surviv-
al or death-censored technique survival between APD and CAPD for 
High-average and Low-average transporters. Conversely, Low transporters 
treated with APD compared to CAPD had a higher mortality rate (HR 
2.19, P=0.04). One of the main limitations of this study was the lack of ad-
justment for RRF due to incomplete data collection. 

 
Randomized controlled trials supporting the use of APD to improve clini-

cal outcomes in High transporters are lacking. A randomized open-label trial 
(Bro et al. 1999) comparing APD and CAPD in 25 prevalent PD patients 
with High or High-average transporters showed statistical difference in net 
ultrafiltration, Kt/Vurea and creatinine clearance, but was not powered to eva-
luate patient or technique survival. A meta-analysis by Rabindranath in-
cluded 3 randomized controlled studies of APD versus CAPD involving 139 
patients with different transport status, including the study above (Bro et al. 
1999) and found no difference in patient or technique survival. However, the 
meta-analysis lacked statistical power and subgroup analysis was not under-
taken in High transporters (Rabindranath et al. 2007). 

 
29.2.3.1.2   Low Transporters  

 

Low transporters have low membrane permeability or a small effective 
peritoneal surface area, resulting in a lower D/P creatinine that is semi-
linearly correlated with the dwell duration. Serum albumin values tend to 
be higher since dialysate protein losses are lower. The D/D0 glucose values 
are higher resulting in excellent net ultrafiltration that peak late in a long 
dwell. There is sustained ultrafiltration even in dwells longer than 4 hours. 
Low transporters benefit from higher volumes (see section on Fill Vo-
lumes in CAPD and APD) and continuous regimens, such as CAPD 
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(Burkart et al. 1996). Low transporters are more difficult to treat with APD 
unless they have significant RRF.  

 
29.2.3.1.3   High-Average and Low-Average Transporters 

 
The equilibration of creatinine for “Average” transporters is moderately 

fast, with a steeper equilibration slope in the beginning than at the end of a 
dwell. Ultrafiltration capacity is also intermediate.  Dwell times less than 2 
hours and longer than 7.5 hours should be avoided except for one ex-
change per day (the “long dwell”) (van Biesen et al. 2010).  

 
In clinical practice however, patient lifestyle and preferences are the 

main driving force for choice of PD modality rather than peritoneal trans-
port characteristics. Most patients, irrespective of their membrane transport 
status can be managed successfully the majority of the time with APD or 
CAPD, especially when they have RRF. However, when RRF is lost over 
time, the PD prescription (dwell time) should be chosen to match the peri-
toneal transport characteristics if targets for solute clearance and/or ultra-
filtration are not achieved (see Table 29.3). 

 
Table 29.3 Peritoneal equilibration test results, ultrafiltration, and  
preferred PD modality (Twardowski et al. 1987; Birkart et al. 1996) 

 

Transport 
Status 

4-hr D/P  
creatinine 

Ultrafiltration Preferred PD 
Modality 

High > 0.81 Poor APD 
High-average 0.65 to 0.81 Adequate APD/CAPD 
Low-average 0.50 to 0.64 Good APD/CAPD 
Low < 0.50 Excellent CAPD 

 
Membrane transport characteristics can change over time. Some patients 

develop histomorphological and functional changes of the peritoneal 
membrane during long-term PD and following recurrent episodes of peri-
tonitis (Davies et al. 2011). Typical morphological changes during PD  
include the loss of mesothelium, sub-mesothelial fibrosis, angiogenesis, 
vasculopathy, and basement membrane duplication (Fusshoeller 2008).  
Chronic exposure to glucose based PD solutions, glucose degradation 
products, and resulting advanced glycation end-products are the most im-
portant factors contributing to the development of fibrosis and a large ef-
fective surface area (Krediet et al. 2000b; Fusshoeller 2008). Based on bi-
opsy registry data, high-volume APD patients tended to have more 
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peritoneal fibrosis after less time on PD, pointing to a cumulative dose ex-
posure effect (Fusshoeller 2008).   

 
The functional peritoneal alterations include impaired transport of water 

and solute. Ultrafiltration failure is defined clinically as net ultrafiltration < 
400 ml over a 4-hour dwell with 3.86% dextrose and affects approximately 
35% of all PD patients after 4 years of treatment (Smit et al. 2004). Ultra-
filtration failure is classified into four types (which can overlap) based on 
the underlying pathophysiology (Fusshoeller 2008): type 1 - large effective 
peritoneal surface area; type 2 - low osmotic conductance to glucose; type 
3 - low effective peritoneal surface area; and type 4 – high effective lym-
phatic absorption rate. 

 
The most frequent cause of ultrafiltration failure is a large effective peri-

toneal surface area with resultant hyperpermeability of the membrane (type 
1) (Fusshoeller 2008). There is rapid dissipation of the osmotic gradient 
(from rapid glucose absorption) leading to less fluid removal and/or fluid ab-
sorption. The use of icodextrin and shorter dwell times with APD may help 
to maintain adequate ultrafiltration. Strategies for the prevention of ultrafil-
tration failure include: the avoidance of excessive glucose exposure, preser-
vation of RRF, and prevention of peritonitis (Davies et al. 2011). 
 
29.2.4   Residual Renal Function 

 

Randomized trials of dialysis adequacy and observational studies in 
adult patients have confirmed that RRF is a stronger predictor of patient 
survival than PD dose (Bargman et al. 2001; Lo et al. 2003; Paniagua et al. 
2005). In the CANUSA study, a prospective observational study of inci-
dent peritoneal dialysis patients, each 5 L/week of RRF was associated 
with a 12% reduction in the relative risk of death (Bargman et al. 2001).  
Subsequent studies have shown a consistent association between RRF and 
lower rates of adverse cardiac outcomes, including left ventricular hyper-
trophy and congestive heart failure (Wang et al. 2002; Wang et al. 2004).  
RRF has also been postulated as the main reason for the early survival ad-
vantage seen in PD patients compared to HD patients, especially in  
non-diabetics (van den Wall Bake et al. 2006). 

 
The minimum recommended delivered small solute clearance, as meas-

ured by the total (peritoneal and renal) Kt/Vurea is ≥ 1.7/week (NKF-
K/DOQI 2006; Blake et al. 2011). Therefore, the more RRF a patient has, 
the less important the dialysis dose is in contributing to clearance targets.  
The RRF contribution to urea clearance can be estimated from a 24-hour  
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urine collection. Take the example of a 70-kg male patient with residual 
renal urea clearance of 4 ml/min. The total weekly residual Kt/Vurea is 0.96 
units/week [urea clearance of 40-L (4 ml/min x 1-L/1000 ml x 60 min/hr x 
24-hr/d × 7d/wk) divided by total body water (Vurea) of 42-L (70-L × 0.6)], 
and thus contributes 56% of the total target Kt/Vurea (0.96/1.7). As a guide, 
for each 1 ml/min of residual renal clearance, 0.25 is added to the total 
Kt/Vurea for a 70-kg man (van Biesen et al. 2010). Similarly, each 1ml/min 
of residual renal creatinine clearance adds 10 L/week/1.73m2 to the total 
weekly creatinine clearance.  Patients with substantial RRF that reach the 
weekly target for creatinine clearance (≥ 50 – 60 L/week/1.73 m2) are at 
risk of Kt/Vurea values below the target (Tzamaloukas 1998; NKF K/DOQI 
2006). This is due to the differential renal tubular handling of creatinine 
and urea in advanced renal failure, secreted in the former and reabsorbed 
in the latter. Therefore, residual renal creatinine clearance overestimates 
the glomerular filtration rate, while residual renal Kt/Vurea underestimates 
it. As such, RRF should be evaluated by a 24-hour collection and calcula-
tion of the mean urea and creatinine clearance should be used. 

 
Observational data from a recent large study of 583 PD patients found 

that APD was associated with a higher risk of complete RRF loss in the first 
year of dialysis compared to CAPD (Michels et al. 2011). However, in a 
2007 Cochrane Systematic Review, there was no associated difference be-
tween PD modality and preservation of RRF (Rabindranath et al. 2007).  
The PD prescription should aim to preserve RRF by gradually increasing the 
dialysis dose, accurately targeting ultrafiltration to avoid dehydration, and 
using the lowest possible dialysate dextrose concentration required to 
achieve ultrafiltration (Davies 2009). Two randomized clinical trials have 
suggested that the use of angiotensin-converting enzyme inhibitors (ACEI) 
or angiotensin II blockers (ARB) preserve RRF independent of their effects 
on blood pressure (Li et al. 2003; Suzuki et al. 2004). Prevention of RRF 
loss also involves the avoidance of potential nephrotoxins (Bargman et al. 
2001). National guidelines (Blake et al. 2011; NKF-K/DOQI 2006) recom-
mend the use of ACEI or ARBS in PD patients to preserve RRF, and the use 
of diuretics to increase urine volume (in patients with ≥ 100 ml urine/day).  

