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Contribution of Residual Function to Removal of
Protein-Bound Solutes in Hemodialysis
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Summary
Background and objectives This study evaluated the contribution of residual function to the removal of solutes for which protein binding limits clearance by hemdialysis.
Design, setting, participants, & measurements Solute concentrations were measured in 25 hemodialysis patients with residual urea clearances ranging from 0.1 to 6.2 ml/min per 1.73 m2. Mathematical modeling
assessed the effect of residual function on time-averaged solute concentrations.
Results Dialytic clearances of the protein-bound solutes p-cresol sulfate, indoxyl sulfate, and hippurate were
reduced in proportion to the avidity of binding and averaged 8 ⫾ 2, 10 ⫾ 3, and 44 ⫾ 13% of the dialytic
urea clearance. For each bound solute, the residual clearance was larger in relation to the residual urea
clearance. Residual kidney function therefore removed a larger portion of each of the bound solutes than of
urea. Increasing residual function was associated with lower plasma levels of p-cresol sulfate and hippurate
but not indoxyl sulfate. Wide variation in solute generation tended to obscure the dependence of plasma
solute levels on residual function. Mathematical modeling that corrected for this variation indicated that
increasing residual function will reduce the plasma level of each of the bound solutes more than the
plasma level of urea.
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Conclusions In comparison to urea, solutes than bind to plasma proteins can be more effectively cleared by
residual function than by hemodialysis. Levels of such solutes will be lower in patients with residual function than in patients without residual function even if the dialysis dose is reduced based on measurement
of residual urea clearance in accord with current guidelines.
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Introduction
The presence of residual native kidney function is
associated with improved survival in dialysis patients
(1– 6). Residual function is also associated with better
nutrition, less evidence of inflammation, less cardiac
hypertrophy, and better quality of life (5–10). Residual function may provide these benefits by at least
two mechanisms. First, residual urinary excretion of
sodium and water facilitates control of extracellular
fluid volume and BP. Second, even a small amount of
residual function can reduce the plasma levels of
solutes that are cleared poorly by dialysis. The importance of solute removal by residual function has been
shown most often for low-molecular-weight proteins
such as ß2 microglobulin (11–14). The residual clearance of these solutes is close to the GFR and greater
than the residual clearance of urea, whereas their
dialytic clearance is restricted by their large size and
is lower than the dialytic clearance of urea. Plasma
levels of ß2 microglobulin and other small proteins
are therefore lower in patients with residual function
than in patients without residual function. In theory,
residual function should have a similar effect on levels of small solutes that bind to plasma proteins. The
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dialytic clearance of these solutes is lower than the
dialytic clearance of urea because only the unbound
solute fraction contributes to the gradient driving solute diffusion from the plasma into the dialysate (15–
18). As shown by Bammens et al. (19), the residual
clearance of bound solutes can be relatively greater
because they are actively secreted by the proximal
tubule while urea is reabsorbed. Based on these findings, we would expect levels of bound solutes in
dialysis patients to rise as residual function declines.
In patients on peritoneal dialysis, however, we found
that loss of residual function was accompanied by a
reduction in the quantities of the bound solutes pcresol sulfate (PCS) and indoxyl sulfate (IS) removed
from the body so that their plasma levels did not rise
as high as expected (20). This study assessed the
contribution of residual function to removal of bound
solutes in hemodialysis patients.

