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Various mathematical models have been used for
the assessment of the peritoneum as a dialysis

membrane, for example, membrane models and dis-
tributed models. These have been discussed by
Lysaght and Farrel (1) and by Waniewski (2). The
present review is based on the three-pore model (3–5).
The peritoneal membrane, as used for peritoneal di-
alysis (PD), can be divided into three parts for the
purpose of simplicity. These are the mesothelium, the
interstitial tissue, and the microvessels present in the
interstitial tissue. It is unlikely that the mesothelium
is an important barrier to solute transport because
no osmotic pressure gradient across it was found dur-
ing PD in rats (6). The barrier function of interstitial
tissue is not very well known. Using in vivo micros-
copy of the rat mesentery, a size-selective restriction
in the transport of macromolecules was detected and
has been reported (7). More recent studies compar-
ing the transport properties of liver peritoneum
(almost no interstitial tissue) with that of parietal
peritoneum were unable to show differences (8,9). The
capillary wall is probably the most important struc-
ture. Solute transport across it is generally consid-
ered to occur through a system of pores (10,11). This
process occurs mainly through a large number of small
pores (radius 40 – 50 Å), probably represented by
paracellular clefts in the endothelium, together with
a very low number of large pores (radius approxi-
mately 250 Å), allowing transport of macromolecules
from blood to peritoneum. In addition, an abundance
of water-conductive “ultrasmall pores” (radius ap-
proximately 3 – 5 Å) in the plasmalemma has been
assumed, allowing water transport but rejecting the
transfer of solutes (3–5). It has been made plausible
that aquaporins, and especially aquaporin–1, are the
proteins constituting these transendothelial water

channels (12–14). For high glucose concentrations
(3.86%/4.25%) in dialysis fluid, the three-pore model
predicted approximately one half of transperitoneal
ultrafiltration (UF) would occur through aquaporins,
with the other half through small pores.

TRANSPORT OF UREA AND CREATININE

Diffusion and convection are involved in solute
transport from peritoneal capillaries to dialysate.
Diffusion is the most important transport mechanism
for low molecular weights solutes. Diffusion through
the small pore system occurs bidirectionally, depend-
ing on the concentration gradient. The rate of diffu-
sion is determined by the product of the mass transfer
area coefficient (MTAC, the maximum theoretical
clearance by diffusion at time zero) and the concen-
tration gradient. As the latter decreases during a dwell
due to saturation of the dialysate, the diffusion rate
of urea and creatinine also decreases during a dwell.
In a situation where equilibrium is present between
plasma and dialysate concentration, the mass trans-
fer will only be determined by the net water trans-
port between blood and dialysate, that is, the drained
dialysate volume. Therefore UF rate also contributes
to solute removal. This process of solute transport is
called convection or solvent drag. The transport of
solutes by convection through transcapillary UF does
not occur on an equimolar base: in a situation where
no diffusion (transport through the small pores) oc-
curs, the dialysate concentration of a solute trans-
ported by crystalloid osmosis is lower than the plasma
concentration. It is caused by crystalloid osmosis-
induced aquaporin-mediated water transport with-
out the transport of solutes. This hindrance to
convective solute transport can be expressed as the
sieving coefficient (S) (15–18), which is the ratio be-
tween the dialysate concentration of a solute and its
plasma concentration when no transport by diffusion
occurs. It can range between 0 (the solute is too large
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for transport by convection) to 1.0 (the membrane of-
fers no hindrance to convection solute transport). The
sieving coefficient should not be confused with the
reflection coefficient σ, which is used as a measure of
the effectivity of a solute to create a crystalloid os-
motic pressure gradient across a membrane. It can
also range between 1.0 (no passage, ideal semiper-
meable membrane) to 0 (no osmotic effect). For a
homoporous membrane S = 1 – σ. The heteroporosity
of the peritoneal membrane is the explanation of why
the above equation does not apply in PD. Typical val-
ues for S of low molecular weight solutes average 0.7
(15–18), but σ values of 0.05 or less are normally re-
ported (19–23).
The permeability of the peritoneum to the trans-

port of low molecular weight solutes has tradition-
ally been investigated during 4-hour dwells, such as
in the peritoneal equilibration test (PET) (24).
Parameters that can be calculated from such a stan-
dardized test are the MTAC of a solute, its dialysate-
to-plasma (D/P) ratio, and the clearance of that solute.
Because transcapillary transport is the major pro-
cess in PD, and because the peritoneum offers no
size-selective restriction barrier to the transport of
low molecular weight solutes (25), the MTAC or
D/P ratio is determined mainly by the vascular peri-
toneal surface area. Under basal circumstances only
about 25% – 50% of the peritoneal capillaries are per-
fused (26,27). This number can be increased by, for
example, the administration of nitroprusside (26,28).
The importance of this is emphasized by the obser-
vation that peritoneal blood volume is a more im-
portant determinant of diffusion rate than is
peritoneal blood flow (29). For practical reasons,
changes in the D/P ratio of a solute or in its MTAC
can be considered to represent changes in the vascu-
lar peritoneal surface area. These changes can be
either functional (more perfused capillaries) or ana-
tomic (more capillaries present).

Based on D/P creatinine, patients have been clas-
sified into four transport categories: low, low-average,
high-average, and high. However, because peritoneal
mass transfer and peritoneal clearance of a small sol-
ute during dwells of 4 hours or more are dependent
mainly on drained volume, patients with a high D/P
ratio of creatinine may in fact have a low mass trans-
fer and clearance of this solute (30). Therefore, the
classification into transport categories based on D/P
ratios may be confusing. Because the D/P ratio of low
molecular weight solutes is dependent mainly on the
surface area of the peritoneal membrane (see above),
renaming of the four “transport” categories should be
considered. They could be named either high, high-
average, low-average, and low D/P ratio creatinine
or, alternatively, very large, large, medium, and small
surface area.

PHYSIOLOGY OF FLUID TRANSPORT

Fluid transport during PD is determined by hy-
drostatic and osmotic pressure, and also by lymphatic
drainage. Transcapillary UF rate is dependent on
the hydraulic permeability of the peritoneum, its ef-
fective surface area, and the hydrostatic, colloid os-
motic, and crystalloid osmotic pressure gradients. The
hydrostatic pressure in the peritoneal capillaries is
assumed to be 17 mmHg (31). Intraperitoneal pres-
sure during continuous ambulatory peritoneal dialy-
sis (CAPD) in the supine position averages 8 mmHg
(32), but exceeds 20 mmHg while walking (33). It is
also dependent on instilled dialysate volume (34).
This implies that the hydrostatic pressure gradient
is mainly dependent on intraperitoneal pressure. Col-
loid osmotic pressure in the peritoneal capillaries
probably averages 26 mmHg (31). In CAPD patients
who have a mean serum albumin concentration of
34 g/L (35), a value of 21 mmHg can be calculated
(36). The contribution of dialysate to the colloid os-
motic pressure gradient can be neglected because of
its low protein content.

The crystalloid osmotic pressure gradient during
PD with conventional solutions is determined mainly
by glucose. Its effectiveness as an osmotic agent de-
pends on the resistance the membrane exerts to glu-
cose transport. This is expressed as the osmotic
reflection coefficient. It can range from 1 (no passage,
ideal semipermeable membrane) to 0 (passage not
hindered). According to van ’t Hoff’s law, 1 mOsm/kg
H2O exerts an osmotic pressure of 19.3 mmHg when
the reflection coefficient is 1.0. The osmotic pressure
created by a low molecular weight solute equals the
product of the osmolality gradient and the reflection
coefficient of that solute, multiplied by 19.3. A value
as low as 0.03 for glucose has been calculated in
CAPD patients (22). It is likely that the reflection
coefficient of glucose in the small pores will be very
low, but will approach 1.0 across the ultrasmall pores.
This might explain why glucose is an effective os-
motic agent despite its small size. The maximal pres-
sure gradients during the beginning of a dialysis
exchange are summarized in Table 1. The concen-
tration gradient of glucose is maximal during the
start of a dialysis exchange and decreases during
the dwell because glucose is absorbed from the di-
alysate. This glucose absorption averages 61% of the
instilled quantity during a 4-hour dwell (37) and 75%
after 6 hours (38). The absolute but not the relative
absorption is influenced by the glucose concentra-
tion used (39). As a consequence, the transcapillary
UF rate has its maximum value at the start of dialy-
sis and decreases during the dwell.