 
29.2.5   Body Surface Area (BSA) and Body Weight 

 

BSA and body weight affect the prescribed PD dose. Weekly creatinine 
clearance is normalized to 1.73 m2 of BSA, while urea clearance is norma-
lized to V, total body water or urea distribution space. V is calculated by 
Watson’s formula and expressed in liters (Watson et al. 1980). BSA is  
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calculated using Du Bois’ formula (Du Bois and Du Bois 1916). The rela-
tionship between V and BSA is not linear and is affected by the degree of 
change of body weight and by gender (Tzamaloukas et al. 1998). Compar-
ing these formulas, an increase in body weight in a given patient will pro-
duce an increase in V that is disproportionately greater than the increase in 
the BSA. That is because body weight is weighted more in the Watson 
formula than the Du Bois formula. The result is that weight gain causes a 
relatively smaller decrease in normalized creatinine clearance than in 
Kt/Vurea. Achieving clearance and volume targets in larger patients may re-
quire higher fill volumes, such as 2.5 or 3-L fills, especially when RRF is 
lost but may be limited by discomfort. The effect of increasing fill volumes 
on clearance and patient tolerability will be discussed later in the chapter. 

 
Technique survival in CAPD has been shown to depend mostly on clear-

ances in relation to body size and RRF (Twardowski et al. 2009). In a pros-
pective observational study of 277 CAPD patients, none of the large patients 
(BSA > 1.9 m2, weight > 75 kg, BMI > 25 kg/m2) remained on CAPD for 
more than 80 months once RRF was lost, mostly because of inadequate 
clearances or difficulties with volume control (Twardowski et al. 2009). 
There were no associations between PET D/P creatinine and BSA, PET 
D/D0 glucose and BSA, or PET drain volume and body weight. In a retros-
pective study of 93 PD (CAPD and APD) patients, there was no association 
between BMI and long-term technique survival (Barone et al. 2010). 
 
29.2.6   Peritonitis 

 

During an acute episode of infectious peritonitis, vasoactive substances 
cause enhanced perfusion of blood flow and vasodilation of peritoneal ca-
pillaries to increase the effective peritoneal surface area. This results in a 
transient increase in small solute clearance and a reduction in ultrafiltration 
(i.e. conversion to High transporter status) that is usually reversible within 
1 or 2 weeks of starting appropriate antibiotic therapy (Krediet et al. 1987).  
In order to preserve ultrafiltration in this setting, adjustment to the PD pre-
scription may be needed by using shorter dwell times and/or non-dextrose 
dialysate solutions, such as icodextrin. Recurrent peritonitis may result in 
hyperpermeability of the peritoneal membrane and morphological changes, 
such as, submesothelial fibrosis and angiogenesis (Fusshoeller 2008). 

 
29.2.7   Patient Compliance 

 

The achieved or delivered PD dose may be significantly lower than the 
prescribed dose due to poor compliance, commonly through omission of  
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exchanges or shortening of dwell times. The reported prevalence of  
non-compliant CAPD patients varies between 10 and 40% and in APD 
patients between 15 and 20% (Rivetti et al. 2002). In a large question-
naire-based study (Blake et al. 2000) of 656 CAPD patients from Canada 
and the US, the overall noncompliance rate was 13% (defined as missing 
more than one exchange per week or more than two exchanges per 
month). The rate of noncompliance was likely underestimated as the sur-
vey measured admitted rather than actual noncompliance. On multiple 
regression analysis, the following characteristics were independent pre-
dictors of noncompliance: greater than 4 exchanges per day, black race, 
being employed, younger age, and the absence of diabetes (Blake et al. 
2000). The results of this study highlight the importance of patient life-
style considerations when considering CAPD prescriptions and avoid-
ance of more than four exchanges per day. Patient compliance with PD 
has been evaluated by the administration of questionnaires, home visits, 
teledialysis, or the use of removable memory cards from cycler machines 
(Juergensen et al. 2004). 

 
In an attempt to minimize the dialysis burden for patients new to PD, 

one approach would be to incrementally increase the dialysis component 
of solute clearance as RRF declines. However, this approach requires dili-
gent monitoring of RRF every 2 month as previously suggested (NKF-
K/DOQI 2006). In a study using urea kinetic modeling targeting a weekly 
Kt/Vurea of 2.0, an average sized patient with High-average transport cha-
racteristics and RRF can be initiated and maintained for approximately 8-
months with a single 2.5-L nocturnal exchange and for 8 to 17 months 
with two nocturnal exchanges of 2.5 L each (Keshaviah et al. 1994). 
Another alternative to improving compliance is the use of larger volume 
exchanges instead of increasing the number of exchanges per day to in-
crease clearance (discussed in the next section).  In parts of the world 
where the cost of dialysis is incurred by patients, this may also affect PD 
compliance and hence achievable dose of PD. 
 
29.3 PRESCRIPTION SPECIFIC FACTORS AFFECTING 
CHRONIC PD DOSE 

 
29.3.1   APD and Cycle Frequency 

 

Overnight cycles using an automated device have been used now for 
decades (Diaz-Buxo et al. 1981; Diaz-Buxo et al. 1984). APD refers to any  
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type of PD therapy involving an automated device (Kathuria and Twar-
dowski 2009). APD therefore includes: intermittent PD (IPD) whereby 
patients received 12-24-hours of therapy several times (but not every day) 
a week, continuous cyclic PD (CCPD) whereby patients perform cycles at 
night and a long daytime exchange during the daytime, nocturnal intermit-
tent PD (NIPD) which is essentially CCPD without a daytime exchange, 
and tidal (TPD) which is discussed in more detail below. All of these  
involve a number of cycles, generally through the night for patient con-
venience. Another form of APD is continuous flow PD, which has been 
evaluated as a method to increase solute clearance through the continuous 
flow of dialysate in and out of the peritoneal space (Diaz-Buxo 2004). It 
is discussed in more detail later in the setting of acute kidney injury 
(AKI).  

 
A number of studies have attempted to determine what the optimum 

number of cycles are in a given time period. Recognizing that with each 
cycle, time is required to drain and fill, it stands to reason that at some 
point there is a trade-off where increasing the number of cycles in a given 
period of time will lead to diminished solute clearance as the drain and fill 
times becomes an ever-increasing proportion of each cycle and the total 
dialysis time. Figure 29.2 illustrates this point. A simple analysis of the 
volume × time product in the different scenarios demonstrates that with 
increasing frequencies of exchanges, longer fill/drain times have an in-
creasingly negative effect on the total dialysate volume available to the 
peritoneal membrane (see Fig. 29.3). These examples assume a total ther-
apy time of 9.0-hours, an overall ultrafiltration of 1.2-L for all scenarios, 
fill volumes of 2.0-L, and varying combined fill and drain time. With in-
creasing number of cycles, the detrimental effect of increasing the drain 
and fill time is more pronounced. This of course ignores the fact that 
small solute clearance is not linear and will decrease over the length of an 
exchange as the concentration gradient dissipates, depending on a number 
of factors (i.e. fill volume, gradient, solute properties, peritoneal mem-
brane transport properties etc.), but nevertheless illustrates the point and is 
likely very relevant when considering middle molecule clearance, as is 
discussed later.  
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(a) 

 
(b) 

Fig. 29.2 Nightly intermittent PD over 9 hours showing three scenarios with 
2.0-L fill volumes: (a) 5 exchanges; (b) 9 exchanges; and (c) 13 exchanges. 
 