Materials and Methods
Studies were carried out in 25 stable hemodialysis
patients with residual urine output. Samples were
collected during the midweek treatment from 21 patients receiving dialysis thrice weekly and during eiwww.cjasn.org Vol 6 February, 2011
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ther treatment from 4 patients receiving dialysis twice
weekly. Patients emptied their bladders before dialysis. Plasma samples were obtained before and after
dialysis, with the sample obtained after dialysis obtained in a manner appropriate for estimation of urea
kinetics (21). Timed collections of spent dialysate obtained at four evenly spaced intervals were combined
for measurement of dialytic solute removal. Patients
collected all urine until the beginning of the next
dialysis session.
Concentrations of PCS, IS, and hippurate (HIPP) in
plasma, dialysate, and urine were measured by HPLC
as described previously (22). Free, unbound solute
concentrations were measured in plasma ultrafiltrates
obtained using Nanosep 30K Omega separators (Pall,
Ann Arbor, MI). Urea in plasma and urine was measured in the clinical laboratory, and urea in the dialysate was measured using a commercial kit (Thermo
Electron, Melbourne, Australia).
Values for dialytic clearance, residual clearance,
time-averaged concentration, generation rate, and
volume of distribution were obtained using relationships described by Depner (23) for a single compartment with variable volume. The equations provided
by Depner (23) were incorporated into a computer
routine using Matlab (Matlab R2008b; Mathworks,
Natick, MA), for which the input parameters are the
values for pre- and postdialysis solute concentration,
solute removal in the dialysate, solute removal in the
urine, and the duration and schedule of dialysis treatments. The volume of distribution for urea was assumed to be the same at the end of each treatment,
and the rate of change in volume was estimated as
described by Depner (23). Volumes of distribution for
bound solutes were assumed to contract during treatment in proportion to the rise in plasma albumin and
were set equal at the beginning of each treatment. The
Matlab routines Variable_Volume_Two_BUN_Measurements and Variable_Volume_Two_PBS_Measurements
are available at http://www.stanford.edu/⬃twmeyer/.
A previously developed mathematical model was
applied to assess the effect of varying residual function independent of variation in the dialysis prescription and solute generation rate (24). The model inputs
were set to achieve a spKt/Vurea of 1.4 at each of three
180-minute weekly treatments, with the dialytic urea
clearance set to the average observed for the study
subjects. Time-averaged urea concentrations were calculated for residual urea clearances from 0 to 6 ml/
min with the urea generation rate held constant. The
same procedure was followed for the bound solutes
using their average measured dialytic clearance values and entering residual clearance values obtained
by multiplying the residual urea clearance by the
average observed ratio of residual bound solute clearance to residual urea clearance. After modeling the
effect of holding the dialysis prescription constant
while residual function increased, these procedures
were repeated assuming that the dialysis time was
reduced as allowed by Kidney Disease Outcomes
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Quality Initiative (KDOQI) Guidelines (25) for residual urea clearance values ⬎2 ml/min.
Solute clearances were also measured in five normal subjects. Solute concentrations were measured in
6-hour urine collections obtained after an overnight
fast and in plasma samples bracketing the collection
period. Protein binding in these subjects was assessed
by adding PCS, IS, and HIPP to plasma samples in
amounts sufficient to increase the total plasma concentrations by 2, 2, and 1 mg/dl, respectively, and
measuring the total and free plasma concentrations
using the same method used for dialysis patients.
Because solute excretion rates over 6 hours might not
accurately reflect daily excretion rates, solute excretion was also measured in 24-hours urine samples
from 12 normal subjects.
Values are expressed as mean ⫾ SD. Values for
individual solutes were compared using the Wilcoxon
signed-rank sum, and comparisons between solutes
were made using the Student-Newman-Keuls test
(nonparametric). The relation of solute concentrations
and solute generation rates to residual urea clearance
was assessed by linear regression. The formula of
Mosteller (26) was used to adjust for body surface
area.

Results
Characteristics of the hemodialysis patients are
summarized in Table 1, and average clearance values
for urea and the protein bound solutes are summarized in Table 2. The residual urea clearance ranged
from 0.1 to 6.2 ml/min per 1.73 m2 and averaged
2.5 ⫾ 1.9 ml/min per 1.73 m2. This was only 1% of the
average dialytic urea clearance of 227 ⫾ 42 ml/min.
Because the native kidney functions continuously
whereas dialysis is intermittent, the fraction of a solute removed by the native kidney is proportionally
larger than its residual clearance. Residual kidney
Table 1. Patient characteristics

Range

Male/female
Age (years)
Duration on dialysis
(months)
Urine volume (L/day)
3 times per week/
2 times per week
Treatment length
(minutes)
Qb (ml/min)
Qd (ml/min)
spKt/V (per week)
Ultrafiltration (L/
treatment)