Dextrins are glucose polymers that can also be
applied as osmotic agent during PD. Icodextrin, a dis-
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perse mixture of dextrins with an average molecular
weight of 16 800 D, is currently used in clinical prac-
tice (40). Due to its high molecular weight, icodextrin
is likely to induce colloid osmosis (41). This implies
that macromolecules are able to induce transcapillary
UF even in an isotonic or a hypotonic solution. The
process of colloid osmosis is based on the principle
that fluid flow across a membrane that is permeable
to small solutes occurs in the direction of relative ex-
cess of impermeable large solutes, rather than along
a concentration gradient. Consequently, dialysis so-
lutions containing macromolecules to remove fluid
from the body will induce water transport through
the small-pore system. The amount of fluid trans-
ported through the ultrasmall water channels is neg-
ligible because the resistance in the aquaporins is
much higher than in the small pores due to the dif-
ference between the two in radius. Water channels
require very high osmotic pressure gradients. This is
explaned in a mathematical way in Appendix A. It
can be calculated from the osmolality gradients given
in Table 1 that the crystalloid osmotic pressure gra-
dient across the water channels is (347 – 305) × 19.3 =
811 mmHg for a 1.36%/1.5% glucose solution, and
(486 – 305) × 19.3 = 3493 mmHg for a 3.86%/4.25%
glucose solution. The pressure gradients across the
peritoneal membrane that can be expected using a
monodispersed 7.5% icodextrin-based dialysis solu-
tion are shown in Table 2. It follows from this Table
that the maximum pressure gradient across the peri-
toneal membrane is 42 mmHg, which is higher than
the 12 mmHg exerted by 1.36%/1.5% glucose, but
markedly lower than the 93 mmHg exerted by 3.86%/
4.25% glucose. However, because of its lower absorp-
tion, the gradient will remain present for a much
longer time. Commercially available icodextrin solu-
tions are not monodispersed, but polydispersed (42).
The colloid osmotic pressure gradient for a number
average MW of 6200D is also shown in Table 2.

The maximal transcapillary UF values during the
first few minutes of an exchange have been reported
to average 2.7 mL/min (43) and 4.3 mL/min (4) for
dialysate containing 70 mmol/L (1.36%/1.5%) glucose.
For 200 mmol/L glucose (3.86%/4.25%), these values
average 15 mL/min (25,38,44,45). Mean values for
transcapillary UF during 4-hour dwells average 1.0 –
1.2 mL/min for 1.36%/1.5% glucose (25,37,43), and
3.4 mL/min for 3.86%/4.25% glucose (25). The
transcapillary UF rate for 7.5% icodextrin is more or
less constant during a 4-hour dwell and averages 1.4 –
2.3 mL/min (36,46). Knowledge of pressure gradients
and maximum transcapillary UF rates makes it pos-
sible to calculate the peritoneal UF coefficient (PUFC),
which is the product of the peritoneal surface area
and its hydraulic permeability (LpS). This is further
explained in Appendix A.

The lymphatic absorption rate from the peritoneal
cavity can be measured either as the disappearance rate
of intraperitoneally (IP) administered macromolecules
(47–49), or as its appearance rate in the circulation
(50,51). For the latter, the use of a radioactive-labeled
marker, such as iodinated albumin, is required. The dis-
appearance rate overestimates direct absorption into the
lymphatics because the tracer is also transported across
the mesothelial layer to peritoneal interstitial tissue (52).
The appearance rate underestimates lymphatic uptake
because only 40% – 50% of the total albumin mass is
intravascular (53). The plasma appearance rate shows
remarkably little variability (51) and is not influenced
by an increased intraperitoneal pressure (54). In con-
trast, the disappearance rate increases, the greater the
instilled dialysate volume (55) and the higher the in-
traperitoneal pressure (32,54). An effect of position on
disappearance rate can be neglected because it is only
marginal (56). Interventions aimed at reducing the lym-
phatic absorption rate, such as with IP phosphatidyl-
choline (57,58) or with IP hyaluronan (51), especially
affect disappearance rate.

TABLE 1
Pressure Gradients Across the Peritoneal Membrane During Peritoneal Dialysis

Pressure in Pressure in
peritoneal  dialysate-filled Pressure
capillaries peritoneal cavity gradient

Hydrostatic pressure (mmHg) 17 8 Recumbent 9
Colloid osmotic pressure (mmHg) 21 0.1 –21
Osmolality (mOsm/kg H2O) 305 347 (Glucose 1.36%)

486 (Glucose 3.86%)
Maximal crystalloid osmotic pressure gradient (mmHg) Glucose 1.36% (347–305)×0.03×19.3=24

Glucose 3.86% (486–305)×0.03×19.3=105
Net maximal pressure gradient (mmHg) Glucose 1.36% 12

Glucose 3.86% 93

The reflection coefficient of low molecular weight solutes is set at 0.03.
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When radiolabeled albumin is used as a tracer, both
disappearance rate and appearance rate can be mea-
sured simultaneously. The difference between the two
has been assumed to represent transmesothelial clear-
ance (51). Whatever the mechanism, convective trans-
port of solutes out of the peritoneal cavity is different
from that into it, as sieving does not occur because
solutes are either transported transmesothelially or
taken up directly into the lymphatic system. The con-
tribution of convection to diffusive transport from the
peritoneal cavity is relatively small for low molecu-
lar weight solutes, but becomes increasingly more
important the higher the molecular weight of a sol-
ute. The convection/diffusion ratio is about 0.1 for glu-
cose, 1.0 for inulin (59), but 10 for IP administered
autologous hemoglobin (60), making the disappear-
ance rate of IP administered macromolecules rela-
tively independent of molecular size (61).

GLUCOSE AND SODIUM TRANSPORT

Diffusion is the dominant transport process for
glucose, especially when a hypertonic solution is used.
However, the process of glucose transport from di-
alysate to blood is not very well understood. Recent
studies suggested that facilitated glucose transport
mediated by glucose transporters might also be in-
volved in this process, although it is not clear to what
extent these mesothelial glucose transporters con-
tribute to its transport (62,63). Convection by UF
significantly decreases the dialysate glucose concen-
tration by dilution (64). Also, the contribution of peri-
toneal fluid absorption in the removal of glucose is
not negligible because of the very high dialysate glu-
cose concentrations, although its relative contribu-
tion is less than that of diffusion.

The dialysate concentration of sodium decreases
during the initial phase of a dialysis dwell using

hypertonic solutions, followed by a gradual rise
(18,38,45,47,65,66). The minimum value is usually
reached after 1 – 2 hours. It is likely that this so-called
sieving of Na+ is caused by transcellular water trans-
port through ultrasmall pores. However, other mecha-
nisms such as temporal binding of Na+ in the
interstitial tissue cannot be excluded with certainty.
Water transport rates are high during the initial
phase of a hypertonic exchange. Therefore the de-
crease in dialysate Na+ is a dilutional phenomenon
(67). This implies that, during short dwells using
hypertonic dialysate, much more water than Na+ is
removed from the extracellular volume. This can lead
to hypernatremia (16). The gradual rise during the
subsequent hours is probably caused by diffusion of
Na+ from the circulation.
The MTAC of Na+ is difficult to calculate due to

the small differences in dialysate and plasma con-
centrations. Using 3.86% glucose dialysate, an aver-
age value of 4 mL/min has been reported during a
period of isovolemia (38,64). This may be an under-
estimation, due to the small diffusion gradient, be-
cause average values of 7 – 8 mL/min have been
found using dialysate with a Na+ concentration of
102 – 105 mmol/L (22,68). All these values are mark-
edly lower than those reported for uncharged low
molecular weight solutes, such as urea and creati-
nine. The Na+ concentration in most currently used
dialysis fluids is close to or slightly lower than the
plasma Na+ concentration, that is, Na+ transport is
accomplished almost in the so-called isocratic condi-
tion. Therefore, the diffusive transport component
plays a minor role in peritoneal Na+ transport, ex-
cept in patients where a high peritoneal Na+ gradi-
ent is present and that have a large vascular surface
area. In general however, convection, including UF-
induced Na+ transport and transport by peritoneal
absorption, dominates Na+ transport (66). Similar

TABLE 2
Pressure Gradients Across the Peritoneal Membrane During Peritoneal Dialysis Using 7.5% Icodextrin

Pressure in Pressure in
peritoneal dialysate-filled Pressure
 capillaries peritoneal cavity gradient

Hydrostatic pressure (mmHg) 17 8 Recumbent 9
Colloid osmotic pressure (mmHg) 21 M: (75×0.767×19.3)/16.8=66 45

P: (75×0.21×19.3)/6.2=49 28
Osmolality (mOsm/kg H2O) 305 285
Maximal crystalloid osmotic pressure gradient (mmHg) (285–305)×0.03×19.3=–12
Net maximal pressure gradient (mmHg) 42 (M)

25 (P)

It is assumed that the molecular weight (MW) of icodextrin is 16 800 and the reflection coefficient is 0.767 (M = mono-
dispersed). For a polydispersed solution (P), the number average MW is set at 6200, and the reflection coefficient at 0.21.
The reflection coefficient of low MW solutes is set at 0.03.
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mechanisms apply for the transport of calcium
(69,70).