29   Factors Affecting Peritoneal Dialysis Dose 1499

 

 
(c) 

 

Fig. 29.2 (Continued) 
 

 
Fig. 29.3 The calculated product of volume x time in 9 hours of nightly in-
termittent PD based on varying number of exchanges (1, 5, 9, and 13) of 
2.0-L and fill and drain times for each exchange. The calculations assumed 
a net ultrafiltration for all scenarios of 1.2-L. 
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How long does the fill and drain phases take? Brandes et al found that 

fill rate was faster for a greater fill height and for patients in the supine po-
sition (Brandes et al. 1995). Larger bore catheters did not influence the 
findings. The average fill rate was 290 ml/min and was completed after 7.9 
minutes. The drain phase was characterized by an initial rapid and linear 
rate of 350 ml/min achieving 83% of the fluid removal after about 5 mi-
nutes. This was followed by a transition phase and a subsequent much 
slower drain rate (36 ml/min), presumably due to the viscera collapsing on 
the catheter at the transition point. Not surprisingly, the time to the transi-
tion point was shortened by an increased drain height. These results sug-
gest that the drain time could be shortened without leaving much fluid be-
hind and thereby increasing clearances by lengthening the dwell times. 

 
Baczynski and colleagues conducted a study in 17 PD patients to deter-

mine the impact of drain and fill periods of a cycle on solute removal 
(Baczyski et al. 2010). Briefly, they carried out an infusion of dialysate 
followed immediately by drainage; the time taken was noted and a sample 
drawn to determine the solute mass removal (concentration × volume) dur-
ing the first experiment. In the second experiment, an exchange with the 
same dialysate volume was then performed for the same duration as in the 
first dwell. The fluid was then again removed and a sample drawn. This is 
shown schematically in Fig. 29.4. The PD efficacy of the infusion and 
drainage period was calculated as the ratio of the solute removal in the first 
experiment to that of the second experiment, less correction made to sub-
tract the additional impact of an infusion and drainage period in the second 
experiment. The authors took into account the residual volume present in 
each experiment, which was assumed to be 222-ml based on previous ex-
periments by the research group. This value is likely to vary between pa-
tients in reality and may introduce some error in the calculations. They al-
so adjusted for the time-dependency of solute removal – i.e. there will be 
less solute removal during the drain phase in the second experiment be-
cause of the preceding dwell, lessening the concentration gradient across 
the peritoneal membrane. This ‘correction factor’ was based on previously 
determined isotope experiments and estimated to be 0.89 for urea and 0.90 
for creatinine. Thus for determination of the efficacy of urea removal dur-
ing the inflow and drain phases, the final equation would be: 

 

                             ( )
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where C1 and C2 represent the solute concentrations (urea or creatinine) of 
the drawn samples in the two experiments and V1 and V2 the respective 
volumes of dialysate upon drainage. The overall estimate of k was 0.87 for 
urea and 0.68 for creatinine, however several patients had values greater 
than unity, bringing into question the validity of such a method. An alter-
native, more pragmatic approach is to use a value of 0.5, assuming that on 
average half of the dialysate volume is available to the peritoneal mem-
brane during the inflow or drain period (Amici 1998). 

 
Fig. 29.4 An illustration of the experiment conducted by Baczyski et al. 
2010 designed to determine solute clearance restricted to the fill and drain 
phases of an exchange. The upper panel shows fluid is infused followed 
immediately by drainage of the fluid. In the lower panel fluid is held after 
the initial infusion for the same period of time as the drain phase deter-
mined from the first experiment. Fluid is then drained out. 

 
Juergensen and colleagues (Juergensen et al. 2002) examined the effects 

of increasing the exchange frequency (and therefore total volume) in 11 
APD patients over a fixed time period of 9-hours. Patients had fill volumes 
of 2.5-L during the cycles with a final volume of 2.0-L to hold during the 
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day. They used convenient total volumes of 9.5-L (3 cycles), 14.5-L (5 
cycles), and 19.5-L (7 cycles) to make use of 2, 3, or 4 × 5-L dialysate 
bags. Each participant performed each of the schedules one week apart. 
The authors found, not unexpectedly, that peritoneal clearance, as meas-
ured by either pKt/Vurea or peritoneal creatinine clearance, increased with 
increasing cycle frequency (to a maximum of seven). The pKt/Vurea in-
creased from 1.68 in the 9.5-L trial to 2.06 in the 14.5-L and 2.29 in the 
19.5L trials, respectively. This increase of 23% and 36% in the 14.5-L and 
19.5-L trials was greater than the 16% and 21% increases observed for the 
creatinine clearance. The increase in clearances observed was accompa-
nied by increases in ultrafiltration, more so in the Low-Average transpor-
ters compared to the High-Average and High transporters. 

 
29.3.2   CAPD and Exchange Frequency 

 

Similarly to APD, one would expect that an increase in exchange fre-
quency in CAPD would lead to increased clearance of small solutes. This 
is at the expense of increased costs and possible decreased quality of life 
due to the increased time involved in performing the exchanges during the 
daytime. Szeto and colleagues evaluated 100 anuric CAPD patients who 
were stable but required an increased intensity of dialysis using a non-
randomized design (Szeto et al., 2002). Fifty agreeable participants added 
an additional 2.0-L exchange (baseline 3 or 4 exchanges) while an addi-
tional 50 participants who did not agree to the increase represented the 
control group. A significant increase in Kt/Vurea of 21% was observed in 
the intervention group (1.58 to 1.91); no change was seen in the control 
group. A similar increase was observed with creatinine clearance. Ultrafil-
tration volume increased 210 ml with the increase in the number of  
exchanges.  

 
29.3.3   Fill Volumes in CAPD and APD 

 

As has been previously pointed out, peritoneal clearance of small so-
lutes such as urea are determined solely by dialysate flow rate once equili-
brium has been achieved between the plasma and dialysate. To enhance 
dialysate flow rate, i.e. drain volume, the options include increasing the fill 
volumes, increasing the number of exchanges, or enhancing ultrafiltration 
by increasing the osmotic strength of the dialysate (Krediet et al. 1998).  
From a patient’s perspective it would seem likely that an increase in the fill 
volume, if not associated with adverse symptoms, would be preferable to 
an additional exchange which is time-consuming and may impact on  
quality of life. 
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The traditional peritoneal dialysate volume (fill volume) used in patients 

is 2.0-L. Increasing the fill volumes with each exchange should increase 
solute removal by increasing dialysate flow rate, but as already mentioned, 
at the expense of additional fluid used and potential side-effects including 
patient discomfort, the development of hernias etc. Keshaviah and col-
leagues carried out a study to determine the relationship between BSA, fill 
volume and solute removal in PD patients (Keshaviah et al. 1994). They 
found that the KoA (overall membrane permeability × surface area) in-
creased in a linear fashion between 0.5 and 2.0-L fill volumes with a near-
doubling over this range.  Diminishing returns were observed however as 
the fill volume was increased to 3-L with less than a 10% further increase 
in the KoA. However, the peak KoA increased with BSA, suggesting that 
fill volumes can be increased with larger patients. The explanation for the 
effect of fill volume on KoA is that it recruits a greater amount of the peri-
toneal membrane surface area.  Even higher volumes appeared to decrease 
the KoA, suggesting that at these volumes complete mixing of the dialysate 
does not occur. 

 
A more recent study further clarified the effects of increased fill volume 

as previously mentioned. Ten PD patients underwent two separate studies 
of a 2.0-L and 3.0-L dwell. Each 1.0-L of solution contained 790-ml of 
1.36% glucose-based solution, 160-ml of 0.45% NaCl, 50-ml of CT-
contrast, and radio-labeled albumin to estimate peritoneal volume 
(Chagnac et al. 2002). CT-imaging of the peritoneal space was undertaken 
to estimate peritoneal surface area in contact with the PD solution. The au-
thors found that increasing the dialysate volume from 2-L to 3-L (resulting 
increased volume 46%) led to an 18% increase in effective peritoneal sur-
face area (0.57 to 0.67 m2). 

 
Previous modeling studies suggest that for the typical CAPD on 2.0-L × 

4 exchanges, in the absence of RRF, a significant proportion of patients 
would not be able to achieve a total weekly Kt/Vurea of 1.7 (Nolph et al. 
1994). Low/Low-average transports more than 67 kg would likely have 
weekly Kt/Vurea values less than this while High-average and High trans-
porters above 63- and 61-kg respectively, would also be receiving insuffi-
cient dialysis based on this criterion.  In the absence of peritoneal function 
testing, another study suggested that 90% of CAPD patients receiving a 
drain volume:total body volume ratio of at least 0.304 would have a 
pKt/Vurea of at least 1.7 (Tzamaloukas et al. 2007). As an example, a 70-kg 
patient with an estimated volume of 40.6-L would need to have a drain vo-
lume of 12.3-L, an improbable value in CAPD patients. Such a drain vo-
lume would be difficult to achieve without some combination of 3.0-L fill 
volumes, increased number of exchanges, and/or high ultrafiltration rates. 
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The average weight in the validation cohort was 69.3-kg and the average 
drain volume 9.0-L as a point of comparison. This would confirm the sug-
gestion that standard CAPD 2.0-L × 4 exchanges in insufficient in the ma-
jority of CAPD patients based on clinical practice guidelines, particularly 
in the absence of significant RRF. 