17/8
54 ⫾ 13
25 ⫾ 23

28 to 78
1 to 66

0.64 ⫾ 0.47 0.04 to 1.93
21/4
193 ⫾ 22

165 to 240

398 ⫾ 52
656 ⫾ 153
4.3 ⫾ 1.0
2.7 ⫾ 1.2

300 to 450
500 to 800
2.5 to 5.9
0.6 to 5.3

Values are mean ⫾ SD. Treatments were performed with high
flux dialyzers (F160, F180, or F200; FMCNA, Waltham, MA).
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Table 2. Solute clearances in hemodialysis patients

% Protein K ml/min
d
Bound

Kd/Kdu

Urea
—
227 ⫾ 42
—
PCS 95 ⫾ 1.5
17 ⫾ 5a
0.08 ⫾ 0.02
IS
94 ⫾ 2b
23 ⫾ 8a,b
0.10 ⫾ 0.03b
b,c
a,b,c
HIPP 56 ⫾ 16
98 ⫾ 30
0.44 ⫾ 0.13b,c

Kr ml/min

Kr/Kru

2.5 ⫾ 1.9
—
0.6 ⫾ 0.6a
0.25 ⫾ 0.2
1.1 ⫾ 1.0a,b 0.54 ⫾ 0.4b
14 ⫾ 11a,b,c 6.6 ⫾ 5.5b,c

Kr/Kd

% Removal
by Residual

0.01 ⫾ 0.01
0.04 ⫾ 0.05a
0.06 ⫾ 0.05a,b
0.15 ⫾ 0.14a,b,c

20 ⫾ 13
34 ⫾ 21a
43 ⫾ 24a,b
66 ⫾ 24a,b,c

Kd, clearance during dialysis; Kr, residual native kidney clearance; % removal by residual, the fraction of total weekly
solute removal accomplished by residual function.
a
P ⬍ 0.05 versus urea.
b
P ⬍ 0.05 versus PCS.
c
P ⬍ 0.05 versus IS.

function thus removed an average of 20 ⫾ 13% of the
total weekly urea production, whereas dialysis treatment removed 80 ⫾ 13%.
As expected, the dialytic clearance of the bound
solutes was lower than the dialytic clearance of urea.
PCS and IS were ⬎90% protein bound, and their
dialytic clearance averaged ⬍15% of the dialytic clearance of urea. HIPP was less tightly bound, and its
dialytic clearance averaged 44 ⫾ 13% of the dialytic
clearance of urea. The residual clearances of these
solutes were also less than the residual clearance of
urea. However, the ratio of residual clearance to dialytic clearance was significantly greater than it was for
urea. The fraction of PCS and IS removed by residual

function was therefore significantly greater than the
fraction of urea removed by residual function. The
residual clearances of HIPP exceeded the residual
clearance of urea, and the average ratio of residual
clearance to dialytic clearance for this solute was
much higher than it was for urea. The fraction of
solute removed by residual function was therefore
higher for HIPP than it was for PCS and IS, as well as
for urea.
Time-averaged plasma solute concentrations are
depicted in the left panel of Figure 1. Urea levels were
not notably dependent on the amount of residual
function. Plasma concentrations of the bound solutes,
however, tended to decline with increasing residual