GLUCOSE AND Na+ TRANSPORT IN RELATION TO

PERITONEAL PERMEABILITY CHARACTERISTICS

Recently, several reports have indicated that the
CAPD patient’s peritoneal permeability characteris-
tics have a significant impact on clinical outcome, in-
cluding patient and technique survival (30,71–75).
High D/P ratios of low molecular weight solutes were
associated with a lower patient survival (30,75). With
a detailed evaluation of the peritoneal transport char-
acteristics among the different patient groups, it ap-
peared that high D/P ratios were associated with
higher glucose absorption (increased diffusive trans-
port and increased convective transport associated
with fluid absorption) and therefore lower fluid and
Na+ removal (30).
The Na+ transport pattern differed significantly

among different D/P creatinine groups. Patients with
high D/P ratios had significantly lower convective Na+

mass transport associated with UF, and significantly
higher convective Na+ mass transport associated with
fluid absorption, when compared to patients with low
D/P ratios (66). Additionally, patients with high D/P
ratios had a high sieving coefficient for Na+ and a
high D/P Na+ value, suggesting that reduced UF may
also be related to a lower number of, or impaired func-
tion of water pores in these patients (66). It also ap-
peared that D/P Na+ values, especially during the later
part of the dwell (4 – 6 hours) (66), or even a dialy-
sate Na+ concentration at 240 minutes (76) of the
dwell using 3.86%/4.25% glucose dialysis solution,
could be used to classify patients’ peritoneal perme-
ability characteristics. Further studies are needed to
evaluate clinical application.

PERITONEAL TRANSPORT WITH DIFFERENT

FILL VOLUMES

Increasing the dialysate fill volume has recently
been recommended for increasing PD efficiency (77).
In the range between 2 and 3 L, the instilled volume
hardly influences MTACs of low molecular weight sol-
utes (55,78) although lower values have been reported
with a 1-L fill volume (78). However, a large volume
increases the total mass transfer of solutes by diffu-
sion because saturation of the dialysate will occur at
a slower rate due to the larger volume of distribution
(55). This also explains why the peritoneal concen-
tration gradient of glucose remains higher with a large
instilled volume, despite a greater total glucose mass
removal (34,55,79).
A large dialysate fill volume has marked effects on

peritoneal fluid kinetics (55,79–81). It increases the

transcapillary UF rate (79,80) due to the longer per-
sistence of the glucose gradient. However, the removal
rate of fluid from the peritoneal cavity is also higher,
due partly to increased lymphatic absorption (55,82)
and partly to transmesothelial water transport
(79,80). The effect on net UF is therefore dependent
on the magnitude of these opposing pathways of peri-
toneal fluid transport. The application of 1.36%/1.5%
glucose dialysate for a comparison between 2- and
3-L volumes in CAPD patients showed lower net UF
during the 3-L exchange (55). Increasing the fill vol-
ume in rats using 3.86%/4.25% glucose dialysate, how-
ever, caused higher net UF rates (79). The clinical
impact of increased peritoneal fluid absorption caused
by a high fill volume will be most pronounced in CAPD
patients with a large surface area because they will
also have a high glucose absorption. The effects of
increasing the instilled volume will be smaller dur-
ing automated PD.
A large instilled dialysate volume causes an in-

crease in transcapillary Na+ transport, both by con-
vection (more transcapillary UF and therefore more
dilution of Na+ in the dialysate) and by diffusion (a
larger volume of distribution and more dilution of Na+

in the dialysate). However, the absorption of Na+ by
lymphatic and transmesothelial fluid uptake will also
be increased. In a study in rats using 3.86%/4.25%
glucose dialysate, the increment in transcapillary
transport was larger than that in absorption, leading
to a greater peritoneal Na+ removal (79).

PERITONEAL TRANSPORT DURING PERITONITIS

Peritonitis is associated with several alterations
in peritoneal transport, such as increased D/P ratios
and MTACs of low molecular weight solutes, increased
peritoneal clearances of serum proteins, and de-
creased net UF (83–89). This leads to a decrease in
Na+ removal and an increase in glucose absorption
(89). The effect on the total mass transfer of urea and
creatinine will be dependent on the balance between
increased MTAC and decreased fluid removal. One
study reported a fall in UF immediately before the
clinical manifestations of peritonitis (90); but during
longitudinal follow-up, starting 2 days before perito-
nitis, no differences in solute clearances were found
(91). The decrease in net UF is caused mainly by a
rapid disappearance of the osmotic gradient. A con-
tribution of an increased fluid absorption from the
peritoneal cavity is equivocal. This has been suggested
in a study using autologous hemoglobin as a volume
marker (87,92) and also, but to a minor degree, in a
study using kinetic modeling of fluid transport (93).
However, in a more recent study using dextran 70,
no effect of the inflammatory reaction on peritoneal
fluid absorption could be established (89). Alterations
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in peritoneal transport during peritonitis return to
normal values within 1 – 2 weeks after recovery from
the infection (86,94).

The increase in the transport of all solutes travers-
ing the peritoneal membrane during peritonitis points
to an augmentation of the vascular peritoneal sur-
face area induced by the inflammatory process, most
probably caused by vasodilation (87,93). This is sup-
ported by the high dialysate concentrations of vaso-
active inflammatory mediators, such as vasodilating
prostaglandins (89,95–97). The hypothesis of a large
vascular surface area is also supported by the higher
transcapillary UF rate present during the first minute
of a dwell during peritonitis (89). This is similar to
the increase induced by the IP administration of nitro-
prusside (89,98).

FAILURE OF THE PERITONEAL MEMBRANE

“Membrane failure” in PD is not well defined. Usu-
ally, impaired transport of water and solutes is im-
plied, but failure of local host defense mechanisms
and the development of peritoneal sclerosis are also
signs of failure of the peritoneal membrane. The focus
of this paper is on failure of peritoneal transport.
Impaired transport of water and solutes has been
reported as the reason for dropout in 16% of patients
from three dialysis populations in which the mean
follow-up was 14 months (99), 15 months (100), and
24 months (101). Ultrafiltration failure was reported
in half of these patients and inadequate clearances
in the other half. However, peritoneal clearances of
low molecular weight solutes during a situation of
near equilibrium between dialysate and plasma con-
centrations, such as in CAPD, are mainly determined
by the drained volume (102). Consequently, patients
with the highest D/P ratios of creatinine may have
the lowest peritoneal mass transfer of urea due to
small drained volumes (30), as was discussed in more
detail in the section on transport of urea and creati-
nine. The effect of a high D/P creatinine on perito-
neal removal of creatinine is variable. Both higher
(75) and lower (30) peritoneal clearances have been
reported. These contrasting results may be due to dif-
ferences in the solutions and dwell times that were
employed in the two studies: 3.86% glucose for 6 hours
(30), and 2.5% glucose for 4 hours (75). Because of
the strong relationships between the drained volume
and solute transfer, it is likely that ultrafiltration fail-
ure (UFF) as a reason for dropout has been underes-
timated in the above-mentioned epidemiological
studies. Also, higher figures for dropout because of
UFF are found when the period of follow-up is longer.
In the analysis of Kawaguchi et al., UFF was the rea-
son for withdrawal from CAPD in 24% of the total
CAPD population, but it was the reason given for 51%

of patients who had been treated with CAPD for more
than 6 years (103).
It follows from the above data that impaired UF is

the most frequent transport abnormality in CAPD.
Its prevalence is dependent on duration of treatment.
Using a clinical definition, Heimbürger et al. esti-
mated it to be present in 3% of patients after 1 year,
but in 31% after 6 years (47). Clinical definitions are
subject to bias because overhydration can also occur
due to excessive fluid intake or reduced urine pro-
duction. Using a standardized 4-hour exchange with
3.86%/4.25% glucose, and defining UFF as net UF
less than 400 mL/4 hours, a prevalence of 23% was
found in a cross-sectional study in patients with a
median duration of CAPD of 19 months (range 0.3 –
178 months) (104). A prevalence of 35% was detected
in unselected patients treated for more than 4 years
in an ongoing multicenter study in The Netherlands
using the same definition (unpublished observation).
It can be concluded that UFF is an especially impor-
tant problem in long-term PD patients. It can decrease
the clearances of low molecular weight solutes and
can lead to overhydration.

