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Intradialytic Protein Ingestion and Exercise
do Not Compromise Uremic Toxin Removal
Throughout Hemodialysis
Floris K. Hendriks, MD,* Jeffrey H. W. Kuijpers,† Janneau M. X. van Kranenburg,* Joan M. G. Senden,*
Frank M. van der Sande, MD, PhD,‡ Jeroen P. Kooman, MD, PhD,‡ Steven J. R. Meex, PhD,† and
Luc J. C. van Loon, PhD*
Objective: Dietary protein and physical activity interventions are increasingly implemented during hemodialysis to support muscle
maintenance in patients with end-stage renal disease (ESRD). Although muscle maintenance is important, adequate removal of uremic
toxins throughout hemodialysis is the primary concern for patients. It remains to be established whether intradialytic protein ingestion
and/or exercise modulate uremic toxin removal during hemodialysis.
Methods: We recruited 10 patients with ESRD (age: 65 6 16 y, BMI: 24.2 6 4.8 kg/m2) on chronic hemodialysis treatment to participate in this randomized cross-over trial. During hemodialysis, patients were assigned to ingest 40 g protein or a nonprotein placebo both
at rest (protein [PRO] and placebo [PLA], respectively) and following 30 min of exercise (PRO 1 exercise [EX] and PLA 1 EX, respectively). Blood and spent dialysate samples were collected throughout hemodialysis to assess reduction ratios and removal of urea, creatinine, phosphate, cystatin C, and indoxyl sulfate.
Results: The reduction ratios of urea and indoxyl sulfate were higher during PLA (76 6 6% and 46 6 9%, respectively) and PLA 1 EX
interventions (77 6 5% and 45 6 10%, respectively) when compared to PRO (72 6 4% and 40 6 8%, respectively) and PRO 1 EX interventions (73 6 4% and 43 6 7%, respectively; protein effect: P 5 .001 and P 5 .023, respectively; exercise effect: P 5 .25 and P 5 .52,
respectively). Nonetheless, protein ingestion resulted in greater urea removal (P 5 .046) during hemodialysis. Reduction ratios and
removal of creatinine, phosphate, and cystatin C during hemodialysis did not differ following intradialytic protein ingestion or exercise
(protein effect: P . .05; exercise effect: P..05). Urea, creatinine, and phosphate removal were greater throughout the period with intradialytic exercise during PLA 1 EX and PRO 1 EX interventions when compared to the same period during PLA and PRO interventions
(exercise effect: P 5 .034, P 5 .039, and P 5 .022, respectively).
Conclusion: The removal of uremic toxins is not compromised by protein feeding and/or exercise implementation during hemodialysis in patients with ESRD.
Keywords: End-stage renal disease; anabolic interventions; dialysis; physical activity; dietary protein
Ó 2022 The Authors. Published by Elsevier Inc. on behalf of the National Kidney Foundation, Inc. This is an open access article under the
CC BY license (http://creativecommons.org/licenses/by/4.0/).

Introduction

M

ETABOLIC WASTE PRODUCTS are insufficiently removed from the circulation by the kidneys of patients with renal disease. Substances that
accumulate in body fluids due to reduced glomerular
filtration and negatively modulate biologic functions
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have been named uremic toxins.1 In end-stage renal disease (ESRD), when the glomerular filtration rate is less
than 15 mL/min/1.73 m2, uremic toxins can accumulate
up to detrimental concentrations.2,3 This can be prevented through hemodialysis treatment, which partially
replaces renal solute removal. During hemodialysis,
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circulating uremic toxins diffuse through a semipermeable
membrane into the dialysate and, as such, are removed
from the body.4 Small uremic toxins, such as urea and
creatinine, diffuse quickly through this membrane. In
contrast, compartmentalized, larger, and protein-bound
uremic toxins, such as phosphate, cystatin C, and indoxyl
sulfate, respectively, are removed much less efficiently during hemodialysis.5-7
Although the removal of uremic toxins during hemodialysis is a life-saving treatment, low muscle mass and
poor physical functioning are common among patients
undergoing chronic hemodialysis treatment.8-10
Protein-energy wasting, a syndrome characterized by
the progressive loss of muscle and fat mass, is present in
28%-54% of these patients.11,12 This high prevalence
can be attributed to sedentary behavior and uremic toxin
accumulation between hemodialysis sessions and to the
loss of nutrients, especially amino acids, during hemodialysis sessions.13,14 As malnutrition is associated with
worse clinical outcomes and a reduced quality of life in
patients on chronic hemodialysis treatment,15,16 interventions that may attenuate or prevent muscle loss in
this population have received much attention over the
past few years. Increasing dietary protein consumption
and stimulating physical activity in patients on chronic
hemodialysis treatment are key anabolic interventions
to preserve muscle mass.17 Nowadays, these interventions are often implemented during hemodialysis sessions
(intradialytic) to counteract the protein deficit and
sedentary behavior in these patients.18,19
However, it has been suggested that intradialytic dietary
(protein) intake may interfere with the effective removal of
uremic toxins, as smaller decreases of circulating urea concentrations during hemodialysis sessions have been reported with intradialytic food consumption.20-22
Intradialytic protein ingestion may affect the reduction
ratio of urea during hemodialysis through absorption/
release of urea in splanchnic organs or through
postprandial splanchnic blood pooling and/or reduced
perfusion of peripheral tissues.23,24 In contrast, intradialytic
exercise increases perfusion of peripheral tissues and reduces splanchnic perfusion.25,26 However, whether these
physiological changes due to intradialytic protein ingestion
and/or exercise modulate uremic toxin removal during hemodialysis remains to be determined.
Therefore, we recruited 10 patients with ESRD to
participate in a cross-over study of 4 hemodialysis sessions
during which these patients ingested a protein or a nonprotein placebo beverage both at rest and following exercise.
Throughout hemodialysis, we measured the concentrations
of urea, creatinine, phosphate, cystatin C, and indoxyl sulfate in blood and spent dialysate to provide a detailed insight
into the impact of exercise and protein ingestion on uremic
toxin removal.