Figure 1. | Time-averaged plasma concentrations (left panel) and generation rates (right panel) for UreaN and the proteinbound solutes plotted against values for residual urea clearance (Kru) in the 25 study subjects. Plasma levels declined
significantly (bold lines) with increasing Kru for PCS (r2 ⫽ 0.34, P ⬍ 0.01) and HIPP (r2 ⫽ 0.25, P ⬍ 0.01) but not for urea nitrogen
(UreaN) or IS (dashed lines). Solute generation rates were highly variable among individual solutes but did not exhibit any
significant relation to Kru.
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function. This decline attained conventional statistical
significance for PCS and HIPP but not for IS. Of note,
plasma concentrations of the bound solutes varied
more widely among individual patients than did the
plasma concentrations of urea. This variation in
bound solute concentrations reflected a wide variation in the solute generation rates as depicted in the
right panel of Figure 1. The estimated generation of
urea varied over an approximately threefold range,
whereas the estimated generation rate of each of the
bound solutes varied by more than sevenfold. As
shown in the figure, solute generation rates did not
seem to be related to the amount of residual function.
The variability in solute generation rates tended to
obscure the effect of residual function on plasma solute levels. The amount of dialysis prescribed was also
variable. In some patients, including the four who
were dialyzed twice weekly, the dialysis time had
been reduced in response to the presence of residual
function, but this practice was not uniform. Mathematical modeling allowed us to predict how plasma
solute concentrations would be affected by varying
residual function if other parameters remained constant. As shown in Figure 2, modeling predicts that,
with the dialysis prescription set constant to achieve a
spKt/Vurea of 1.4 thrice weekly, an increase in Kru
from 0 to 6 ml/min would reduce the time-averaged
plasma urea concentration by approximately 33%.
The predicted effect of residual function on levels of
the bound solutes is considerably greater because the
native kidney provides higher ratios of bound solute
clearance to urea clearance than the dialysis machine.
We next modeled the effect of reducing the dialysis
dose when residual function is present. The predicted
effect of the fixed reduction in dialytic Kt/Vurea allowed by the KDOQI guidelines for patients with Kru
⬎2 ml/min is to keep urea levels in such patients
closer to those in patients without residual function.
However, this urea-based reduction in the hemodialysis prescription has less effect on the levels of the
bound solutes because they are removed to a larger
extent by residual native kidney function.
Values obtained in normal subjects are summarized
in Table 3. The ratios of urinary PCS, IS, and HIPP
clearance to urinary urea clearance were similar to
those in the dialysis patients. Solute excretion rates
measured in 24-hour urines from normal subjects
were 107 ⫾ 63 mg/day per 1.73 m2 for PCS, 51 ⫾ 20
mg/day per 1.73 m2 for IS, and 1024 ⫾ 488 mg/day
per 1.73 m2 for HIPP. These values were similar to the
bound solute generation in dialysis patients, which
averaged 69 ⫾ 34 mg/day per 1.73 m2 for PCS, 65 ⫾
36 mg/day per 1.73 m2 for IS, and 650 ⫾ 488 mg/day
per 1.73 m2 for HIPP. Of note, the bound solute excretion rates in the normal subjects varied widely, as
did the solute generation rates in hemodialysis patients.

Discussion
The contribution of residual function to solute
clearance has been shown most extensively for low-
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Figure 2. | The predicted effect on time-averaged solute concentrations of varying the residual urea clearance (Kru) while
solute generation rate is held constant (UreaN, solid line;
PCS, – - – - -; IS, 䡠 䡠 䡠 䡠 ; HIPP, – – – –). Solute concentrations
at each level of Kru are depicted as a percent of the value in a
patient with no residual function (Kru ⫽ 0 ml/min). (A) The
predicted solute concentrations if dialysis were prescribed to
provide a spKt/Vurea of 1.4 at each of three weekly 180-minute
treatments regardless of the level of residual function. (B and C)
The predicted solute concentrations if dialysis dose is reduced
as allowed by KDOQI Guidelines when the residual urea
clearance is ⬎2 ml/min. (B) The predicted solute concentrations
if dialysis provided a spKt/Vurea of 1.4 three times weekly for
Kru ⬍ 2 ml/min, and treatment time was reduced to provide a
spKt/Vurea of 1.05 three times weekly for Kru ⱖ 2 ml/min. (C) The
predicted solute concentrations if dialysis provided a spKt/Vurea of
1.4 three times weekly for Kru ⬍ 2 ml/min but dialysis time is
adjusted to provide a spKt/Vurea of 2.33 twice weekly for Kru ⱖ 2
ml/min. Concentration profiles were modeled as described in the
Materials and Methods section using the average observed ratios
of bound solute to urea clearance for the native kidney and for
hemodialysis as given in Table 2.