INVESTIGATIONS OF ULTRAFILTRATION FAILURE

The presence of UFF is preferably investigated
using a standardized 4-hour dwell with a 3.86%/4.25%
glucose-based dialysis solution (105). This is justified
because net UF with the most hypertonic solution is
less subject to confounders, such as incomplete drain-
age or effects of other pressure gradients, than that
obtained with less hypertonic fluids; and because a
better estimation of the sieving of Na+ is possible. The
use of 3.86%/4.25% glucose does not influence D/P
ratios (106) or MTACs (25) compared to a 1.36%/1.5%
glucose dialysis solution. Analysis of data from lit-
erature on 3.86%/4.25% glucose dialysate suggests
that net UF of less than 400 mL/4 hours with this
solution can be considered clinically important UFF,
although the various studies applied different meth-
odologies (25,47,106,107). For 2.27%/2.5% glucose, net
UF less than 100 mL/4 hours (107), and for 1.36%/
1.5% solutions a value of less than –400 to 500 mL/
4 hours (37,106), can be considered impaired UF, but
the latter are especially subject to interference from
other factors.
Permeability to low molecular weight solutes such

as urea and creatinine can be expressed as the D/P
ratio after 4 hours (24), but also — when the drained
volume is taken into account — as the MTAC. Vari-
ous equations that can be used in clinical practice
are discussed in Appendix B. Good correlations have
been reported between D/P ratios and MTACs
(38,109), but low D/P ratios overestimate the MTAC,
while they underestimate it in the high range (37,109).
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As discussed in the section on the transport of urea
and creatinine, D/P ratios and MTACs of low molecu-
lar weight solutes can be considered to represent
mainly the vascular peritoneal surface area (25).
The transport of glucose can be expressed as the

Dt/D0 ratio (24) and as its absorption, expressed as a
percentage of the instilled quantity (37). Its magni-
tude is influenced by diffusion and to a lesser extent
by fluid removal from the peritoneal cavity. Also for
glucose, Dt/D0 ratios overestimate glucose absorption
in the low ranges and overestimate it in the high
ranges (37). The D/P for Na+ should preferably be in-
vestigated during a 3.86%/4.25% glucose exchange
because this solution provides the best estimation of
its sieving. It has not been established whether mea-
surement at 60 minutes (usually the lowest D/P value)
(110) or at 240 minutes (best discrimination between
the various “transport”/surface-area groups) is most
informative (66). Addition of a macromolecular
marker to dialysis solution allows one to study fluid
kinetics more precisely, but this is too complicated
for clinical practice.

ASSESSMENT OF AQUAPORIN-MEDIATED WATER

TRANSPORT

Various indirect methods can be applied in clinical
practice to estimate the magnitude of aquaporin-
mediated water transport. The sieving of Na+ is the
simplest one. It is likely that the dissociation between
the transport of Na+ and that of water is caused by
aquaporin-mediated water transport. Consequently,
the magnitude of the dip in D/P Na+ provides infor-
mation on channel-mediated water transport. How-
ever, in situations of a large vascular surface area,
the diffusion of Na+ from the circulation to the dialy-
sate will also increase, thereby blunting the decrease
of D/P Na+. Therefore, some correction for diffusion
should be considered, especially when the plasma Na+

concentration is markedly higher than the concen-
tration in the dialysis fluid. This can be done using
the D/P Na+ during an exchange with 1.36%/1.5% glu-
cose and assuming that convective transport of Na+

is so small that it can be neglected (104). The validity
of this diffusion correction in various conditions has
to be established in further studies. Furthermore, the
method, although simple, is not easily applicable be-
cause two tests have to be done. This can be avoided
by performing one test with 3.86% glucose dialysate
and using the MTAC of urate or creatinine to correct
for diffusive transport of Na+ (111).
Another simple way to assess aquaporin-mediated

transport is to calculate the difference in net UF ob-
tained after a 4-hour dwell with 1.36%/1.5% glucose
and with 3.86%/4.25% glucose dialysate. It follows
from the pressures given in Table 1 that 1.36%/1.5%

glucose induces only a small crystalloid osmotic pres-
sure gradient, and therefore only limited transport
through water channels. Net UF obtained with this
dialysate is therefore also very much dependent on
the other hydrostatic and colloid osmotic pressure
gradients. On the other hand, 3.86%/4.25% glucose
induces a very high crystalloid osmotic pressure gra-
dient and the net UF obtained with it is therefore
much more dependent on the number and function of
water channels. Consequently Δ UF 3.86%/4.25% –
1.36%/1.5% will decrease in situations with impaired
aquaporin-mediated water transport. Recently, a cor-
relation was found between aquaporin-mediated
water transport assessed by this method and by Na+

sieving, corrected for diffusion (112). Comparison of
3.86%/4.25% glucose with 7.5% icodextrin in indi-
vidual patients provides another method for the as-
sessment of transcellular water transport (36). This
will be discussed in Appendix A.
It can be concluded from the available data that

D/P Na+ or ΔNa+ are probably the simplest way for
rough assessment of aquaporin-mediated water trans-
port, but that a correction for diffusion should prob-
ably be applied when the difference between the
plasma and the initial dialysate concentration of Na+

exceeds, for example, 5 mmol/L.

CAUSES OF ULTRAFILTRATION FAILURE

Verger et al. (113) have proposed two categories of
UFF: type 1, associated with intact, and even high,
MTACs or D/P ratios of low molecular weight solutes;
and type 2, associated with impaired solute transport.
It has now become evident that type 2 is rare and
found mainly in patients with multiple adhesions. It
is possibly present in only a minority of patients with
peritoneal sclerosis (114). Low UF is overrepresented
in patients with high D/P ratios (30).
In principle, four main causes of UFF can be dis-

tinguished: (1) the presence of a large vascular sur-
face area, (2) a decreased osmotic conductance to
glucose, (3) the presence of a high disappearance rate
of IP administered macromolecules (“lymphatic ab-
sorption”), and (4) an extremely small peritoneal sur-
face area (e.g., due to multiple adhesions). Also,
combinations of causes are possible, such as (1) and
(2) [Refs. (104) and (115)] and (1) and (3) [Ref. (104)].
The effects of the various causes on the time course
of the intraperitoneal volume and Na+ sieving will be
presented in Appendix C using computer simulations
based on the three-pore model.
All studies have shown that the presence of a large

vascular surface area is by far the most frequent cause
of UFF, especially in long-term patients (47,90,104,
107,116). It is likely to be present in more than half
of the patients with this condition (47,104). Although
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a large number of perfused peritoneal capillaries
would allow high water transport rates, because a
large number of small pores and water channels are
available, this effect is counteracted by fast absorp-
tion of the osmotic agent, leading to a rapid disap-
pearance of the osmotic gradient.
A decreased osmotic conductance of the peritoneal

membrane to glucose (LpS × σ) is another cause of
low UF. It can be the result of either a decrease in the
PUFC (LpS) or a reduction of σ-glucose, which is de-
termined mainly by the number and function of
aquaporins. It is unknown whether a decrease in hy-
draulic permeability (Lp) of the interstitial peritoneal
tissue is an abnormality that can occur during PD.
Its existence is not supported by data on solute trans-
port, because the size selectivity of the peritoneum
for low molecular weight solutes is not affected by
the duration of PD (117). Only for macromolecules
was an increased size selectivity found with the du-
ration of PD (117,118). It is also unclear whether a
reduced expression of aquaporin-1 exists as a cause
of impaired UF. One patient has been described with
UFF due to an abolition of transcellular water trans-
fer, but with a normal expression of aquaporin-1 in a
peritoneal biopsy (119). This would suggest that struc-
tural alterations in aquaporin-1 leading to impair-
ment of its function would be the most important
cause of decreased hydraulic permeability. It is evi-
dent that more data on this subject are required.
The prevalence of impaired aquaporin-mediated