Methods
Study Population
A total of 10 patients with ESRD undergoing hemodialysis in the morning or afternoon through a wellfunctioning arteriovenous shunt for at least 3 months
were recruited between March 2019 and August 2020 at
the dialysis department of Maastricht University Medical
Center1, Maastricht, The Netherlands (Figure S1 provides
the Consolidated Standards of Reporting Trials flow diagram). Patients with an active infection, cognitive disorder,
intolerance to food ingestion during hemodialysis, missed
hemodialysis session in the last month prior to the study
period, or contraindication to intradialytic exercise were
excluded. Patients were informed about the purpose of
the study, experimental procedures, and possible risks prior
to signing a written informed consent. This study is part of
a greater project investigating the impact of exercise and
protein ingestion during hemodialysis, parts of which
have already been published.27 For this project, a sample
size of 10 participants was calculated a priori based on differences in incremental area under the curve of plasma
amino acid concentrations.27 All available samples from
these patients were used for the present study. Spent dialysate urea, creatinine, phosphate, and cystatin C concentrations could only be assessed in n 5 9 due to an insufficient
amount of spent dialysate available for analysis. The study
was approved by the Medical Research Ethics Committee
Academic Hospital Maastricht/Maastricht University
(NL65880.068.18), conformed to standards for the use of
human subjects in research as outlined in the latest version
of the Helsinki Declaration of 1975 and was registered at
the Netherlands Trial Register (NTR7152).
Pretesting
At least 1 week before the first test day, a pretesting session was scheduled during routine hemodialysis to familiarize patients with intradialytic exercise. In addition,
patient’s medical history, physical examinations, laboratory
analysis results, and hemodialysis regimen were registered.
A dialysis cycle ergometer (Thera Riser, Medica Medizintechnik GmbH, Hochdorf, Germany) was placed in front
of the treatment chair and after a 5-min warm-up, the resistance level of the dialysis cycle ergometer was increased until patients reported a score between 12 and 15 on the Borg
Ratings of Perceived Exertion (RPE) scale.28 If patients reported a score ,12 or .15 on the Borg RPE scale within
this period, the resistance level was adjusted accordingly.
When patients succeeded to perform 10 min of
moderate-intensity exercise, the resistance level was noted
and used for the exercise intervention.
Study Design
During 4 hemodialysis sessions, separated by at least
1 week, all patients were assigned to ingest a placebo or protein beverage both in a rested state (placebo [PLA] and
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Figure 1. Schematic representation of study protocol. t 5 0 min represents the start of the hemodialysis session. During four
hemodialysis sessions, patients ingested 40 g protein or a nonprotein placebo both at rest and during recovery from intradialytic
exercise in a randomized cross-over design.

protein [PRO], respectively) and following 30 min intradialytic exercise (PLA 1 exercise [EX] and PRO 1 EX,
respectively) in a randomized cross-over design. Patients
were randomly assigned to an order of interventions using
an online randomizer (http://www.randomizer.org/) and
the randomization order of test beverages was not shared
with investigators or participants until all procedures and
statistical analyses of the primary and secondary outcomes
were complete. The independent researcher was responsible for the preparation of test beverages, which were
labeled as per participant and test day number before handing them to an investigator. The protein beverage contained 40 g milk protein concentrate (Refit MPC 80,
Friesland Campina, Amersfoort, The Netherlands) and 2
sweeteners (Natrena, Douwe Egberts, Amsterdam, The
Netherlands) dissolved in 300 mL water. The placebo
beverage consisted of only the 2 sweeteners dissolved in
300 mL water. The independent researcher shared the order of exercise performance during test days with the investigators after pretesting was completed. Although patients
were blinded to the order of exercise performance, it was
not possible to conceal the intervention during test days
due to the nature of the exercise intervention. Patients
started the intradialytic exercise by performing a 5-min
warming-up on the dialysis cycle ergometer, during which
they were instructed not to surpass a score of 9 on the Borg
RPE scale. Subsequently, the resistance level was increased
to the previously determined value and patients continued
cycling for 20 min. At the end of the intradialytic exercise,
patients performed 3 min of cycling with a score between 9
and 12 and the last 2 min with a score less than 9 on the Borg
RPE scale as a cooling-down. Between the first and second
test day, patients filled out a food diary for 6 days to assess
habitual dietary intake. A licensed dietician carefully instructed patients on how to perform the 6-day food intake

diary. All ingested foods and beverages were reported in
household measurements or specified as portion sizes.