molecular-weight proteins. Even with “high flux”
membranes, the dialytic clearance of these large solutes is a small fraction of the urea clearance (27). In
the native kidney, in contrast, their clearance is only
slightly below the GFR and usually exceeds the urea
clearance. With residual function present continuously and hemodialysis applied intermittently, even a
small amount of residual function can provide a major portion of the total solute clearance. Plasma concentrations of ß2 microglobulin, cystatin C, and ␤-trace
protein are thus lower in hemodialysis patients with
residual function than in those without residual function (11–14).
This study examined whether residual function
also contributes importantly to the clearance of protein-bound solutes in hemodialysis patients. The rel-
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Table 3. Solute clearances in normal subjects

Urea
PCS
IS
HIPP

% Protein Bound

关Plasma兴 (mg/dl)

K (ml/min per 1.73 m2)

Kbs/Ku

—
97 ⫾ 1
96 ⫾ 1b
64 ⫾ 5b,c

14 ⫾ 3
0.43 ⫾ 0.13
0.11 ⫾ 0.08
0.22 ⫾ 0.22

57 ⫾ 7
19 ⫾ 4a
28 ⫾ 10a,b
270 ⫾ 126a,b,c

—
0.34 ⫾ 0.08
0.52 ⫾ 0.24
5.1 ⫾ 3.0b,c

Values for % protein binding could be measured only after addition of exogenous solute to the normal plasma samples
as described in the methods. 关Plasma兴, concentration in plasma; K, urinary clearance; Kbs/Ku, ratio of the urinary
clearance of bound solute to the urinary clearance of urea.
a
P ⬍ 0.05 versus urea.
b
P ⬍ 0.05 versus PCS.
c
P ⬍ 0.05 versus IS.

ative importance of residual function is again determined by the ratio of residual clearance to dialytic
clearance and by the intermittency of hemodialysis.
The dialytic clearance of bound solutes is limited
because only the free solute fraction is available for
diffusion across the dialysis membrane. As has previously been shown, the dialytic clearance of tightly
bound solutes is thus only a fraction of the urea
clearance (15–18). Protein-binding also limits glomerular filtration of solutes in the native kidney. However, this limitation is offset to a varying degree by
tubular secretion. Native kidney clearances for bound
solutes can thus vary from values that are lower than
the urea clearance, as we found for PCS and IS, to
values which exceed the urea clearance, as we found
for HIPP. Relative to hemodialysis, the effect of residual function is again magnified by its continuous
operation. Residual function thus contributed more to
the removal of each of the bound solutes we studied
than to the removal of urea, but the relative importance of residual function was variable, being greater
for HIPP than for PCS and IS.
These results in hemodialysis provide an interesting comparison to those previously obtained in peritoneal dialysis. Bammens et al. (19) first identified the
importance of residual function for bound solute removal in patients on peritoneal dialysis. They found
that residual function removed an average of 62% of
PCS (measured as p-cresol) but only 32% of urea in
patients with a residual urea clearance averaging 3
ml/min. A subsequent study showed that the total
clearance of PCS declined markedly as residual function was lost (28). We later obtained similar results in a
study of PCS and IS removal by peritoneal dialysis (20).
To the extent that residual function contributes to
solute removal, we would expect plasma solute levels
to rise as residual function is lost. Among patients on
peritoneal dialysis, however, we found that PCS levels were no greater and IS levels were only slightly
greater in those without residual function than in
those with residual function. Instead of the expected
large rise in plasma levels, we observed a reduction in
the total amount of PCS and IS removed per day
when residual function was lost. This reduction in
solute removal presumably reflected reduced produc-

tion of p-cresol and indole by colon bacteria (29). This
study examined whether daily removal of the bound
solutes also falls as residual function declines in hemodialysis patients. In addition to PCS and IS, we
measured HIPP, which is also produced in part by
colon bacteria. In contrast to the findings in peritoneal
dialysis, we found that the rate of removal for each
solute was independent of the level of residual function and that plasma levels therefore tended to increase as residual function declined.
Although they did not decline with loss of residual
function, the rates of removal for the bound solutes
were highly variable. This variability in solute production makes it harder to discern the influence of
residual function on plasma solute levels. The variability of bound solute production could not be accounted for by variation in protein intake as reflected
by urea nitrogen appearance. The production rates of
PCS and IS, which are both derived from the action of
colon bacteria on amino acids, were not correlated in
individual subjects, as shown in Figure 3. If the behavior of the colonic microbiome was better understood, it might be possible to reduce plasma solute
concentrations by reducing solute production (30).
Theoretically, the plasma level of a bound solute
could be reduced much more by lowering its produc-