water transport in patients with UFF is unknown. It
was reported present in 6 patients with severe UFF
with no obvious cause in the PET (110). These pa-
tients had almost no sieving of Na+ and a reduced
difference in net UF obtained with 3.86%/4.25% glu-
cose and 1.36%/1.5% glucose. In another study in
which a diffusion correction was applied for the Na+

gradient, impaired aquaporin-mediated water trans-
port contributed to other causes of UFF in 3 of 8 pa-
tients with this condition (104). In an ongoing study,
D/P Na+60min without correction for diffusion was
0.903 in 9 patients with net UF less than 400 mL/4
hours with 3.86%/4.25% glucose, which was signifi-
cantly greater than the value of 0.873 in 15 patients
with normal UF. However, the difference disappeared
after a diffusion correction was made, using either
the MTAC urate or the MTAC creatinine (111).
The duration of PD is likely to affect aquaporin-

mediated water transport. Comparing the UF coeffi-
cients obtained with 3.86%/4.25% glucose and 7.5%
icodextrin, it appeared that a linear relationship was
present between the ultrasmall pore UF coefficient
and the time on CAPD (36). Also, in patients who de-
veloped peritoneal sclerosis, evidence was found for
decreasing transcellular water transport, as judged
from the difference in net UF between 3.86%/4.25%

glucose and 1.36%/1.5% glucose dialysate (114,120).
It can be concluded that impaired aquaporin-medi-
ated water transport can contribute to UFF, especially
in long-term PD, but more data are necessary to esti-
mate its prevalence.

Impaired net UF due to high water transport rates
associated with the disappearance of IP administered
macromolecules was found in 2 of the 9 patients with
UFF described by Heimbürger et al. (47). Combining
previously published results (104) with those of an
ongoing multicenter study in The Netherlands, a dex-
tran disappearance rate exceeding 2 mL/minute was
found in 7 of 19 patients with UFF (net UF < 400 mL/
4 hours on 3.86%/4.25% glucose), often in combina-
tion with the presence of a large peritoneal surface
area. Patients with UFF due to a high disappearance
rate of macromolecules had a proportionally increased
appearance rate of the macromolecule in plasma (121).
Up to now, no evidence has been found that suggests
the prevalence of impaired peritoneal fluid removal,
caused by high disappearance rates of macromol-
ecules, would increase with the duration of PD. The
presence of a small surface area as a cause of a low
UF rate is very rare and present only in patients with
multiple adhesions and in some patients with perito-
neal sclerosis (114,122). No quantitative data are
available on the prevalence of UF loss due to an ex-
tremely small surface area.

PATHOPHYSIOLOGICAL MECHANISMS OF

PERITONEAL MEMBRANE ALTERATIONS LEADING

TO UFF IN LONG-TERM PD

Peritonitis causes a reversible loss of UF due to
rapid dissipation of the osmotic gradient across the
membrane, as discussed in the section on peritoneal
transport during peritonitis. The question to what
extent peritoneal inflammation is involved in the
pathogenesis of established UFF and peritoneal scle-
rosis is much more difficult to answer. Acute perito-
nitis causes mesothelial cell damage (123). However,
dialysate concentrations of the mesothelial cell mass
marker CA125 were not lower than expected after
recovery from infection (124,125). Also, no relation-
ship between individual trends in transport and peri-
tonitis incidence was found in a prospective study
during a 2-year follow-up (126). This is in accordance
with findings in children, where no significant differ-
ence in peritonitis incidence was found between those
with and those without membrane failure (127). Peri-
tonitis incidence was also not a significant risk factor
for the development of peritoneal sclerosis (128,129).

These negative findings do not exclude a contribu-
tion of peritonitis to the pathogenesis of membrane
failure. The development of UFF associated with high
D/P ratios was especially marked in patients with
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multiple infection episodes in two prospective stud-
ies (130,131). This was related to either the severity
of the inflammatory reaction (131), the accumulated
days of peritoneal inflammation (130), or the micro-
organism (127). Episodes caused by Pseudomonas and
Staphylococcus aureus have been especially impli-
cated (127,131). The majority of patients with perito-
neal sclerosis had persistent or relapsing peritonitis
in the last few months of PD treatment (129). Can-
dida, Pseudomonas, and S. aureus were cultured most
often in these episodes. This supports the hypothesis
that these micro-organisms in particular can cause
severe peritonitis when an already damaged perito-
neum is present, thereby enhancing the progression
to overt peritoneal sclerosis.
It emerges from the above data that severe and

multiple peritonitis episodes may contribute to the
development of membrane failure. However, it is un-
likely to be the only or even the most important cause.
This is illustrated by the development of membrane
failure in long-term patients with no or very few epi-
sodes of peritonitis [Ref. (132) and B. Faller, personal
communication]. The relationship between the du-
ration of PD and the occurrence of membrane fail-
ure suggests that continuous exposure to
nonphysiologic dialysis fluids is an important factor.
During the past few years an increasing amount of
circumstantial evidence has come out of studies in
animals and patients, that especially glucose is in-
volved in the development of various alterations in
the peritoneal membrane. Glucose was more toxic to
mesothelial cells in a chronic animal model than were
low pH, lactate, and hyperosmolality (133). In addi-
tion, glucose passes the mesothelium easily, expos-
ing all peritoneal tissues to extremely high glucose
concentrations. These concentrations are much
higher than those normally found in the plasma of
patients with diabetes mellitus. This may explain the
diabetiform alterations in the peritoneal microvas-
culature, such as reduplications of the capillary base-
ment membrane (134) and the marked increase in
the number of microvessels (135) with deposition of
collagen IV (135,136). In a recent study, fibrotic and
vascular alterations could be induced in a chronic
rat model with daily infusion of 3.86%/4.25% glu-
cose during 20 weeks (137). Infusion of a Ringer’s
lactate solution caused no peritoneal abnormalities.
Accumulation of advanced glycosylation end-prod-

ucts (AGE) has also been described (138), especially
in the vascular walls (139).

The combination of neoangiogenesis with the depo-
sition of extracellular matrix resembles the abnormali-
ties found in diabetic microangiopathy. Vascular
endothelial growth factor (VEGF) is the most impor-
tant growth factor involved in the neoangiogenesis of
diabetic retinopathy (140). Similarly, transforming

growth factor β (TGFβ) is a key mediator in the extra-
cellular matrix expansion present in diabetic nephro-
pathy (141). It was recently found that dialysate levels
of VEGF and TGFβ in CAPD patients exceeded ex-
pected concentrations when only transport from the
circulation would have occurred (142). Interestingly,
VEGF levels were correlated with MTAC creatinine
and inversely correlated with the transcapillary UF
rate. High dialysate VEGF concentrations resemble
the situation in diabetic retinopathy where VEGF in
ocular fluid was increased in patients with prolifera-
tive diabetic retinopathy (143,144).
Patients with peritoneal sclerosis had a greater

cumulative glucose exposure, in a retrospective analy-
sis, than their controls matched for the duration of
CAPD (129). All this evidence suggesting an impor-
tant pathogenetic role for glucose, does not exclude
an additive contribution of acidity or of glucose deg-
radation products formed during heat sterilization of
dialysis fluids.
In this paper on pathophysiology of peritoneal

membrane failure, the peritoneal transport mecha-
nisms of solute and fluid transport have been dis-
cussed, followed by the pathophysiological
mechanisms and causes of impaired ultrafiltration.
Evidence has been presented pointing to diabetiform
peritoneal neoangiogenesis as the main, but not the
only cause of UFF.