 
While there is no question that increasing fill volumes will increase 

small solute clearance, tolerability must be assessed. This question has 
been addressed in several studies. A small study of 11 patients sought to 
determine whether 2.5-L exchanges could be tolerated in a CAPD regimen 
(George et al. 1989). Eight of the patients substituted all 4 of their 2.0-L 
exchanges while the remaining 3 patients substituted 1 exchange. In the 8 
patients who substituted all exchanges for the larger volume, the daily urea 
clearance increased 14.6% and the creatinine clearance 9.5%. No change 
in the ultrafiltration was observed although a trend to increased ultrafiltra-
tion in the 2.5-L fill volume group was observed. More modest changes 
were seen in the remaining three patients. Importantly, the vast majority of 
patients tolerated the increased volumes without worsening symptoms – 10 
of the 11 patients would continue the 2.5-L fill volumes. 

 
Harty et al. conducted a randomized controlled trial in CAPD patients in 

which patients already on a 2.0-L × 4 exchange prescription were rando-
mized in a 2:1 fashion to receive an increase in fill volume of 0.5-L or to 
maintain the same prescription (Harty et al. 1997). The primary outcome 
was urea and creatinine clearance at 1-year. As a result, 42 patients were 
randomized to the increased volume and 26 patients to maintain current 
volumes. Unfortunately, 28 patients failed to complete the 1-year follow-
up (transplant, transfer to HD, medical illness, and death) and 7 patients in 
the increased fill volumes group were intolerant to the change in regimen 
(29%). Not surprisingly, patients who were intolerant had lower body 
weight and BSA and were more likely to be women, reflecting the smaller 
size of the female patients. Of the remaining 17 patients who tolerated the 
increased volumes, daily drain volume increased from 8.9-L to 10.7-L at 
1-year (P< 0.0001) and pKt/Vurea increased from 1.59 to 1.78 (12% in-
crease, P=0.0005). RRF declined at a similar rate in those who were tole-
rant to the prescription change and the control group. While these findings 
suggest that increasing fill volumes can increase drain volume and small 
solute clearance, they also point to the fact that larger volumes are often 
poorly tolerated. 

 
Harris and colleagues randomized 12 CAPD patients in a double-blind 

cross-over design to either 2.0, 2.5, or 3.0-L exchanges (Harris et al. 2001). 
Intra-peritoneal pressure was measured and the McGill pain questionnaire 
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administered to assess tolerability. With the larger volumes there was a 
tendency to increased discomfort based on only one of the sub-domains. 
Intra-peritoneal pressure increased with the larger volumes immediately 
post infusion but tended to drift back towards baseline after 3-hours into 
the exchange. It should be noted that only a 1.36% glucose-based fluid was 
used. Presumably higher strength dialysate would lead to greater ultrafil-
tration and drain volume and a greater potential for discomfort due to in-
creased intra-peritoneal pressures.  

 
A multi-centered study of 81 CAPD participants was carried out to de-

termine the resulting intra-peritoneal pressure and subjective discomfort of 
increasing fill volume from 2.0 to 2.5 and 3-L (M de Jesus et al. 2000).  
Participants were blinded to the fill volumes to prevent bias. Not surpri-
singly there was an increase in intra-peritoneal pressure with increasing fill 
volumes; this was associated with a small but statistically significant in-
crease in diastolic blood pressure. More importantly, subjective discomfort 
was higher for the larger volumes, however, 44% of participants had a low 
discomfort score with 3.0-L fill volumes compared to 86% of participants 
with 2.0-L and 64% of participants with 2.5-L volumes. The authors did 
not find any relationship between intra-peritoneal pressure and subjective 
discomfort. Intra-peritoneal pressure may be a more useful measure in 
children. In one small study of five children, initial fill volume of 940 
ml/m2 was titrated upwards based on intraperitoneal pressure measure-
ments (Fischbach et al. 1997). As a result of this, the fill volume was in-
creased to 1230 ml/m2 and weekly Kt/Vurea increased from 1.61 to 2.03. 

 
Twardowski and colleagues have shown that increasing fill volume to 

3.0-L is tolerated in about 50% of patients – those who did not tolerate this 
increase had dramatic decreases in forced vital capacity and forced expira-
tory volume particularly in the supine position (Twardowski et al. 1983). 

 
A different approach was taken in a recent study to assess the impact of 

higher fill volumes on patient tolerance (Davis et al. 2011). The authors 
searched the Manufacturer and User Facility Device Experience 
(MAUDE) database to investigate events reported related to “overfilling”. 
Overfill, as the authors point out, was a term historically used by manufac-
turers to describe an event when an excessive amount of fluid infusion 
takes place, either due to machine malfunction or user error, leading to an 
increase in intraperitoneal volume. Overfill can also occur as a result of 
excessive ultrafiltration or because of inadequate drainage of intraperito-
neal fluid prior to the next fill. The authors identified such complaints and 
related the severity of the event (minor, moderate, major, or death) to  
the ratio of the drain volume to fill volume (DV/FV). A significant  
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relationship was observed with higher ratios observed in the more serious 
cases. There were ten reports of major complaints with an associated 
DV/FV ratio of 2.14, as compared to 1.63 for minor cases. Insufficient 
drain associated with subsequent infusion was the presumed cause of 88% 
of cases. 

 
Patient discomfort may not be the only drawback to increased fill vo-

lumes. One study has demonstrated that there is a significant decrease in 
cardiac output, measured non-invasively, with an accompanying decrease in 
stroke volume and increase in total peripheral resistance as the dialysate  
volume was increased from 2.0-L to 3.0-L (Ivarsen et al. 2007). This was 
hypothesized to be due to decreased venous return from the increased intra-
abdominal pressure. Additionally, there has been evidence to suggest that 
increased fill volumes (i.e. 3.0-L) are associated with increased appearance 
of inflammatory markers such as TNF-α without increased removal of  
middle molecules such as ß2-microglobulin (Paniagua et al. 2004). 

 
A small study of 8 CAPD patients with inadequate solute removal or ul-

trafiltration using a standard 2.0-L × 4 exchange regimen underwent two 
separate experiments of a 4-hour dwell with either 2.0-L or 3.0-L of dialy-
sate. The mass transfer of small solutes such as urea and creatinine in-
creased about 40% without a similar increase in the MTAC, suggesting 
that the higher volumes increased solute removal primarily by increasing 
the dialysate flow rate and therefore the transperitoneal concentration gra-
dient rather than by increasing the effective surface area (Krediet et al. 
1988). These results are not necessarily different from that of Keshaviah’s 
group who observed minimal increases in the KoA beyond 2.0-L (but sub-
stantial increases up to 2.0-L). The increased volume did not affect ß2-
microglobulin removal, consistent with previous observations that middle 
molecule clearance is more a function of total contact time with the perito-
neal membrane surface as is discussed later. The study was limited by the 
small sample size and multiple comparisons. Of some concern, the ultrafil-
tration volume decreased in the 3.0-L versus 2.0-L fills, presumably due to 
increased lymphatic absorption from the higher intra-abdominal pressures. 
As the authors point out in a subsequent review, higher glucose strength 
solutions may offset the increased lymphatic absorption by the increased 
transcapillary ultrafiltration. 

 
The largest study to address the issue of increased fill volumes was the 

ADEMEX study (Paniagua et al. 2002). CAPD patients were randomized to 
continue 2.0-L × 4 exchanges or to an intensified PD regimen to achieve a 
target peritoneal creatinine clearance of 60 L/week/1.73 m2. This enhanced 
clearance was achieved as follows. Patients with a BSA of ≤ 1.78 m2  
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received a prescription of 2.5-L × 4 exchanges while those patients with a 
BSA > than 1.78 m2 received 3.0-L × 4 exchanges. Patients who failed to 
reach the clearance target but tolerated the increased volume received a 
fifth exchange through the night. Patients who achieved the peritoneal crea-
tinine clearance but were intolerant of the increased fill volumes underwent 
a combination of 2.5 (daytime) and 3.0-L (overnight) exchanges. Ultimate-
ly, only 85 patients required a fifth exchange indicating that this study was 
primarily an intervention of increased fill volumes. Total daily dialysate vo-
lume was 10.0-L for 37% of patients, ranging up to 15.0-L for 14% of pa-
tients. The peritoneal creatinine clearance increased from 44.5 to 57.0-
L/week/1.73 m2 and the pKt/Vurea from 1.59 to 2.13 (Paniagua et al. 2005).  
It is difficult to know however, specifically what the relationship was be-
tween increased fill volumes and enhanced clearances due to the lack of in-
formation about patient-specific interventions and associated increased 
clearances. A 100-ml/day increase in ultrafiltration was also observed with 
the increased fill volumes. 