Figure 3. | The relation of generation rates for the bound
solutes PCS and IS. There was no apparent correlation between the generation rates for these two solutes, which are
both derived from the action of colon bacteria on amino acids
that escape absorption in the small intestine.
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tion from the higher to the lower end of the range
observed in our subjects than by applying any renal
replacement prescription which has been evaluated to
date.
Differences in the extent of tubular secretion may
also contribute to the variability of bound solute concentrations in patients with residual function. Theoretically, secretion could be enhanced in association
with adaptive tubular hypertrophy or impaired by
the accumulation of competing solutes in uremic
plasma (31,32). This issue has been studied remarkably little, but Van Olden et al. (33) found that the
ratio of para-amino hippurate clearance to GFR was
reduced below normal in hemodialysis patients with
residual function. In this study, the ratios of bound
solute to urea clearances was similar in normal subjects and dialysis patients, and no change in these
ratios was apparent as residual function declined.
Because solute generation rates and dialysis prescriptions varied widely among our patients, we used
modeling to estimate the extent to which increasing
residual function would reduce levels of the bound
solutes if solute generation rates and dialysis prescriptions were held fixed, as shown in Figure 2. Our
model entails assumptions including the stability of
solute production over the weekly cycle, the stability
of dialytic clearance during treatment, and a limited
change in the volume of distribution which have not
been experimentally verified for bound solutes. However, given that the ratios of residual clearance to
dialytic clearance are much higher for the bound solutes than for urea, we think the conclusion that increasing residual function will be associated with
lower plasma levels of these solutes is sound.
In many ways, the prescription of hemodialysis
based on urea clearance tends to obscure the potential
importance of residual function. The original KDOQI
guidelines for hemodialysis recommended initiating
dialysis when the GFR fell to approximately 10 ml/
min per 1.73 m2 (25). The recommendation to initiate
dialysis at this point was based not on evidence of
clinical benefit but on the incongruity of allowing the
endogenous urea clearance to fall below the timeaveraged dialytic urea clearance recommended for
anephric patients. Adoption of an index solute for
which the ratio of native kidney to dialytic clearance
is higher than it is for urea would remove this seeming incongruity. The same consideration applies to
guidelines for reducing the prescribed dose of hemodialysis in patients who retain residual function. The
current KDOQI guidelines allows the dose to be reduced by a fixed amount when the residual urea
clearance is ⱖ2 ml/min (25). The European ERAEDTA guidelines allow a continuous reduction in
dosage with increasing residual function but also assess residual function by urea clearance (34). If these
urea-based standards are applied, patients with residual function will have plasma urea concentrations
only slightly lower than those without residual function, as shown in Figure 2. However, the presence of
residual function has a larger effect on plasma con-
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centrations of protein-bound solutes that are secreted
by the native kidney. Lower concentrations of such
solutes could contribute to the superior outcomes observed in hemodialysis patients with residual function.
Acknowledgments
We acknowledge the help of the staff of the dialysis units
of the VA Palo Alto HCS, the Santa Clara Valley Medical
Center, and Satellite Redwood City. I.O.M. was supported
by an Amgen fellowship grant. F.Y.L was supported by a
National Institutes of Health Training grant (DK7357) and
subsequently by a National Kidney Foundation Fellowship.
Other support was provided by the National Institutes of
Health (R21 DK077326 to T.H.H. and R33 DK071251 to
T.W.M.).
Disclosures
None.