Experimental Protocol
An overview of test days, which were scheduled during
patients’ second or third weekly hemodialysis session, is
provided in Figure 1. All patients refrained from any sort
of strenuous physical activity 48 h prior to each test day. Patients who underwent hemodialysis in the morning fasted
overnight. Those who underwent hemodialysis in the afternoon consumed the same standardized breakfast
(250 kcal, with carbohydrate, fat, and protein providing
65, 23, and 12 En%, respectively) at least 3 h before initiation of their hemodialysis session. Thereafter, patients were
instructed to remain fasted until the end of the experimental protocol but were allowed to ingest water. After patients arrived at the dialysis department, their
prehemodialysis weight was recorded and a Body Composition Monitor (Fresenius Medical Care, Bad Homburg,
Germany) was used to assess their body composition, as
described previously.29 Subsequently, the arteriovenous
shunt was checked for recirculation and used to collect an
arterial blood sample for uremic toxin analyses. After hemodialysis initiation (t 5 0 min), blood samples were
collected from the arterial blood line with 30-min intervals
(at t 5 30, 60, and 90 min) and spent dialysate was collected
continuously in a container at a rate of 1.0 L/h using a
reversed injection pump (Alaris GW, Rolle, Switzerland).
An additional spent dialysate sample was collected
throughout intradialytic exercise or the corresponding
period (t 5 30-60 min) during nonexercise interventions
to assess the effect of intradialytic exercise on uremic toxin
removal. After collection, the spent dialysate was homogenized and thereafter sampled. During all interventions, patients ingested the test beverage 1 h after hemodialysis
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initiation (t 5 60 min) and remained in a rested state thereafter. Directly after hemodialysis (t 5 240 min), a final
blood sample was collected from the arterial side of the arteriovenous shunt.

Uremic Toxins Analysis
Blood samples were collected in serum (t 5 0 and
240 min) and ethylenediaminetetraacetic acid-containing
(t 5 30, 60, and 90 min) tubes. Blood samples were centrifuged at 1000 G for 15 min at 20 C or 10 min at 4 C to
obtain serum or plasma, respectively. Aliquots of serum
and plasma were frozen in liquid nitrogen and stored in a
freezer at -80 C until further analysis. Spent dialysate samples were collected in sterile tubes, frozen in liquid nitrogen,
and stored in a freezer at 280 C until further analysis. For
determination of urea concentrations, urea was hydrolyzed
to ammonium using urease. After adding 2-oxoglutarate,
nicotinamide adenine dinucleotide 1 hydrogen, and glutamate dehydrogenase, urea concentrations were determined
photometrically on a Cobas 8000 (Roche Diagnostics,
Basel, Switzerland). Creatinine was enzymatically converted so that quinone imine chromogen was formed,
which was measured on a Cobas 8000 (Roche Diagnostics,
Basel, Switzerland) to determine creatinine concentrations.
Phosphate concentrations were assessed through conversion
of phosphate to an ammonium phosphomolybdate complex, which was measured photometrically on a Cobas
8000 (Roche Diagnostics, Basel, Switzerland). Cystatin C
concentrations were determined via turbidimetry on a Cobas 8000 (Roche Diagnostics, Basel, Switzerland) after latex
particles coated with anti-cystatin C antibodies were added
to the samples. Indoxyl sulfate concentrations were determined by ultraperformance liquid chromatography mass
spectrometry (UPLC-MS; ACQUITY UPLC H-Class
with QDa; Waters, Saint-Quentin, France).
Calculations
Uremic toxin removal was calculated by multiplying
their mean concentration (g per L) in the spent dialysate
with spent dialysate and ultrafiltration volume (L). Reduction ratios of uremic toxins between 2 time points (i.e.,
RR0-240, RR30-60, and RR60-90) were calculated using
the following equation:


UTCt2
3100
Reduction ratio ð%Þ 5 1 2
UTCt1
In which, UTCt2 is the concentration of circulating uremic toxins at the second time point (t2) and UTCt1 represents the concentration of circulating uremic toxins at the
first time point (t1). Dialysis adequacy (single pool Kt/V)
was calculated using the prehemodialysis circulating urea
concentrations (Upre), posthemodialysis circulating urea
concentrations (Upost), hemodialysis duration (t), ultrafiltration volume (UF), and posthemodialysis weight (W) using the following equation30:


Single pool Kt


V 5 ln


Upost
2 ð0:008 3 tÞ
Upre



Upost
UF
1 4 2 3:5 3
3
W
Upre

Statistical Analysis
All data are expressed as means 6 standard deviations unless indicated otherwise. The primary outcome of the present study was urea removal throughout a 4-h hemodialysis
session. Secondary outcome parameters include the
removal, circulating concentrations, and reduction ratios
of creatinine, phosphate, cystatin C, and indoxyl sulfate.
Normal distribution of all parameters was verified by
Shapiro-Wilk tests. No major violations for repeatedmeasures analysis of variance (ANOVA) assumptions were
observed and in case of nonsphericity, the GreenhouseGeisser correction was applied. Potential differences in
removal and reduction ratios of uremic toxins, hemodialysis
parameters, and prehemodialysis weight were analyzed by
two-way repeated-measures ANOVA with protein ingestion (yes/no) and exercise (yes/no) as within subject variables. Circulating uremic toxin concentrations
throughout hemodialysis were assessed using three-way
repeated measures ANOVA with protein ingestion (yes/
no), exercise (yes/no), and time as within subject variables.
If a statistically significant interaction was found, two-way
ANOVAs and/or paired-samples t-tests were performed.
In case of significant time effects, Bonferroni post-hoc analyses were performed to locate the effects. Statistical significance was set at P ,.05. All analyses were performed using
SPSS statistics software (version 24.0; IBM Corp., Armonk,
New York).