 
29.3.4   Increasing Ultrafiltration 

 
A number of studies have examined the impact of ultrafiltration on clin-

ical outcomes. The data comes primarily from observational studies, which 
demonstrate at least a trend to increased mortality with smaller ultrafiltra-
tion volumes (Ates et al. 2001; Brown et al. 2001; Jansen et al. 2005).  
This type of data can be confounded by RRF (although NECOSAD was a 
study of anuric patients), membrane transport status, salt and fluid intake, 
and middle molecule clearance. Increasing ultrafiltration, through the use 
of dialysis fluid with higher strength of glucose or the use of an icodextrin-
based solution, should increase the removal of solutes of varying sizes via 
convective clearance. Most studies have evaluated the role of these solu-
tions as a means to increase ultrafiltration rather than clearance however. 
A recent meta-analysis and systematic review identified five randomized 
controlled trials comparing urea and creatinine clearance using icodextrin 
or a glucose-based solution for an overnight dwell (Qi et al. 2011). Perito-
neal creatinine clearance ranged between 2.59 and 4.4 with a weight mean 
difference of 0.51 compared to glucose. Similar results were seen with 
urea. Results were highly significant for both solutes and heterogeneity in 
the studies was not observed. This meta-analysis confirms the clinical im-
pression that enhanced ultrafiltration with icodextrin will increase small 
solute clearance, presumably through increased convective clearance. 
While increasing the glucose strength of dialysis solutions will presumably 
also increase clearance through increased convective clearance, the in-
creased glucose exposure may have long-term detrimental effects on the 



1508 K. CY To and K.S. Brimble

 
patient and is therefore not a recommended strategy to increase solute 
clearance (Blake et al. 2011). 

 
29.3.5   Tidal PD 

 

TPD is a method that has been around for decades (Steinhauer et al. 
1991). The basic concept is that rather than exchanging the entire drain vo-
lume only a portion of it is removed with a similar amount re-infused in 
order to maintain dialysate contact with the peritoneal membrane. While 
advantageous in patients who have pain with outflow of the dialysate 
where typically a small portion of the fluid is left in with each exchange, 
its role to enhance clearances has not been shown to be as useful. Addi-
tional, as discussed below, TPD may also have a role in patients who have 
prolonged drain profiles. 

 
One of the earliest studies to promote the usefulness of TPD was that of 

Flanigan et al (Flanigan et al. 1992). Using an automated device, 30 to 50 
ml/kg of dialysate was infused and left to dwell. Subsequently, a tidal 
drain volume was removed (tidal inflow + weight gain/number of ex-
changes), the remaining volume is called the reserved volume. Fresh dialy-
sate was then infused (typically 10 to 25 ml/kg) and the process is repeated 
for the required number of cycles. The hope is that the trade-off between 
decreased solute clearance because of equilibration of the reserve volume 
would offset the decreased clearance that occurs during the fill and drain 
phases of the cycle. In this particular study, APD consisted of 10-hours of 
overnight therapy (4-5 x 40-mL/kg exchanges) plus a daytime dwell of 20 
mL/kg. Patients were then converted to TPD using 8-hours overnight with 
an initial fill volume of 40 mL/kg and tidal exchanges of 10 to 20 mL/kg to 
provide hourly dialysate flows of 25 to 70 mL/kg/hr. Hourly dialysate 
flows were increased incrementally to achieve urea removal equal to that 
observed with APD. Although TPD delivered enhanced urea removal, 
16.0-L vs. 9.5-L used in APD was required. 

 
Another study took CAPD patients through a series of prescription 

changes to evaluate solute clearance (Rodriguez et al. 1998). Patients went 
from CAPD to APD (average overnight volume 14.3-L, exchange volume 
2.4-L, daytime volume 1.9-L), 50% TPD (matched to the APD regimen 
but exchanges reduced from 59.3-minutes to 37.8-minutes), and 25% TPD 
(exchange 19-minutes). Kt/Vurea increased in APD compared to CAPD 
(2.03 vs. 1.51) while TPD was intermediate (1.88 with 50% TPD and 1.80 
with 25% TPD. Another smaller study found similar clearances of urea 
and creatinine between intermittent PD and 50% TPD when dialysate flow 
rates were matched (Piraino et al. 1994). 
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Juergensen and colleagues carefully studied varying TPD prescriptions 

compared to conventional APD (Juergensen et al. 2000). One group of pa-
tients received a total of 15.0-L dialysate over 9.5-hours with the tidal vo-
lume varied between 10%, 25%, and 50%. A second group of patients re-
ceived 24.0-L of dialysate over the same time period using 25% and 50% 
tidal volumes. In the 15.0-L group, the 10% and 25% tidal volumes 
achieved significantly less Kt/Vurea than the 50% TPD and APD regimens. 
No differences in peritoneal creatinine clearance were observed. No differ-
ences were observed in the 24.0-L group although there was a trend to in-
creased creatinine clearance in the 50% tidal volume and APD regimens.  

 
Finally, one study compared APD to TPD in 30 patients using both one 

APD and one TPD treatment session using the same overnight duration (9 
hours), total treatment volume (15.0-L), and fill volume (2.5-L) (Vychytil 
et al. 1999). A tidal volume of 50% was used. The authors found that urea 
clearance was modestly higher during APD than TPD (0.52 vs 0.49). 
When patients were sub-divided into Low/Low-average and High/High-
average groups, only the lower transport group demonstrated enhanced 
clearance in the APD group. 

 
Finally, Gotch using mathematical modeling examined the impact of va-

rying drain/fill times on the efficiency of APD compared to TPD. His ana-
lyses suggested that patients with prolonged fill/drain periods would re-
ceive enhanced clearance with TPD whereas patients with typical fill/drain 
profiles would be better served continuing with traditional APD unless the 
dialysis flow rate exceeds 2 L/hr (Gotch 2002). 

 
29.3.6   Miscellaneous Scenarios in APD 

 

A number of options could be considered in APD patients when the 
dose is to be increased in order to achieve target. Two different scenarios 
are considered below. Demetriou and colleagues carried out a study that 
asked whether the addition of a manual exchange versus increasing the 
nightly dialysate flow volume was the best strategy to increase clearance in 
APD patients (Demetriou et al. 2006). The study design was a randomized 
crossover of 22 Low-average or High-average patients comparing 1 week 
of each of the following 2 strategies. In the manual daytime exchange in-
tervention, patients performed 5 exchanges of 2.0-3.0-L (based on BSA) 
overnight over 9 hours with a 10-hour last fill of 2.0-L icodextrin, fol-
lowed by a subsequent manual exchange of 2.0-2.5-L for the last 5-hours 
before the next cycle. Somewhat unusually, 75% tidal volumes were used 
rather than standard APD exchanges overnight. In the high-flow arm, pa-
tients again performed APD over 9 hours using variable volumes and 75% 
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tidal volumes, this time however with 13 exchanges. Participants then had 
a last fill of 2.0-L icodextrin until the next evening (15-hours). Eighteen 
patients completed the study and were included in the analyses. High-flow 
treatment was associated with a modest but significant increase in urea 
clearance (12.83 vs. 11.68-L) and creatinine clearance (12.83 vs. 11.68-L), 
however no difference was observed with phosphate clearance, ultrafiltra-
tion, and ß2-microglobulin clearance. Of concern, sodium removal was 
decreased in the high flow group (128.0 mmol/day vs. 176.4 mmol/day). 
This finding was almost certainly due to the sodium sieving that takes 
place with such short dwell times. Also a major concern was the estimation 
of a 34.3%-59.4% increased cost associated with the high-flow strategy. 
The rationale for using a 75% tidal volume was not clearly identified and 
the possibility that use of standard APD may have modified these results 
must be acknowledged. 