APPENDIX A

The peritoneal ultrafiltration (UF) coefficient
(PUFC) is the product of the hydraulic permeability
of the peritoneum (Lp) and the surface area (S). It
can be calculated from the maximal transcapillary
UF rate (TCUFRmax), as present during the first
minute of a dwell, and the overall peritoneal pres-
sure gradient according to the Starling equation

TCUFRmax = LpS(ΔP – σΔΠ + σΔO) (A1)

in which ΔP is the hydrostatic pressure gradient, ΔΠ
the colloid osmotic pressure gradient, ΔO is the crys-
talloid osmotic pressure gradient, and σ is the reflec-
tion coefficient. For ΔΠ, a σ value of 1.0 is usually
assumed. For glucose, a reflection coefficient of 0.03
has been calculated in CAPD patients, based on the
three-pore model (22). Another, simpler approach to
estimate σ of the overall crystalloid osmotic pressure
gradient is a comparison between 1.36%/1.5% glucose
and 3.86%/4.25% glucose dialysate. For 1.36%/1.5%
glucose dialysate, the following substitution can be
made based on the values presented in Table 1 and
in the section on physiology of fluid transport:

2.7(mL/min) =LpS[9–21+σ(42×19.3) mmHg]. (A2)
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For 3.86%/4.25% glucose the following values apply:

15 (mL/min) = LpS[9 – 21 + σ(181×19.3) mmHg]. (A3)

Because LpS is the same in Eqs (A2) and (A3), a
value of 0.05 can be calculated for σ of the crystal-
loids that exert the crystalloid osmotic pressure gra-
dient. In the three-pore model (Appendix C), a value
of 0.05 is assumed.
Substituting σ = 0.03 in Eq (A1) yields for 3.86%/

4.25% glucose

15 (mL/min) = LpS(9 – 21 + 105 mmHg),

LpS = 0.16 mL/min/mmHg.

The osmotic conductance (LpS × σ) is

0.16 × 0.03 = 4.8 μL/min/mmHg.

When σ = 0.05 is substituted in Eq (A1) the follow-
ing is obtained with 3.86%/4.25% glucose:

15 (mL/min) = LpS(9 – 21 + 175 mmHg),

LpS = 0.09 mL/min/mmHg.

The osmotic conductance (LpS × σ) is

0.09 × 0.05 = 4.5 μL/min/mmHg.

These examples show very clearly that small dif-
ferences in σ lead to markedly different values for
LpS, but that their effect on the osmotic conductance
of the peritoneum is limited. It should be appreciated
that the LpS determined with 3.86%/4.25% glucose
dialysate is based on fluid transport through the para-
cellular pore system and through aquaporins.
The PUFC through the paracellular pore system

can be calculated in a similar way using data obtained
with 7.5% icodextrin. This is done using the pressures
and assumptions for σ given in Table 2:

monodispersed:

2 mL/min = LpS(9 + 45 – 12 mmHg),

LpS = 0.05 mL/min/mmHg;

polydispersed:

2 mL/min = LpS(9 + 28 – 12 mmHg),

LpS = 0.08 mL/min/mmHg.

When the negative crystalloid osmotic pressure
gradient is omitted, because this equilibrates rapidly,

LpS will be 0.04 mL/min/mmHg. It should be appre-
ciated that calculation of the osmotic conductance to
icodextrin will result in values that are about 10 times
higher than those found for glucose-based solutions.
Using LpS through the small pores obtained with

icodextrin, the back-filtration rate of dialysis fluid into
the capillaries by the colloid osmotic pressure gradi-
ent can be estimated:

back-filtration rate monodispersed:

0.05(9 – 21) = 0.6 mL/min;

polydispersed:

0.08(9 – 21) = 0.96 mL/min.

In a previous study using a dialysis solution with-
out an osmotic agent, the overall osmotic back-filtra-
tion rate was 0.9 mL/min during a 4-hour dwell (145).
It was highest during the start of the dwell (2.6 mL/
min) because the solution was hypotonic to uremic
plasma, and averaged 0.4 mL/min during the last
2 hours. A value of about 1 mL/min can be calculated
on data from a study using IP 0.9 NaCl (146).
The most probable explanation for the apparent

differences for LpS values calculated above using ei-
ther glucose or icodextrin, while LpS is a membrane
property that is constant by definition, is the hetero-
porosity of the peritoneum. The presence of water chan-
nels is especially important in this respect because they
represent only a small proportion of the surface area,
but contribute largely to water flow induced by crystal-
loid osmosis. This is illustrated by the following ex-
amples that are based on a contribution of the aquaporin
pathway to total LpS of 2%. This figure has been used
in computer simulations based on the three-pore model.
Despite the small contribution by aquaporins to total
peritoneal LpS, a very large proportion of the osmotic
force is exerted across this pathway. This is because
the osmotic force is composed of the fractional LpS val-
ues (across paracellular pores and aquaporins), each
multiplied by the solute reflection coefficient across each
pore system.
For glucose the following calculation can be made,

assuming a reflection coefficient of 1.0 across
aquaporins and 0.03 across the paracellular pores.
The partial osmotic forces are as follows:

aquaporins: 0.02 × LpS × 1.0

paracellular pores: 0.98 × LpS × 0.03 = 0.0294 × LpS.

The fractional osmotic force across aquaporins now
becomes:

0.02 LpS/(0.02 + 0.0294)LpS = 0.40.
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Thus 40% of the water flow will initially occur through
aquaporins.
A similar calculation can be made for icodextrin,

assuming a reflection coefficient of 1.0 across the
aquaporins and 0.767 across the paracellular pores.
The partial osmotic forces are as follows:

aquaporins: 0.02 × LpS × 1.0

paracellular pores: 0.28 × LpS × 0.767 = 0.7517 × LpS.

The fractional osmotic force across aquaporins now
becomes

0.02LpS/(0.02 + 0.7517)LpS = 0.03.

Consequently only 3% of the water flow induced by
icodextrin will occur through aquaporins.
Well-functioning aquaporins are assumed in the

above calculations. However, malfunction of these
water channels may contribute to UFF in long-term
PD patients. The contribution of aquaporin-mediated
water transport to total transcapillary UF can be es-
timated in individual patients by comparing their
initial UF rates during a study with 3.86%/4.25% glu-
cose and one during 7.5% icodextrin. From these val-
ues and the transperitoneal pressure gradient, PUFC
can be calculated for glucose and for icodextrin.
PUFCglucose is determined by water transport through
the paracellular and the transcellular pores, while
PUFCico represents mainly paracellular water trans-
port. Subtraction of PUFCico from PUFCglucose there-
fore gives the PUFC through the water channels.
Using this approach in stable CAPD patients it ap-
peared that aquaporin-mediated water transport con-
tributed to over-all water transport by 50%, on the
average (36). This value is similar to that obtained
using computer simulations of the three-pore model,
but the range among individual patients appeared
very wide. The lowest values for transcellular water
transport were found in long-term CAPD patients
(36).

APPENDIX B

The MTAC of a solute is the maximum theoretical
clearance by diffusion at time zero of a dwell, that is,
before any transport of that solute has occurred. In
clinical practice, the MTAC can be calculated easily
when either the Henderson and Nolph equation (147)
or the simplified Garred equation (148) is used. The
Henderson and Nolph equation can be written as:

V D P – D0
t P – Dt

The simplified Garred equation also includes vol-
ume changes to some extent:

V D V0(P – D0)

t VD(P – Dt)

In these equations VD is the drained volume, t is
the dwell time (240 minutes), V0 is the instilled di-
alysate volume, P is the plasma concentration, D0 is
the dialysate concentration before inflow (important
for creatinine because of glucose interference), and
Dt is the dialysate concentration at the end of the
dwell, normally determined in the dialysate after
drainage. The plasma concentrations of urea and crea-
tinine should be expressed per plasma water (64),
using a correction factor of 1.05 for example. Several
more complicated equations can be applied, but these
require the use of an IP administered macromolecular
tracer. In the Waniewski formula a factor F is used to
correct for convective transport (149,150); it can range
from 0.5 to 0.33, the latter being especially justified
for situations with high transcapillary UF rates:

V m V0
1–F(P – D0)

t Vt
1–F(P – Dt)

in which Vm is the mean intraperitoneal volume. A
further refinement can be obtained using (151)

MT = MTAC(P – D) + S(TCUFR)P – LAR × D, (A7)

in which MT is the total mass transfer, S is the siev-
ing coefficient, TCUFR is the transcapillary UF rate,
and LAR is the lymphatic absorption rate.
Equation (A4) is especially appropriate during a pe-

riod of relative isovolemia (152), such as when 1.36%/
1.5% glucose dialysate is used. Equation (A5) is prefer-
ably used when 3.86%/4.25% glucose is employed. The
differences between Eqs (A5) and (A6) are not clinically
important for the calculation of MTAC (25,149,150).