References
1. Paniagua R, Amato D, Vonesh E, Correa-Rotter R,
Ramos A, Moran J, Mujais S: Effects of increased peritoneal clearances on mortality rates in peritoneal dialysis:
ADEMEX, a prospective, randomized, controlled trial.
J Am Soc Nephrol 13: 1307–1320, 2002
2. Bargman JM, Thorpe KE, Churchill DN: Relative contribution of residual renal function and peritoneal clearance to adequacy of dialysis: A reanalysis of the
CANUSA study. J Am Soc Nephrol 12: 2158 –2162,
2001
3. Krediet RT: How to preserve residual renal function in
patients with chronic kidney disease and on dialysis?
Nephrol Dial Transplant 21[Suppl 2]: ii42–ii46, 2006
4. Ng TG, Johnson DW, Hawley CM: Is it time to revisit
residual renal function in haemodialysis? Nephrology
(Carlton) 12: 209 –217, 2007
5. Termorshuizen F, Dekker FW, van Manen JG, Korevaar
JC, Boeschoten EW, Krediet RT: Relative contribution of
residual renal function and different measures of adequacy to survival in hemodialysis patients: An analysis
of the Netherlands Cooperative Study on the Adequacy
of Dialysis (NECOSAD)-2. J Am Soc Nephrol, 15:
1061–1070, 2004
6. Wang AY, Lai KN: The importance of residual renal
function in dialysis patients. Kidney Int 69: 1726 –1732,
2006
7. Pecoits-Filho R, Heimburger O, Barany P, Suliman
M, Fehrman-Ekholm I, Lindholm B, Stenvinkel P: Associations between circulating inflammatory markers and
residual renal function in CRF patients. Am J Kidney
Dis 41: 1212–1218, 2003
8. Suda T, Hiroshige K, Ohta T, Watanabe Y, Iwamoto M,
Kanegae K, Ohtani A, Nakashima Y: The contribution
of residual renal function to overall nutritional status in
chronic haemodialysis patients. Nephrol Dial Transplant 15: 396 – 401, 2000
9. Termorshuizen F, Korevaar JC, Dekker FW, van Manen
JG, Boeschoten EW, Krediet RT: The relative importance of residual renal function compared with peritoneal clearance for patient survival and quality of life:
An analysis of the Netherlands Cooperative Study on
the Adequacy of Dialysis (NECOSAD)-2. Am J Kidney
Dis 41: 1293–1302, 2003
10. Wang AY, Lam CW, Wang M, Woo J, Chan IH, Lui SF,
Sanderson JE, Li PK: Circulating soluble vascular cell
adhesion molecule 1: Relationships with residual renal
function, cardiac hypertrophy, and outcome of peritoneal dialysis patients. Am J Kidney Dis 45: 715–729,
2005

296

Clinical Journal of the American Society of Nephrology

11. Kabanda A, Jadoul M, Pochet JM, Lauwerys R, van
Ypersele de Strihou C, Bernard A: Determinants of the
serum concentrations of low molecular weight proteins
in patients on maintenance hemodialysis. Kidney Int
45: 1689 –1696, 1994
12. Stompor T, Sulowicz W, Anyszek T, Kusnierz B, Fedak D,
Naskalski JW: Dialysis adequacy, residual renal function
and serum concentrations of selected low molecular
weight proteins in patients undergoing continuous ambulatory peritoneal dialysis. Med Sci Monit 9: CR500 –
CR504, 2003
13. Gerhardt T, Poge U, Stoffel-Wagner B, Klein B, Klehr
HU, Sauerbruch T, Woitas RP: Serum levels of betatrace protein and its association to diuresis in haemodialysis patients. Nephrol Dial Transplant 23: 309 –314,
2008
14. Delaney MP, Stevens PE, Al Hasani M, Stowe HJ, Judge
C, Lamb EJ: Relationship of serum cystatin C to peritoneal and renal clearance measures in peritoneal dialysis: A cross-sectional study. Am J Kidney Dis 51: 278 –
284, 2008
15. Lesaffer G, De Smet R, Lameire N, Dhondt A, Duym P,
Vanholder R: Intradialytic removal of protein-bound
uraemic toxins: Role of solute characteristics and of
dialyser membrane. Nephrol Dial Transplant 15: 50 –
57, 2000
16. Fagugli RM, De Smet R, Buoncristiani U, Lameire N,
Vanholder R: Behavior of non-protein-bound and protein-bound uremic solutes during daily hemodialysis.
Am J Kidney Dis 40: 339 –347, 2002
17. Martinez AW, Recht NS, Hostetter TH, Meyer TW: Removal of P-cresol sulfate by hemodialysis. J Am Soc
Nephrol 16: 3430 –3436, 2005
18. Evenepoel P, Bammens B, Verbeke K, Vanrenterghem
Y: Superior dialytic clearance of beta(2)-microglobulin
and p-cresol by high-flux hemodialysis as compared to
peritoneal dialysis. Kidney Int 70: 794 –799, 2006
19. Bammens B, Evenepoel P, Verbeke K, Vanrenterghem
Y: Removal of middle molecules and protein-bound
solutes by peritoneal dialysis and relation with uremic
symptoms. Kidney Int 64: 2238 –2243, 2003
20. Pham NM, Recht NS, Hostetter TH, Meyer TW: Removal of the protein-bound solutes indican and
p-cresol sulfate by peritoneal dialysis. Clin J Am Soc
Nephrol 3: 85–90, 2008
21. Depner TA, Daugirdas JT, Goldstein S, Ing TS, Kumar
V, Meyer KB, Norris K: Hemodialysis Adequacy 2006:
Guideline 3. Methods for post dialysis blood sampling.
Am J Kidney Dis 48: S24 –S27, 2006
22. Luo FJ, Patel KP, Marquez IO, Plummer NS, Hostetter TH,
Meyer TW: Effect of increasing dialyzer mass transfer area