Results
Patients’ Characteristics
Patients’ baseline characteristics are presented in Table 1.
All included patients with ESRD completed 4 test days. No
differences were observed between the test days with PLA,
PLA 1 EX, PRO, and PRO 1 EX interventions in prehemodialysis weight (71.9 6 14.3, 72.6 6 14.0, 72.2 6 13.9,
and 71.9 6 14.1 kg, respectively; protein P 5.49; exercise
P 5.51), urea distribution volume (34.7 6 4.6, 35.3 6 5.1,
35.7 6 4.8, and 35.2 6 5.0 L, respectively; protein P 5.16;
exercise P 5.91), and ultrafiltration volume (1.24 6 1.01,
1.47 6 1.27, 1.23 6 1.08, and 1.41 6 1.24 L, respectively;
protein P 5.78; exercise P 5.26). Two patients declined to
fill out the 6-day food intake diary. Reported habitual dietary energy and protein intakes of the other 8 patients averaged 25.9 6 6.0 kcal/kg body weight/day and 1.0 6 0.3 g
protein/kg body weight/day, respectively.
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Table 1. Patients’ Characteristics
Characteristic

Patients

Age, y
Gender, male/female
Cause of end-stage renal disease
Glomerular
Vascular
Unknown
Remaining diuresis
,100 mL/24 h
100-500 mL/24 h
500-2000 mL/24 h
Dialysis vintage, months
Dialysis timing, morning/afternoon
Height, m
Weight, kg
BMI, kg/m2
Serum albumin, g/dL
C-reactive protein, mg/L

65 6 16
8/2
5
4
1
6
1
3
36 6 23
5/5
1.72 6 0.13
71.0 6 13.6
24.2 6 4.8
3.4 6 0.3
766

Continuous and categorical values are expressed as means 6 SDs
and counts, respectively, n 5 10.

Circulating Uremic Toxin Concentrations
As depicted in Figure 2, circulating urea, phosphate, cystatin C, and indoxyl sulfate concentrations decreased substantially throughout hemodialysis (time effect P , .001
for all). Circulating uremic toxin concentrations declined
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between each time point (P ,.05 for all) except for circulating phosphate concentrations, which did not further
decrease during the last 2.5 h of hemodialysis (t 5 90240 min; P 5 .70). Protein ingestion resulted in higher
circulating indoxyl sulfate concentrations throughout hemodialysis (protein effect P 5 .024; exercise effect
P 5.35). Circulating urea, phosphate, and cystatin C concentrations were not affected by protein ingestion or intradialytic exercise (protein effect P 5 .35, P 5 .59, and
P 5 .67, respectively; exercise effect P 5 .46, P 5 .66,
and P 5 .20, respectively). A significant time 3 exercise
interaction (P 5 .007) was observed for circulating creatinine concentrations throughout hemodialysis. Separate analyses showed that circulating creatinine concentrations
decreased substantially during hemodialysis (time effect
P ,.001) but were not influenced by intradialytic exercise
(exercise effects P . .05).

Uremic Toxin Reduction Ratios
Reduction ratios of urea, creatinine, phosphate, cystatin
C, and indoxyl sulfate throughout intradialytic exercise
during PLA 1 EX and PRO 1 EX interventions or the
corresponding 30-min period during PLA and PRO interventions (RR30-60), the 30-min period following ingestion
of the test beverage (RR60-90), and the 4-h hemodialysis
session are presented in Table 2. No protein 3 exercise
interaction was observed (P ..05 for all). Protein ingestion

Figure 2. Circulating urea (A), creatinine (B), phosphate (C), cystatin C (D), and indoxyl sulfate (E) concentrations throughout hemodialysis at rest and following exercise with and without protein ingestion. Values are expressed as means 6 SEMs, n 5 10 for
all values. The dotted lines represent the interventions during which the protein beverage was ingested, while the continuous
lines represent the interventions during which the placebo was ingested. Data were analysed with a three-way repeated-measures ANOVA with time, protein ingestion (yes/no), and exercise (yes/no) as within subject variables and separate analysis were
performed when a significant interaction was detected. A time 3 exercise interaction (P , .05) was observed for circulating creatinine concentrations. Circulating indoxyl sulfate concentrations throughout protein interventions were significantly different from
placebo interventions (protein effect P , .05). PLA, placebo; PLA 1 EX, placebo and exercise; PRO, protein; PRO 1 EX, protein
and exercise.
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Table 2. Reduction Ratios of Uremic Toxins Throughout Hemodialysis
Uremic Toxin
Urea
RR30-60 (%)
RR60-90 (%)
RR0-240 (%)
Creatinine
RR30-60 (%)
RR60-90 (%)
RR0-240 (%)
Phosphate
RR30-60 (%)
RR60-90 (%)
RR0-240 (%)
Cystatin C
RR30-60 (%)
RR60-90 (%)
RR0-240 (%)
Indoxyl sulfate
RR30-60 (%)
RR60-90 (%)
RR0-240 (%)