APPENDIX C

In this Appendix, computer simulations of intra-
peritoneal volume and dialysate Na+ concentration will
be presented for the different causes of UFF. These
simulations are based on the three-pore model. In this
model, an abundance of aquaporins (12–14), water-
conductive “ultrasmall” pores (radius approximately
3 – 5 Å) in the plasmalemma, rejecting solute trans-
port, play an important role in peritoneal osmotic water
transport and solute sieving. For high glucose concen-
trations in the dialysis fluid, the three-pore model pre-
dicts approximately one half of transperitoneal UF will
occur through aquaporins, whereas the other half is

MTAC = ln . (A4)

MTAC = ln . (A5)

MTAC = ln , (A6)
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modeled to occur through small pores (3). The mem-
brane factors that determine UFF in CAPD patients
are the permeability surface area product (PS or
MTAC) of the osmotic agent, the membrane UF coeffi-
cient (LpS), and the reflection coefficient (σ) of the os-
motic agent in the membrane (105). For a small solute,
the latter is critically dependent on the fraction (α) of
the hydraulic conductance accounted for by the
aquaporins, here denoted αc. Actually, in the absence
of aquaporins, the reflection coefficient to glucose (σg)
would be 0.03 instead of 0.05, which is the value pre-
dicted for the three-pore membrane (αc = 0.02). The
initial rate of UF occurring during a single dwell is
highly dependent on the product of the LpS and σg,
and also on the transperitoneal glucose concentration
gradient; while PS for glucose, which determines the
rate of glucose removal from the peritoneal cavity, in-
fluences the cumulative amount of UF volume obtained
during the first few hours of a dwell. A high PS (MTAC)
for glucose, or a low mass of intraperitoneal glucose
(due to, e.g., a low intraperitoneal volume) will thus
reduce the UF volume as well as the time to the peak
of the UF curve (tpeak) (5).

According to pore theory, four major causes of UFF
can be distinguished based on their etiologies: (1) UFF
due to an enlarged “effective” vascular surface area,

(2) UFF due to a reduced osmotic conductance to glu-
cose (LpS σg), (3) UFF due to increases in fluid (and
macromolecule) absorption from the peritoneal cav-
ity, and (4) UFF due to an extremely small vascular
surface area due to multiple adhesions.

In the following section, computer modeling out-
puts will be presented consistent with these different
kinds of UFF based on the three-pore model. The tech-
nique for this computer simulation has been presented
earlier (3–5,42). The specific parameters used to simu-
late control conditions for 3.86%/4.25% glucose are
shown in Table 3. Note that the parameters used in
this table are not always identical to those described
in Appendix A.

LOW UF CAUSED BY A LARGE VASCULAR

SURFACE AREA

Theoretically, increases in capillary surface area
(S) would most likely cause increases in both PS for
small solutes and PUFC (LpS). However, the reduc-
tions in UF volume at 240 – 300 minutes obtained
when both these parameters are perturbed to the
same extent are rather minor. This is illustrated in
Figure 1(a) where UF profiles for 3.86%/4.25% glu-
cose are shown for a variety of perturbations in S (sur-

TABLE 3
Parameters Used for Computer Simulations of Intraperitoneal Volume V(t)-Versus-Time Curves

According to a Three-Pore Model of Membrane Selectivity

Small pore radius (rS) 43 Å
Large pore radius (rL) 250 Å
Fractional small pore ultrafiltration coefficient (αS) 0.900
Fractional transcellular ultrafiltration coefficient (αc) 0.020
Fractional large pore ultrafiltration coefficient (αL) 0.080
Fractional large pore surface area 0.002
Molecular radius of sodium (and chloride) 2.3 Å
Molecular radius of urea 2.6 Å
Molecular radius of glucose 3.7 Å
Molecular radius of albumin (“total protein”) 36 Å
Ultrafiltration coefficient (LpS) 0.076 mL/min/mmHg
Osmotic conductance to glucose (LpSσg) 3.5 μL/min/mmHg
“Unrestricted” pore area over unit diffusion distance (A0/ΔX) 25 000 cm
PS (“MTAC”) for glucose 15.5 mL/min
PS (“MTAC”) for sodium 6 mL/min
Peritoneal lymph flow (L) 0.3 mL/min
Transperitoneal hydrostatic pressure gradient (ΔP) 9 mmHg
Transperitoneal colloid osmotic pressure gradient (ΔΠprot) 22 mmHg
Dialysis fluid volume instilled 2050 mL
Peritoneal residual volume 300 mL
Plasma urea concentration 20 mmol/L
Plasma sodium (and sodium associated “anion”) concentration 140 mmol/L
Dialysis fluid sodium concentration 132 mmol/L
Plasma glucose concentration 6 mmol/L

PS (“MTAC”) = permeability surface area product or mass transfer area coefficient.
Reflection coefficients for all solutes in the transcellular pathway were set to 1. A majority of simulations were performed
for 3.86%/4.25% glucose in the dialysis fluid infused.
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face area). Due to the rather unchanging UF profiles
occurring for moderate variations in S, it is hypoth-
esized that the UFF occurring as a consequence of
long-term CAPD may be due to mainly an increase in
small solute PS combined with a lesser increase in
the peritoneal LpS, or peritoneal osmotic conductance
(LpSσ). Such a scenario is depicted in Figure 1(b).
Here, for every step change in PS, the corresponding
change in LpS occurs by 33%. Thus a doubling of PS

is associated with a 33% increment in LpS. Note that
in this case, unlike in case 1(a), there is a marked
reduction in the UF volume at 240 – 300 minutes for
3.86%/4.25% glucose. In Figure 1(c) the Na+ sieving
curves corresponding to the UF profiles shown in
Figure 1(b) are presented. When vascular surface area
is increased (i.e., when PS for glucose is increased),
Na+ sieving is reduced. Note also that for increasing
PS values, the time to the maximum dip in Na+ con-
centration will decrease.

LOW UF CAUSED BY A REDUCED OSMOTIC

CONDUCTANCE TO GLUCOSE

A Decreased UF Coefficient (LpS): Since the rate of
UF is highly dependent of the product of LpS and σg,
changes in either LpS or σg (the latter dependent on
the near 50% contribution from the aquaporins) will
yield approximately similar results. Note, however,
how small changes in LpS alone will markedly affect
the “height” of UF curves (but not the time to curve
maximum, tpeak). Note also (PS for small solutes kept
unchanged) that changes in LpS imply increases in
both the initial UF rate and in the peritoneal-to-blood
absorption rate ensuing upon the curve peak
[Figure 2(a)]. When LpS is reduced, Na

+ sieving is also
reduced, although there are no selective changes in
aquaporin-mediated water flow [Figure 2(b)].

A Decreased Glucose Reflection Coefficient (σg):
Some patients with marked UFF in the absence of
increases in small solute transport (case 1) or lymph
flow (case 3, see below) also show markedly impaired,
or nearly absent, Na+ sieving for 3.86%/4.25% glucose
(104,110). This has been suggested to indicate that a

Figure 1(a) — Simulated drained volume-versus-time
curves as a function of surface area (S), which is varied
from 0.1 to 3.0 of control. This implies that both peritoneal
surface area (PS) for glucose and its hydraulic permeability
(LpS) are varied from 0.1 times control (denoted “0.1”) to 3
times control (denoted “3.0”). Note that when S is reduced
to one half or doubled, the reduction in drained volume
after 250 minutes is rather small. Simulations are done for
3.86%/4.25% glucose in the dialysis fluid.

Figure 1(b) — Effects of varying PS for glucose from 0.5
times control to 3 times control, concomitantly varying LpS
to a lesser degree. For every step change in PS for glucose,
LpS is altered 33%. A doubling in PS for glucose thus implies
a 33% increment in LpS. All curves are simulated for 3.86%/
4.25% glucose in the dialysis fluid.