 
Another important, albeit small study, measured urea and creatinine 

clearance in 8 patients using the following four APD prescriptions: 5 × 
2.0-L, 7 × 2.0-L, 9 × 2.0-L, and 50% TPD, 14.0-L (Perez et al. 2000). All 
prescriptions occurred over 9-hours. Urea clearance increased from 7.5 to 
8.6 and 9.1-L/night with the increasing number of exchanges. Creatinine 
clearance increased in a similar fashion. The TPD strategy was only supe-
rior in clearance to the 5-exchange prescription with a urea clearance of 
8.3-L/night. Unlike the aforementioned study by Demetriou (Demetriou et 
al. 2006), sodium removal was enhanced with the increasing number of 
exchanges (114.9 mmol/night with 5 exchanges and 194.2 mmol/night 
with 9 exchanges). Patients with Low or Low-average transport status 
tended to have more modest benefits from the increased exchanges.  

 
29.3.7   Middle Molecule Clearance 

 
A large body of knowledge exists on the relationship between so-called 

middle molecules and their role as uremic toxins. A detailed discussion of 
this role is beyond the scope of this chapter. What is relevant, however, is 
the impact of different PD treatment strategies on middle molecule clear-
ance. Clearance of middle molecules does not appear to simply follow 
from that of the smaller solutes such as urea.  

 
It has been previously suggested that PD was associated with greater 

middle molecule clearance than with HD due to the high peritoneal mem-
brane permeability, continuous mode of therapy, and better preservation of 
RRF (Keshaviah 1993). The latter is not only associated with enhanced 
clearance of middle molecules through convective clearance, but tubular 
metabolism and secretion as well (Evenepoel et al. 2006). A more recent 
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study compared high-flux HD to CAPD and APD found that HD was as-
sociated with greater clearance of ß2-microglobulin and p-cresol, a pro-
tein-bound toxin (Evenepoel et al. 2006). However, clearance of both of 
these molecules was greater in CAPD than APD, although the differences 
did not reach statistical significance due to the small sample size. An older 
study demonstrated that removal of ß2-microglobulin in CAPD patients 
was linear for up to 400 minutes, consistent with the notion that increasing 
the number of exchanges is not beneficial but rather duration of contact 
with the peritoneal membrane (Lysaght et al. 1989). This is further sup-
ported by the observation that CAPD patients tended to have higher clear-
ances of ß2-microglobulin with two exchanges compared to three or four 
exchanges per day over twenty-four hours (Kim et al. 2001). 

 
Finally, the use of icodextrin to enhance ultrafiltration has also been 

shown to be associated with enhanced clearance of middle molecules as 
compared to either 1.36% or 3.86% glucose-based dialysate (Ho-dac-
Pannekeet et al. 1996). These and other studies suggest that middle mole-
cule removal in PD is achieved through prolonged contact with the perito-
neal membrane and amount of ultrafiltration achieved. Whether this is 
clinically important is less clear and requires further study. 

 
29.4   FACTORS AFFECTING PERITONEAL DIALYSIS DOSE 
FOR THE TREATMENT OF ACUTE KIDNEY INJURY  

 
The use of PD and factors affecting dosing in the treatment of AKI war-

rants special consideration. There is no consensus on the best dialysis me-
thod or dose in AKI and both hemodialysis (HD) and PD are used (Gabriel 
et al. 2008; Burdmann and Chakravarthi 2011). In the 1970s, PD gained 
widespread popularity in the treatment of AKI (Ash and Bever 1995; 
Steiner 1989).  The only prerequisite for performing PD was an intact peri-
toneal cavity and access could be established promptly and safely by the 
insertion of a semi-rigid catheter at the bedside. With the availability of a 
flexible single cuff Tenckhoff catheter and automated cycler in the 1980s, 
studies reported positive results compared to intermittent HD in electrolyte 
and metabolic control (Sipkins and Kjellstrand 1981). However, with the 
increasing popularity of continuous (extracorporeal) renal replacement 
therapy (CRRT) since the late 1990s, PD has fallen out of favor (Hyman 
and Mendelssohn 2002; Rao et al. 2003). In a large international prospec-
tive observational study (Uchino et al. 2005) of AKI patients in the inten-
sive care units at 54 centers in 23 countries, 73% of the 1738 enrolled pa-
tients were treated with dialysis. CRRT was used most often (80%), 
followed by intermittent HD (17%), compared to approximately 3% 
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treated with PD.  Nonetheless, acute PD remains the mainstay of dialysis 
therapy in pediatrics and in adults in developing countries due to its ease of 
administration, availability, technical simplicity, large volume removal 
with hemodynamic tolerability, gradual correction of acid-base and elec-
trolyte imbalance, and lack of need for anticoagulation (Ansari 2011; 
Alarabi et al. 1994; Gabriel et al. 2006; Reznik et al. 1991). 
 
29.4.1   PD Dose and Adequacy Considerations in AKI 

 
The adequacy of dialysis dose in AKI is the subject of controversy as 

there are no satisfactory markers of adequacy or consensus on what rate of 
urea solute removal is adequate or optimal (Claure-Del Granado and 
Mehta 2011; Paganini 1998). Urea kinetic modeling has been applied to 
patients with AKI, although, it has not been validated for use in the criti-
cally ill population (Schiffl 2007; Claure-Del Granado and Mehta 2011). 
There are several limitations to the extrapolation of the clearance-based di-
alysis dosage, such as Kt/Vurea and creatinine clearance from the chronic 
dialysis population for use in AKI. Firstly, patients with AKI are often in a 
hypercatabolic state. Urea generation can vary on a hourly basis requiring 
a dynamic urea kinetic model (Chitalia et al. 2002). Secondly, the calcula-
tion of the volume of distribution of urea (Vurea) using derivative formulae 
has been shown to consistently underestimate the true Vurea due to exces-
sive production of endogenous water in AKI (Himmelfarb et al. 2002). 
Furthermore, there are neither randomized studies comparing various dos-
es of PD and its effect on clinical outcomes in AKI; nor are there clinical 
guidelines on a minimum target dose of PD in AKI (Evanson et al. 1998; 
Paganini 1998; Claure-Del Granado and Mehta 2011). Extrapolating data 
from HD studies in AKI, a minimum weekly dose of standard Kt/Vurea of 
2.1 has been suggested with even higher small solute targets in highly  
catabolic patients (Chionh et al. 2010). 

 
The clearance of MMW molecules, such as, pro-inflammatory cyto-

kines, with the goal to attenuate the inflammatory response has been a 
treatment target in sepsis-associated AKI but currently there are no estab-
lished method and clinical evidence for dosing PD based on MMW clear-
ance (Ronco et al. 2008; Chionh et al. 2010). Clearance of small urea and 
MMW molecules in AKI, however, may not be the major determinants of 
short-term outcomes, but rather the adequate removal of “very small 
waste” (i.e. potassium, hydrogen ions, etc.) and fluid overload (Claure-Del 
Granado and Mehta 2011). However, these parameters have not been the 
target of dialysis adequacy measurements in randomized dialysis dose stu-
dies.  Persistent hypervolemia in critically ill patients have been associated 
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with adverse clinical outcomes, including, mortality, prolonged ventilation, 
AKI and increased length of intensive care stay (Bagshaw et al. 2008; 
Cerda et al. 2010; Yerram et al. 2010). The use of PD in AKI adequately 
accomplishes volume removal and is well tolerated in hemodynamically 
unstable patients (Chitalia et al. 2002; Gabriel et al. 2007). One limiting 
factor with the use of PD in AKI is the control of ultrafiltration volume 
due to a combination of inability to accurately monitor intraperitoneal vo-
lumes and variability in ultrafiltration with fixed dextrose exchanges 
(Chionh et al. 2010). Although the same situation applies in patients on 
chronic PD, the requirement in the intensive care setting for higher fluid 
intakes coupled with more rapid changes in clinical status makes the use of 
PD a challenge in AKI requiring experienced staff. 

 
Hypercatabolism is often found in patients with rhabdomyolysis, multi-

organ failure, and sepsis.  Given the slow continuous solute removal with 
PD, the efficiency of PD to treat uremia in hypercatabolic patients has 
been the subject of controversy (Mehta and Letteri 1999; Steiner 1989; 
Phu et al. 2002). Several studies have reported positive outcomes asso-
ciated with PD in hypercatabolic patients (Bohorques et al. 1990; Chitalia 
et al. 2002; Gabriel et al. 2006, 2007; Gastaldi et al. 1981; Indraprasit et al. 
1988). However, these studies are limited by small sample size, inconsis-
tent definition of hypercatabolism, inappropriate or lack of measurements 
for catabolic state, and variable definitions of PD success (Ansari 2011). 