23.
24.

25.
26.
27.
28.

29.

30.
31.
32.

33.

34.

coefficient and dialysate flow on clearance of protein-bound
solutes: A pilot crossover trial. Am J Kidney Dis 53: 1042–
1049, 2009
Depner TA: Prescribing Hemodialysis: A Guide to Urea
Modeling, Norwall, MA, Kluwer Academic Publishers,
1991
Walther JL, Bartlett DW, Chew W, Robertson CR,
Hostetter TH, Meyer TW: Downloadable computer
models for renal replacement therapy. Kidney Int 69:
1056 –1063, 2006
Hemodialysis Adequacy 2006 Work Group: Clinical
practice guidelines for hemodialysis adequacy, update
2006. Am J Kidney Dis, 48[Suppl 1]: S2–S90, 2006
Mosteller RD: Simplified calculation of body-surface
area. N Engl J Med, 317: 1098, 1987
Ward RA: Protein-leaking membranes for hemodialysis:
A new class of membranes in search of an application?
J Am Soc Nephrol 16: 2421–2430, 2005
Bammens B, Evenepoel P, Verbeke K, Vanrenterghem
Y: Time profiles of peritoneal and renal clearances of
different uremic solutes in incident peritoneal dialysis
patients. Am J Kidney Dis 46: 512–519, 2005
Vanholder R, Meert N, Van Biesen W, Meyer T, Hostetter T, Dhondt A, Eloot S: Why do patients on peritoneal
dialysis have low blood levels of protein-bound solutes?
Nat Clin Pract Nephrol 5: 130 –131, 2009
Evenepoel P, Meijers BK, Bammens BR, Verbeke K:
Uremic toxins originating from colonic microbial metabolism. Kidney Int Suppl 114: S12–S19, 2009
Hilton PJ, Roth Z, Lavender S, Jones NF: Creatinine
clearance in patients with proteinuria. Lancet 2: 1215–
1216, 1969
Rieselbach RE, Todd L, Rosenthal M, Bricker NS: The
functional adaptation of the diseased kidney. II. Maximum rate of transport of Pah and the influence of acetate. J Lab Clin Med 64: 724 –730, 1964
van Olden RW, van Acker BA, Koomen GC, Krediet
RT, Arisz L: Contribution of tubular anion and cation
secretion to residual renal function in chronic dialysis
patients. Clin Nephrol 49: 167–172, 1998
European Best Practice Guidelines Expert Group on Hemodialysis, European Renal Association: Section II:
Haemodialysis adequacy. Nephrol Dial Transplant
17[Suppl 7]: 16 –31, 2002

Received: July 16, 2010 Accepted: September 12, 2010
Published online ahead of print. Publication date available
at www.cjasn.org.