Figure 1(c) — Dialysate sodium as a function of time
(“sodium sieving curves”) corresponding to the ultrafiltra-
tion curves in Figure 1(b). When PS for glucose is increased,
sodium sieving is decreased and the time to maximum dip
in dialysate sodium is reduced.
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reduced aquaporin-mediated osmotic water flow may
have been responsible for the UFF (104,110). It should,
however, be noted that patients with the most signifi-
cant depression of UF, regardless of cause, should also
theoretically show the largest reduction in Na+ siev-
ing. A low rate of UF thus automatically yields a low
degree of Na+ sieving! Figure 3(a), taken from a previ-
ous publication (105), actually shows some of the theo-
retical cases of UFF discussed above for 3.86%/4.25%
glucose. Curve A shows the situation for normal con-
ditions, curve B represents a case where PS for glu-
cose has been increased 70% while LpS is kept constant,
and curve C represents a case where LpS has been
reduced by 50% (keeping PS constant). Curve D re-

fers to a situation where the fraction of LpS accounted
for by aquaporins (αc) has been reduced from 0.02 to
0.002. Note that curves C and D are almost identical,
implying that changes in either σ (or actually αc, which
is a main determinant of σg) or LpS can induce similar
changes in the UF profile, whereas curve B has an
earlier peak than the other two curves. The situation
illustrated by curve B is easily revealed by the in-
creased D/P for creatinine or urea, or the reductions
in D/D0 for glucose, that will be obtained in an ordi-
nary PET. Curves C and D are, however, almost iden-
tical. The difference between case C and case D can
be revealed only by assessing Na+ concentration as a

Figure 2(a) — Effects of varying LpS (the ultrafiltration
coefficient) from 0.5 times control (denoted “0.5”) to 3 times
control (denoted “3.0”) for 3.86%/4.25% glucose in the
dialysis fluid. A markedly reduced LpS will cause a flattened
ultrafiltration profile.

Figure 2(b) — Sodium profiles (mmol/L) corresponding to
the curves in Figure 2(a). When ultrafiltration profiles are
flattened, sodium sieving is also reduced, although
aquaporin-mediated water flow is not selectively affected.

Figure 3(a) — Computer simulated drained volume-versus-
time curves for control conditions (A), a situation when PS
for glucose is increased by 70% (B), when LpS is reduced to
50% of control value (C), and when the fractional LpS
through aquaporins is reduced from 0.02 to 0.002 (D).
Simulations are done for 3.86%/4.25% glucose in the dialysis
fluid. (From Rippe B. Perit Dial Int 1997; 17:125–8.)

Figure 3(b) — Computer simulated dialysate sodium
(mmol/L) versus time for the scenarios depicted in Figure
4(a) (3.86%/4.25% glucose). (From Rippe B. Perit Dial Int
1997; 17:125–8.)
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function of dwell time for hypertonic glucose, as shown
in Figure 3(b). In case D (no aquaporin-mediated wa-
ter flow), there is no Na+ sieving at all, whereas in
both case B and case C this Na+ sieving is markedly
attenuated.

One should, however, bear in mind that it may be
difficult in the clinical situation to distinguish between
patients with markedly reduced UF coefficient (show-
ing an even more attenuated Na+ sieving than in case C)
and patients with an assumed selective reduction in
aquaporin-mediated water flow. To really prove the oc-
currence of a reduced aquaporin-mediated UF capacity
in these patients, the degree of Na+ sieving should be
tested for a still more hypertonic solution than for 3.86%/
4.25% glucose (e.g., for 6.0% glucose). In a patient with
a reduced peritoneal LpS, Na

+ sieving will then improve
to again approach that occurring in normal patients for
3.86%/4.25% glucose. On the other hand, if aquaporin-
mediated water flow had been selectively abolished, Na+

sieving would not improve after raising the glucose con-
centration in the PD fluid.

LOW UF DUE TO INCREASED (LYMPHATIC) AND

INTERSTITIAL ABSORPTION OF FLUID AND

MACROMOLECULES FROM THE PERITONEAL

CAVITY

In some patients, especially those with a large sur-
face area (S), the rate of elimination of an intraperi-
toneal macromolecular volume marker (such as

albumin or dextran) may be increased. Very few of
these patients exhibit an increased rate of “direct”
lymphatic absorption (L), that is, increased clearance
of macromolecular tracer from dialysis fluid to plasma
(121). In Figures 4(a) and 4(b), solid lines indicate the
normal UF profile for 3.86%/4.25% and 1.36%/1.5%
glucose, respectively, when the direct lymphatic ab-
sorption is 0.3 mL/min. To illustrate the usefulness
of long dwells (e.g., overnight dwells) in revealing in-
creases in direct lymphatic absorption, lymph flow

Figure 4(b) — Solid line indicates control ultrafiltration
profile for 1.36%/1.5% glucose. Lower line depicts the
scenario when PS for glucose has been reduced to 75% of
control while direct lymphatic absorption increased from
0.3 mL/min to 1.0 mL/min. Long dwells, especially when
dialysis fluid glucose concentration is kept low, will be
particularly useful in revealing increases in lymphatic
absorption.

Figure 4(c) — Sodium sieving curves corresponding to the
ultrafiltration curves presented in Figure 4(a) (3.86%/4.25%
glucose). Note that changes in direct lymphatic absorption
will not significantly change the pattern of sodium sieving
(lower curves).

Figure 4(a) — Effects of simultaneously varying direct
lymphatic absorption (L) and permeability surface area
product (PS) for glucose on the ultrafiltration (UF) profile
for 3.86%/4.25% glucose in the dialysis fluid. Upper curve
denotes a perturbation of PS for glucose to 75% of control
while maintaining L at 0.3 mL/min. Simultaneously
increasing L to 1.0 mL/min and reducing PS for glucose to
75% from control (lower curve) will more or less have a
cancelling effect on the UF profile for 3.86%/4.25% glucose,
at least after 240 – 300 minutes.
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has been perturbed from 0.3 to 1.0 mL/min concomi-
tantly with a reduction in PS for glucose by 25% (to
0.75 of control). For comparison, the simulated curve
for L = 0.3 mL/min and PS set at 75% of control value
is also shown (upper curves in both figures). Note that,
for 3.86%/4.25% glucose [Figure 4(a)], the effects of
increasing L and reducing PS will cancel each other
more or less completely. Up to at least 240 – 300 min-
utes, the perturbed curve is identical to the control
curve. However, for an overnight dwell using 1.36%/
1.5% glucose, the increased direct lymphatic absorp-
tion will reduce the drained volume after 600 min-
utes by nearly 400 mL, even though PS for glucose is
reduced [Figure 4(b)]. Thus, long dwells may be par-
ticularly useful in revealing UFF due to increases in
direct lymphatic absorption, especially for “low” glu-
cose dialysis fluid concentrations (2.27%/2.5% and
1.36%/1.5%).
In Figure 4(c) the Na+ curve corresponding to Fig-

ure 4(a) is depicted. Note that when PS for glucose is
reduced, Na+ sieving is increased. However, when L
is increased (from 0.3 to 1.0) there is almost no change
in Na+ sieving when PS is kept constant.

LOW UF CAUSED BY A SEVERELY DECREASED

PERITONEAL SURFACE AREA

This is probably a very rare cause of UF loss. In its
extreme case, when the surface area (S) is minimal,
there would be no fluid movement at all across the
peritoneal membrane during the entire dwell, and the
UF curve would become entirely flat. In Figure 1(a)
the situation where S is reduced to 0.1 (PS and LpS
reduced to 0.1 of control) is shown as the lower line.
Note, however, that for moderate reductions in sur-
face area of the membrane (to 0.5 for example), time
to curve maximum (tpeak) is increased while the curve
“height” is only slightly reduced.
It can be concluded that the three-pore model of

peritoneal transport represents a simple, yet detailed
physical model of peritoneal exchange. This model has
proved to have a good power in predicting UF pro-
files in the clinical setting. The simulations have
clearly shown that increases in glucose MTAC, inde-
pendently from increases in the UF coefficient, will
result in marked UFF. This seems by far to be the
most common cause of UF loss. When reductions oc-
cur in either the membrane UF coefficient (LpS) or in
the osmotic efficiency of glucose (the glucose reflec-
tion coefficient σg), the glucose osmotic conductance
will be reduced and UFF may ensue. The glucose os-
motic conductance (LpS × σg) may thus fall due to ei-
ther aquaporin failure or to reductions in the UF
coefficient (independent of changes in PS for glucose).
In clinical practice it may be cumbersome to distin-
guish between these two etiologies of reductions in

LpS × σg. In the rather rare cases of UFF due to in-
creases in lymphatic absorption, long dwells, espe-
cially overnight dwells, will often reveal this condition,
particularly in patients who are low or low-average
transporters.
Hopefully, the kind of simulations presented here

will provide direction toward further investigations
of the kind of UFF that sometimes occurs in, for ex-
ample, long-term CAPD. Based on the computed re-
sults it may also be possible to design more detailed
experiments in order to improve our understanding
of UFF based on a great variety of other pathophysi-
ological etiologies.
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