Protein Effect

Exercise Effect

PLA

PLA 1 EX

PRO

PRO 1 EX

P

P

Protein 3 Exercise Interaction P

17 6 3
17 6 3
76 6 6

16 6 3
17 6 4
77 6 5

18 6 2
15 6 2
72 6 4

16 6 2
17 6 3
73 6 4

0.458
0.127
0.001

0.046
0.136
0.254

0.673
0.178
0.226

16 6 3
14 6 2
67 6 6

15 6 3
14 6 3
68 6 4

16 6 2
13 6 2
68 6 4

14 6 2
14 6 3
68 6 4

0.914
0.546
0.270

0.033
0.892
0.671

0.185
0.658
0.348

18 6 5
12 6 5
53 6 11

12 6 6
17 6 7
54 6 10

17 6 5
768
53 6 11

10 6 8
16 6 6
52 6 12

0.203
0.070
0.535

0.007
0.010
1.000

0.483
0.096
0.300

14 6 5
867
51 6 20

11 6 7
10 6 5
53 6 19

12 6 7
865
53 6 20

11 6 7
965
52 6 18

0.254
0.754
0.808

0.053
0.392
0.809

0.713
0.587
0.308

868
10 6 4
46 6 9

669
13 6 5
45 6 10

864
665
40 6 8

766
10 6 7
43 6 7

0.796
0.029
0.023

0.485
0.103
0.521

0.846
0.750
0.314

All values are expressed as means 6 SDs, n 5 10. Data were compared using two-way repeated-measures ANOVAs with protein ingestion
(yes/no) and exercise (yes/no) as within subject variables.
PLA, placebo; PLA 1 EX, placebo and exercise; PRO, protein; PRO 1 EX, protein and exercise; RR30-60, reduction ratio between 30 and 60 min
after hemodialysis initiation (intradialytic exercise or nonexercise period); RR60-90, reduction ratio between 60 and 90 min after hemodialysis initiation (directly after test beverage ingestion); RR0-240, reduction ratio over the 4-h hemodialysis session.

reduced the reduction ratios of urea and indoxyl sulfate over
the entire hemodialysis session (protein effect P 5.001 and
P 5 .023, respectively). In addition, single pool Kt/V was

higher during PLA and PLA 1 EX interventions when
compared to PRO and PRO 1 EX interventions
(1.64 6 0.22 and 1.71 6 0.24 vs. 1.48 6 0.20 and

Figure 3. Total urea (A), creatinine (B), phosphate (C), cystatin C (D), and indoxyl sulfate (E) removal throughout hemodialysis at
rest and following exercise with and without protein ingestion. Squares and circles represent individual data points and bars
represent group means 6 SEMs, n 5 10 for indoxyl sulfate and n 5 9 for urea, creatinine, phosphate, and cystatin C removal.
Data were analysed with a two-way repeated-measures ANOVA with protein ingestion (yes/no) and exercise (yes/no) as within
subject variables. *, Significantly different from placebo interventions (protein effect P , .05). PLA, placebo; PLA 1 EX, placebo
and exercise; PRO, protein; PRO 1 EX, protein and exercise.
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1.49 6 0.17, respectively; protein effect P ,.001; exercise
effect P 5 .179). Following protein ingestion, only the
RR60-90 of indoxyl sulfate was reduced (protein effect
P 5.029). However, the RR60-90 of urea following protein
ingestion did not differ from placebo ingestion (protein effect P 5.14). Intradialytic exercise resulted in lower RR3060 of urea, creatinine, and phosphate when compared to the
nonexercise interventions (exercise effect P 5 .046,
P 5.033, and P 5.007, respectively). In contrast, intradialytic exercise resulted in a higher RR60-90 of phosphate (exercise effect P 5 .010).

Uremic Toxin Removal
Urea, creatinine, phosphate, cystatin C, and indoxyl sulfate removal throughout the hemodialysis sessions are
shown in Figure 3. Urea removal was greater throughout
PRO and PRO 1 EX interventions when compared to
PLA and PLA 1 EX interventions (protein effect
P 5 .046; exercise effect P 5 .337). Protein ingestion and
intradialytic exercise did not affect the removal of creatinine, phosphate, cystatin C, and indoxyl sulfate over the
4-h hemodialysis sessions (protein effect P 5 .62,
P 5 1.00, P 5.36, and P 5.69, respectively; exercise effect
P 5.25, P 5.22, P 5.16, and P 5.21, respectively). When
comparing the intradialytic exercise period during
PLA 1 EX and PRO 1 EX interventions to the same
30-min period during PLA and PRO interventions, greater
amounts of urea (4.8 6 1.5 and 4.9 6 1.2 vs. 4.4 6 0.9 and
4.7 6 1.4 g, respectively; exercise effect P 5 .034), creatinine (0.29 6 0.04 and 0.28 6 0.04 vs. 0.28 6 0.03 and
0.28 6 0.04 g; exercise effect P 5 .039), and phosphate
(0.40 6 0.16 and 0.39 6 0.14 vs. 0.33 6 0.10 and
0.37 6 14 g; exercise effect P 5.022) were removed during
intradialytic exercise.