 
29.4.2   PD Prescription Factors Affecting Dose 

 
Similar to in chronic PD, the key determinants of solute clearance in 

AKI are dialysate flow rate, effective peritoneal surface area, BSA/body 
weight, and RRF (Chitalia et al. 2002; Gabriel et al. 2008). The acute PD 
dialysis session length can vary significantly (12 to 72 hours) depending 
on the etiology and duration of AKI, the amount of solute and fluid re-
moval required, and the need for ongoing nutritional support (Passadakis 
and Oreopoulos 2007). Acute PD prescriptions should be reassessed every 
24 hours in acutely ill patients to see if changes need to be made to meet 
catabolic demands, solute and fluid targets. Dextrose based solutions play 
a key role in acute PD; other solutions such as amino acid and icodextrin 
have little utility in this setting. With a standard regimen, using 2.0-L hour-
ly exchanges with 1.5% dextrose results in an ultrafiltration rate of 50 -150 
ml/hour (1200 – 3600 ml/24 hour). The use of higher tonicity dextrose so-
lutions, 2.5% – 4.25% can result in large volume fluid removal of  
200 – 400 ml/hour (Passadakis and Oreopoulos 2003). 
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29.4.3   PD Techniques in AKI 
 
29.4.3.1   Intermittent PD  

 
Classical Intermittent PD (IPD) is the oldest PD modality and has been 

used widely in the treatment of AKI (Cameron et al. 1967; Tzamaloukas et 
al. 1973). A typical acute IPD session is 16-24 hours long, with each ses-
sion comprising 20-30 exchanges of 1- 3-L of dialysate every hour 
(Passadakis and Oreopoulos 2007; Burdmann and Chakravarthi 2011). The 
delivered doses with IPD typically vary from 40 to 60-L per session (urea 
clearance 8 – 12 ml/min). In a randomized trial (n = 70) comparing acute 
intermittent PD (IPD) and hemofiltration in a Vietnamese population, in 
which malaria (69%) was the leading cause of AKI, treatment with IPD 
was associated with higher mortality, slower decline in creatinine and 
worse acid-base control (Phu et al. 2002). However, this study has been 
criticized as the IPD group used rigid catheters, an open system with ma-
nual exchanges, and too short a fill time that may have contributed to the 
poorer outcomes observed (Daugirdas 2002). Adequate small solute clear-
ance may be difficult to achieve with IPD in hypercatabolic patients 
(Burdmann and Chakravarthi 2011). 

 
29.4.3.2   High-Volume PD 

 

High-volume continuous PD (HVPD) is a modality developed to in-
crease higher small solute clearance. A 24-hour treatment using HVPD 
(36-44 L/session) can produce as much small solute removal as a 4-hour 
session of HD (Gabriel et al. 2007). This was demonstrated in a prospec-
tive cohort study of 30 AKI patients that used high volume PD (targeting 
pKt/Vurea 0.65 per session), the achieved normalized creatinine clearance 
and pKt/Vurea values were 110 L/week/1.73 m2 and 3.8 respectively. The 
same group (Gabriel et al. 2008) followed up with a randomized control 
trial in 120 patients with AKI secondary to acute tubular necrosis compar-
ing high volume PD with daily HD. The high volume PD session was de-
fined as 24-hours of dialysis with sessions performed 7 days per week us-
ing a cycler through a flexible Tenckhoff catheter. Two-liter exchanges 
were performed with 35 to 50 minute dwell times for a total of 36 to 44-
L/day and 18 to 22 exchanges/day. In the daily HD group, a session lasted 
at least 3-hours and was performed 6 times/week. Baseline characteristics 
were similar for age, gender, severity of AKI, and APACHE II score, pre-
dialysis urea and creatinine. Patients that were highly catabolic, as defined 
by Schrier’s criteria (Schrier 1979) were excluded. Metabolic control, mor-
tality, and renal function recovery were similar in both groups.  However, 
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the reported 30-day mortality was high in both groups (HVPD 58% versus 
daily HD 53%, P=0.49). The weekly delivered Kt/Vurea was lower in the 
HVPD group (3.6 versus 4.7, P<0.01). 

 
29.4.3.3   Continuous Equilibrated PD 

 

Continuous equilibrated PD (CEPD) is similar to CAPD but more inten-
sive and can be performed manually or with a cycler. Compared to IPD, 
the dwell times are longer.  Dialysate is continuously instilled and drained 
every 2-6 hours to provide 4 to 8 dwells daily (Bohorques et al. 1990).  
This technique provides low-flow continuous dialysis that may not be ade-
quate for highly catabolic patients (Ansari 2011). Compared to IPD, CEPD 
achieves lower solute clearance due to the lower dialysate flow rates (urea 
clearance 5 – 7 ml/min) (Amerling et al. 2003; Nolph 1988).    

 
29.4.3.4   Tidal PD 

 

TPD is performed with a cycler using rapid exchanges and a constant 
tidal volume in the peritoneal cavity that is not drained, typically 50% of 
the initial fill volume (2 to 3-L) (Chitalia et al. 2002; Passadakis and Oreo-
poulos 2003; Ansari 2011). Sessions vary from 8 to 12 hours, during 
which 26 to 30-L of dialysate are exchanged. TPD increases solute clear-
ances by increasing the peritoneal contact time for constant clearance 
while maintaining high dialysate flow rates. One randomized crossover 
study of 87 patients compared CEPD to TPD in AKI reported higher small 
solute clearance with TPD (creatinine clearances in ml/min of 9.94 in TPD 
vs. 6.74 in CEPD, P=0.001; and urea clearance in ml/min of 19.85 in TPD 
vs. 10.63 in CEPD, P=0.001); ultrafiltration volumes (2.8 L/session TPD 
vs. 2.0 L/session CEPD, P=0.03), even though the total volume of dialy-
sate per session was the same (26 L) (Chitalia et al. 2002). In the same 
study, TPD was superior to CEPD in the removal of potassium and  
phosphate. 

 
29.4.3.5   Continuous Flow PD 

 

Continuous flow PD (CFPD) has regained popularity in recent years and 
has long been considered to have the highest solute clearance and ultrafil-
tration of any PD modality (Dell'Aquila et al. 2007; Ronco and Amerling 
2006). This technique maintains a certain intraperitoneal volume (2-3L) 
with a continuous influx and outflow of dialysate without interruptions 
through the use of double lumen catheters (Ronco and Amerling 2006).  
This eliminates wasted time during inflow and drain and there is a  
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continuous concentration gradient for solute clearance.  Continuous dialy-
sate flows of 100 to 300 ml/min can be achieved with urea clearances in 
the range of 30 to 50 ml/min (Amerling et al. 2003). An 8 hour session 
with CFPD in a 70 kg patient can yield a Kt/Vurea 0.58/session or a weekly 
standardized Kt/Vurea 4.0 assuming daily treatments (Cruz et al. 2001).  
Mean ultrafiltration rates using 1.5% dextrose solution have been reported 
as 13.4 ml/min in a single pass dialysate system (Cruz et al. 2001). The 
main limitation for widespread use of this technique is the cost associated 
with use of commercially available dialysate due to the high dialysate flow 
rates. The dialysate can be used in a single pass or in a recirculation loop 
with a regeneration system to lower costs (Dell'Aquila et al. 2007). 

 
29.5   CONCLUSION 

 
PD offers patients a home-based therapy to carry out their dialysis in a 

variety of different ways, including APD and CAPD. Dose of dialysis has 
traditionally been measured as small solute clearance (i.e. urea or creati-
nine) although one may also measure the clearance of middle molecules or 
protein-bound molecules such as β2-microglobulin or p-cresol. Treatment 
of acid-base disturbances, electrolyte disorders, and volume disturbances 
should also be recognized as important functions of PD that are not specif-
ically measured when measuring urea clearance.  

 
Earlier studies suggested the need for a higher level of small solute clear-

ance than was achievable in many patients – these results have been since 
shown to be a function of RRF. Randomized trials have shown that increas-
ing the dose of PD beyond a peritoneal Kt/Vurea of 1.7 (or alternatively  
increasing the CAPD prescription beyond 2.0-L x 4 exchanges) is not asso-
ciated with improved quality of life or survival.  Nevertheless, some dose of 
dialysis is important for patients and some data exists that suggests there is a 
threshold effect of small solute clearance on outcomes in anuric patients.  