Discussion
In this randomized controlled cross-over study, hemodialysis effectively removed small uremic toxins from the circulation during all interventions (Kt/V . 1.2, creatinine
reduction ratio . 65%). We observed that intradialytic protein ingestion resulted in lower reduction ratios of urea and
indoxyl sulfate throughout the entire hemodialysis session.
However, protein ingestion also resulted in greater urea
removal throughout hemodialysis. Furthermore, we
showed that intradialytic exercise did not modulate uremic
toxin removal during hemodialysis.
Adequate removal of uremic toxins is the main purpose
of hemodialysis treatment, as it is essential for patients with
ESRD that circulating metabolic waste products do not
reach harmful concentrations. In the present study, we
measured circulating concentrations and removal of small,
compartmentalized, and protein-bound uremic toxins
throughout hemodialysis. When no interventions were
applied (PLA sessions), reduction ratios of uremic toxins
during hemodialysis varied between 45% and 75%

7

(Table 2). Furthermore, single-pool Kt/V during these
sessions was 1.64 6 0.22, which indicates that hemodialysis treatment was delivered effectively as per Kidney Disease Outcomes Quality Initiative clinical practice
guidelines.31 Nonetheless, even when effective hemodialysis treatment is delivered, the level of physical functioning
among patients with ESRD generally remains poor and
limits patients’ quality of life.32 To improve the low physical functioning of patients undergoing chronic hemodialysis treatment, anabolic stimuli (i.e., protein and exercise
interventions) are increasingly implemented during hemodialysis.33-35 However, studies investigating the
effects of such interventions on the removal of uremic
toxins during hemodialysis have reported equivocal
results.21-23,36-38 Therefore, we comprehensively assessed
the impact of intradialytic exercise and protein ingestion
on uremic toxin removal throughout hemodialysis.
Protein ingestion can be implemented during hemodialysis to compensate for amino acid removal and, as such, to
support muscle maintenance in patients with
ESRD.27,34,39,40 However, it has been suggested that postprandial splanchnic blood pooling following food consumption during hemodialysis interferes with dialysis
adequacy.20 Several studies have observed lower reduction
ratios of circulating protein-derived uremic toxins and dialysis adequacy (as measured by Kt/V) when patients
consumed food during hemodialysis.21-23 Our findings
support this suggestion, as the reduction ratios of urea
and indoxyl sulfate were significantly lower when patients
ingested protein compared to placebo ingestion (Table 2).
Furthermore, in the present study intradialytic protein
ingestion reduced single-pool Kt/V by 10%. However,
the reduction ratios of creatinine, phosphate, and cystatin
C throughout hemodialysis were not affected by protein
ingestion (Table 2). In addition, during the 30-min period
following protein ingestion, the decline in circulating urea
concentrations was similar to the 30 min following placebo
ingestion. Through quantification of uremic toxin removal
in the spent dialysate, we observed that intradialytic protein
ingestion actually resulted in an additional 2 g urea being
removed during hemodialysis when compared to placebo
ingestion (Figure 3). These findings suggest that the lower
reduction ratio of urea throughout hemodialysis is not
caused by hemodynamic changes but can rather be attributed to a postprandial increase in urea production.41 Similarly, protein ingestion is known to increase indoxyl sulfate
production by colon microbes, which results in higher concentrations in the circulation.42 Although intradialytic protein ingestion increased urea removal, it did not result in
greater indoxyl sulfate removal throughout hemodialysis
(Figure 3). This difference may be explained by the fact
that . 90% of circulating indoxyl sulfate is proteinbound and, as such, is not available for diffusion through
the dialysis membrane.43 Thus, intradialytic protein ingestion does not compromise uremic toxin removal during
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hemodialysis but increases the postprandial production of
protein-derived uremic toxins.
In contrast to protein ingestion, intradialytic exercise has
been suggested to improve uremic toxin removal throughout
hemodialysis.44,45 In the latest Clinical Practice Guidelines
on Hemodialysis, the Renal Association recommends that
patients on chronic hemodialysis treatment without contraindications should perform $ 30 min of intradialytic exercise during every hemodialysis session.46 In the present
study, 30 min of intradialytic cycling did not influence the
reduction ratios (Table 2) or removal (Figure 3) of any uremic toxin during hemodialysis. This is in line with previous
work from De Vos et al., who showed that intradialytic exercise did not change serum concentrations of small and
protein-bound uremic toxins throughout hemodialysis.37
Nevertheless, we found that urea, creatinine, and phosphate
removal were greater during performance of intradialytic
exercise when compared to the same 30-min period during
the nonexercise interventions. Intradialytic cycling increases
perfusion of muscle tissue in the legs, an area which would
otherwise receive relatively little blood flow during hemodialysis.47,48 Increased perfusion of leg muscles allows uremic
toxins to diffuse from this compartment into the circulation
more efficiently, which may increase uremic toxin removal
during hemodialysis.44 However, over the 4-h hemodialysis
period intradialytic cycling did not significantly modulate
uremic toxin removal. It remains to be established whether
a longer period or higher intensity of cycling would be
able to further increase uremic toxin removal throughout
hemodialysis.
The combination of protein ingestion and physical activity creates a synergistic benefit to preserve, or even increase,
muscle mass and function and are, therefore, combined in
lifestyle interventions.49-51 Implementation of protein
ingestion together with intradialytic exercise during
hemodialysis provides a supervised and time-efficient interventional strategy that is instrumental to maintain muscle
mass and functional capacity in patients on chronic hemodialysis treatment.17 In addition to the separate interventions, the present study also shows that the combination
of intradialytic protein ingestion and cycling does not
compromise uremic toxin removal during hemodialysis
(Figure 3). Therefore, exercise combined with protein
ingestion can be implemented during hemodialysis to support muscle mass and strength preservation without attenuating hemodialysis efficiency.
The present study has several limitations. First, the sample size is relatively small with merely 10 patients included.
However, to minimize variability and increase the power of
our measures, we have employed a randomized cross-over
study design and standardized food intake prior to the hemodialysis sessions. In accordance, we were able to show
a difference in urea removal throughout hemodialysis between interventions. Second, we provided patients with
40 g of milk protein concentrate during hemodialysis.

Although this allowed us to isolate the impact of protein
ingestion on uremic toxin removal, patients generally ingest
whole foods during hemodialysis. Ingestion of whole foods
may influence uremic toxin removal differently than ingestion of a protein isolate or concentrate. Major strengths of
the present study include the combination of both the placebo and protein beverage with and without intradialytic
exercise. Furthermore, uremic toxin concentrations
throughout hemodialysis were not only measured in blood
but also in spent dialysate to quantify uremic toxin removal.
In conclusion, intradialytic protein ingestion lowers the
reduction ratios of protein-derived uremic toxins but increases urea removal throughout hemodialysis. Intradialytic
exercise does not compromise uremic toxin removal
throughout hemodialysis in patients with ESRD.

Practical Application
In the present study, we show that intradialytic protein
ingestion lowers the reduction ratios of protein-derived
uremic toxins but does not compromise uremic toxin
removal during hemodialysis. In addition, the combination
of intradialytic protein ingestion and exercise does not
compromise the removal of uremic toxins during hemodialysis. Therefore, exercise combined with protein ingestion
can be implemented during hemodialysis to support muscle
mass and strength preservation without attenuating hemodialysis efficiency.

CRediT Authorship Contribution
Statement
Floris K. Hendriks: Conceptualization, Investigation,
Writing – original draft. Jeffrey H.W. Kuijpers: Investigation, Writing – review & editing. Janneau M.X. van
Kranenburg: Investigation. Joan M.G. Senden: Investigation. Frank M. van der Sande: Conceptualization,
Investigation. Jeroen P. Kooman: Conceptualization,
Writing – review & editing. Steven J.R. Meex: Conceptualization, Resources, Writing – review & editing. Luc
J.C. van Loon: Conceptualization, Resources, Writing
– review & editing, Supervision.

Acknowledgments
We greatly appreciate the assistance of Wesley Hermans, Therese van
der Vlies, Nikki Adriaens, and the whole staff of the
MUMC 1 dialysis department, especially Anouk Geurts and Jaap Krohof, in the execution of the experiments.

Supplementary Data
Supplementary data related to this article can be found at https://doi.
org/10.1053/j.jrn.2022.07.006.

References
1. Chmielewski M, Heimb€
urger O, Stenvinkel P, Lindholm B. Chapter 4 uremic Toxicity. In: Kopple JD, Massry SG, Kalantar-Zadeh K, eds. Nutritional
Management of Renal Disease. Academic Press; 2013:49-77.

UREMIC TOXIN REMOVAL DURING HEMODIALYSIS
2. Levey AS, Eckardt KU, Tsukamoto Y, et al. Definition and classification
of chronic kidney disease: a position statement from Kidney Disease:
Improving Global Outcomes (KDIGO). Kidney Int. 2005;67:2089-2100.
3. Kwok W-H, Yong S-P, Kwok O-L. Outcomes in elderly patients with
end-stage renal disease: Comparison of renal replacement therapy and conservative management. Hong Kong J Nephrol. 2016;19:42-56.
4. Himmelfarb J, Ikizler TA. Hemodialysis. N Engl J Med. 2010;363:18331845.
5. DeSoi CA, Umans JG. Phosphate kinetics during high-flux hemodialysis. J Am Soc Nephrol. 1993;4:1214-1218.
6. Huang SH, Tirona RG, Reid-Wilkinson F, et al. The kinetics of cystatin
C removal by hemodialysis. Am J Kidney Dis. 2015;65:174-175.
7. Eloot S, Schneditz D, Cornelis T, et al. Protein-bound uremic toxin
Profiling as a Tool to Optimize hemodialysis. PLoS One.
2016;11:e0147159.
8. Marcelli D, Brand K, Ponce P, et al. Longitudinal changes in body
composition in patients after initiation of hemodialysis therapy: results from
an International Cohort. J Ren Nutr. 2016;26:72-80.
9. Visser WJ, Egmond A, Timman R, Severs D, Hoorn EJ. Risk Factors for
muscle loss in hemodialysis patients with high Comorbidity. Nutrients.
2020;12.
10. Johansen KL, Shubert T, Doyle J, Soher B, Sakkas GK, KentBraun JA. Muscle atrophy in patients receiving hemodialysis: effects on
muscle strength, muscle quality, and physical function. Kidney Int.
2003;63:291-297.
11. Carrero JJ, Thomas F, Nagy K, et al. Global prevalence of proteinenergy wasting in kidney disease: a meta-analysis of Contemporary Observational studies from the International Society of renal Nutrition and metabolism. J Ren Nutr. 2018;28:380-392.
12. Fouque D, Kalantar-Zadeh K, Kopple J, et al. A proposed nomenclature and diagnostic criteria for protein-energy wasting in acute and chronic
kidney disease. Kidney Int. 2008;73:391-398.
13. Carrero JJ, Stenvinkel P, Cuppari L, et al. Etiology of the proteinenergy wasting syndrome in chronic kidney disease: a consensus statement
from the International Society of Renal Nutrition and Metabolism (ISRNM).
J Ren Nutr. 2013;23:77-90.
14. Hendriks FK, Smeets JSJ, Broers NJH, et al. End-stage renal disease patients Lose a substantial amount of amino acids during hemodialysis. J Nutr.
2020;150:1160-1166.
15. Laws RA, Tapsell LC, Kelly J. Nutritional status and its relationship to
quality of life in a sample of chronic hemodialysis patients. J Ren Nutr.
2000;10:139-147.
16. Kalantar-Zadeh K, Kilpatrick RD, Kuwae N, et al. Revisiting mortality predictability of serum albumin in the dialysis population: time dependency, longitudinal changes and population-attributable fraction. Nephrol
Dial Transpl. 2005;20:1880-1888.
17. Hendriks FK, Smeets JSJ, van der Sande FM, Kooman JP, van
Loon LJC. Dietary protein and physical activity interventions to support
muscle maintenance in end-stage renal disease patients on hemodialysis. Nutrients. 2019;11.
18. Kalantar-Zadeh K, Ikizler TA. Let them eat during dialysis: an overlooked opportunity to improve outcomes in maintenance hemodialysis patients. J Ren Nutr. 2013;23:157-163.
19. Viana JL, Martins P, Parker K, et al. Sustained exercise programs for hemodialysis patients: the characteristics of successful approaches in Portugal,
Canada, Mexico, and Germany. Semin Dial. 2019;32:320-330.
20. Agarwal R, Georgianos P. Feeding during dialysis-risks and uncertainties. Nephrol Dial Transpl. 2018;33:917-922.
21. San Juan Miguelsanz M, Pilar SM. Santos de Pablos. Reduction of
Kt/V by food intake during haemodialysis, EDTNA ERCA J.
2001;27:150-152.
22. Rao NS, Chandra A, Saran S, Kulshreshta MR, Mishra P, Tiwari P.
Predialytic versus intradialytic Nutrition: a study to assess effects on intradialytic blood Pressure, dialysis adequacy, and urea removal. Blood Purif.
2021;28:1-6.