 
There are a myriad of patient- and prescription-specific factors that af-

fect the delivered dose of PD (see Fig. 29.5). Although patients with sig-
nificant RRF can likely initiate on virtually any standard PD therapy, with 
loss of RRF one may need to tailor the PD prescription to the individual 
patient.  Larger patients may tolerate increased volumes as a means of in-
creasing the dose of PD to patients. More frequent exchanges can be used 
in either CAPD or APD, one must recognize however that there is a limit 
to this after which time lost with filling and draining of dialysate becomes 
an ever-increasing proportion of the total dialysis time. Patients with high-
er transport status as measured by the PET are better suited to APD with 
more frequent exchanges and the use of icodextrin as a long dwell,  
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whereas, patients with lower transport status will tend to do well on CAPD 
where exchanges are longer, allowing more time for equilibration of so-
lutes.  A properly functioning PD catheter is vital to the delivery of PD and 
hence the achievable PD dose. Understanding the patient’s physiological 
characteristics, personal preferences and social circumstances coupled with 
a sound comprehension of the principles of PD and the prescription-factors 
that affect dose will lead to the best care for that patient. 

 

Fig. 29.5 Factors affecting peritoneal dialysis delivered and achieved dose. 
RRF = residual renal function; BSA = body surface area; SA = surface area  
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ESSAY QUESTIONS 
 

1. Discuss some of the patient and prescription factors that would  
violate the assumption that dialysate and plasma urea concentra-
tions are equivalent at the completion of an exchange. 

 

2. Discuss the advantages and disadvantages of increasing fill volume 
from 2.0-L to 2.5-L in an APD patient on a 9-hour overnight sche-
dule as opposed to increasing the number of exchanges from 5 to 7. 

 

3. Discuss the advantages and disadvantages of using tidal PD as op-
posed to standard APD. 

 

4. Compare and contrast the factors that influence small solute clear-
ance such as urea from that of a middle molecule such as β2-
microglobulin in PD. 

 

5. A patient known to have Low-average transport status on CAPD 
presents with peritonitis. Three days later the patient now presents 
with fluid overload. Discuss what has likely happened and suggest 
a prescription modification to manage the problem. 

 

6. Compare and contrast the four peritoneal membrane transport cat-
egories with respect to small solute clearance and ultrafiltration.  
What is the preferred PD modality for each transport type? 

 

7. A 50 year-old man with diabetes as the cause of his renal failure 
has been on CAPD for 5 years.  He has progressive leg swelling 
and shortness of breath over the last 2 weeks.  Work-up for cardiac 
disease is non-contributory.  His last PET done 1-year ago indi-
cates a High-average transport status.  Thinking in terms of patient 
and prescription-specific factors, what are potential causes?  
 

8. Discuss how residual renal function (RRF) affects the PD dose and 
ways to preserve it in patients on PD? 

 

9. A patient with known Low membrane transport status has been on 
NIPD for 5 years and has lost his RRF.  His PD prescription con-
sists of 12-L over 8 hours (2-L volumes, 6 exchanges with 1.5% 
dextrose solution).  His last adequacy test showed that he is not 
meeting targets for small solute removal.  He is adamant to stay on 
APD due to lifestyle factors.  What modifications would you make 
to his PD prescription to improve small solute clearance? 

 

10. What are the advantages and disadvantages of using Continuous 
Flow PD in the treatment of AKI? 
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MULTIPLE CHOICE QUESTIONS 

 
Choose the best answer 
 
1. A 70-kg patient with high-average transport status is prescribed 2.0-L x 
4 exchanges. His UF is 1.0-L. His estimated peritoneal Kt/Vurea is: 

A. 1.70 
B. 1.55 
C. 1.62 
D. 1.83 

 
2. A CCPD patient performs 5 exchanges x 2.0-L over 9 hours and holds 
1.8-L during the daytime. His UF overnight is 0.8-L and his UF when he 
comes on to the cycler machine the next evening is 0.5-L. What is his total 
drain volume? 

A. 11.8-L 
B. 11.1-L 
C. 12.3-L 
D. 13.1-L 

 
3. A patient on NIPD performs 6 exchanges over 9-hours each night. It 
takes 8 minutes to fill and 9 minutes to drain each cycle. What is his dwell 
time for each cycle? 

A. 54 min 
B. 90 min 
C. 73 min 
D. 17 min 

 
4. Which of these factors is a potential drawback to increasing fill volumes 
in PD patients? 

A. decreased cardiac output 
B. decreased vital capacity 
C. increased patient discomfort 
D. all of the above 

 
5. A patient performs TPD using 2.0-L fill volumes, 50% tidal volumes, 
and receives 14-L over 8-hours. How many exchanges were performed? 

A. 13 
B. 7 
C. 14 
D. 16 
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6. You have a CAPD patient on 2.0-L x 3 exchanges a day and you decide 
to modify the prescription to maximize middle molecule clearance. Which 
scenario would increase the clearance of middle molecules? 

A. increase to 4 exchanges a day 
B. convert to NIPD, 7 exchanges over 9-hours 
C. convert to TPD using 50% tidal volumes, total volume 14.0-L over 

9 hours 
D. None of the above 

 
7. Which of the following does not affect drain time in a CAPD patient? 

A. malpositioned catheter 
B. bore size of catheter 
C. drain height 
D. none of the above 

 
8. A patient with some RRF whose PET study demonstrated him to have 
low transport status is initiated on CAPD 4 exchanges with 2.0-L volumes 
using 1.5% dextrose bags. His initial Kt/Vurea is only 1.5. Which of the 
following modifications to his prescription would not improve his clear-
ance? 

A. conversion of overnight dwell to icodextrin 
B. addition of furosemide 
C. increase in overnight fill to 2.5-L 
D. none of the above 

 
9. TPD is useful in which of the following circumstances? 

A. Abdominal pain associated with drainage of the dialysate 
B. As a general method to increase small solute clearance 
C. Extremely prolonged drain time 
D. A and C 
E. all of the above 

 
10. Which of the following has been shown to be associated with improved 
survival in PD patients? 

A. increased number of exchanges in CAPD 
B. increased number of cycles in APD 
C. greater middle molecule clearance 
D. residual renal function 
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11. In a patient with no RRF, the use of APD is most ideal for which 
membrane transport status? 

a) Low 
b) Low-average 
c) High-average 
d) High 

 
12. Which anatomical component of the peritoneal membrane is the major 
determinant of transport? 

A. mesothelium 
B. interstitium 
C. peritoneal capillary 
D. lymphatic 

 
13. According to the three-pore model, which pores transport solute-free 
water? 

A. ultra-small pores 
B. small pores 
C. large pores 
D. ultra-large pores 

 
14. Effective peritoneal surface area is the product of which of the follow-
ing? 

A. permeability x peritoneal size selectivity 
B. density of capillaries x anatomic peritoneal surface area 
C. vascular peritoneal surface area x peritoneal size selectivity 
D. density of capillaries x vascular peritoneal surface are 

 
15. Which PD technique used is AKI can achieve the highest small solute 
clearance? 

A. Continuous Equilibrated PD (CEPD) 
B. Continuous Flow PD (CFPD) 
C. Intermittent PD (IPD) 
D. High-volume PD (HVPD) 

 
16. The weekly residual renal Kt/Vurea for an 80 kg man with residual renal 
urea clearance of 4 ml/min is approximately: 

A. 1.04 
B. 0.84 
C. 0.52 
D. 1.22 
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17. During an episode of acute peritonitis, what transient changes in peri-
toneal membrane characteristics can be seen? 

A. increase in small solute clearance and increase in ultrafiltration 
B. decrease in small solute clearance and decrease in ultrafiltration 
C. increase in small solute clearance and decrease in ultrafiltration 
D. decrease in small solute clearance and increase in ultrafiltration 

 
18. Patient compliance with PD can be assessed with which of the follow-
ing methods? 

 
A. home visit 
B. teledialysis 
C. memory cards from cycler machine 
D. all of the above 

 
19. What morphological peritoneal membrane changes are typical in long-
term PD patients? 

A. loss of mesothelium 
B. sub-mesothelial fibrosis 
C. angiogenesis 
D. all of the above 

 
20. In AKI, why may the use of clearance-based dialysis dosage, i.e. 
Kt/Vurea and creatinine clearance be inaccurate? 
 

A. Vurea is consistently overestimated 
B. urea generation is stable 
C. Vurea is consistently underestimated 
D. none of the above 
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