9

23. Muller-Deile J, Lichtinghagen R, Haller H, Schmitt R. Online Kt/V
monitoring in haemodialysis by UV absorbance: variations during intradialytic meals. Blood Purif. 2014;37:113-118.
24. Svinth-Johansen C, Reinhard M, Ivarsen P. Hemodynamic Response
to Glucose-Insulin Infusion and meals during hemodialysis. Kidney Blood Press
Res. 2020;45:249-262.
25. van Wijck K, Lenaerts K, van Loon LJ, Peters WH, Buurman WA,
Dejong CH. Exercise-induced splanchnic hypoperfusion results in gut
dysfunction in healthy men. PLoS One. 2011;6:e22366.
26. Jeong JH, Biruete A, Fernhall B, Wilund KR. Effects of acute intradialytic exercise on cardiovascular responses in hemodialysis patients. Hemodial
Int. 2018;22:524-533.
27. Hendriks FK, Smeets JSJ, van Kranenburg JMX, et al. Amino acid
removal during hemodialysis can be compensated for by protein ingestion
and is not compromised by intradialytic exercise: a randomized controlled
crossover trial. Am J Clin Nutr. 2021; https://doi.org/10.1093/ajcn/nqab274.
28. Borg G. Borg’s Perceived Exertion and Pain Scales. Illinois: Human Kinetics: Champaign; 1998.
29. Broers NJH, Martens RJH, Cornelis T, et al. Physical activity in endstage renal disease patients: the effects of starting dialysis in the first 6 Months
after the Transition period. Nephron. 2017;137:47-56.
30. Daugirdas JT. Simplified Equations for Monitoring Kt/V, PCRn, eKt/
V, and ePCRn. Adv Ren Replace Ther. 1995;2:295-304.
31. National Kidney F. KDOQI clinical practice guideline for hemodialysis adequacy: 2015 update. Am J Kidney Dis. 2015;66:884-930.
32. Broers NJH, Usvyat LA, Kooman JP, et al. Quality of life in dialysis patients: a Retrospective Cohort study. Nephron. 2015;130:105-112.
33. Hendriks FK, Kooman JP, van Loon LJC. Dietary protein interventions to improve nutritional status in end-stage renal disease patients undergoing hemodialysis. Curr Opin Clin Nutr Metab Care. 2021;24:79-87.
34. Kistler BM, Benner D, Burrowes JD, et al. Eating during hemodialysis
treatment: a consensus statement from the International Society of renal
Nutrition and metabolism. J Ren Nutr. 2018;28:4-12.
35. Greenwood SA, Koufaki P, Rush R, Macdougall IC, Mercer TH.
British Renal Society Rehabilitation N. Exercise counselling practices for patients with chronic kidney disease in the UK: a renal multidisciplinary team
perspective. Nephron Clin Pract. 2014;128:67-72.
36. Kirkman DL, Roberts LD, Kelm M, Wagner J, Jibani MM,
Macdonald JH. Interaction between intradialytic exercise and hemodialysis
adequacy. Am J Nephrol. 2013;38:475-482.
37. De Vos C, Lemarcq L, Dhondt A, Glorieux G, Van Biesen W,
Eloot S. The impact of intradialytic cycling on the removal of proteinbound uraemic toxins: a randomised cross-over study. Int J Artif Organs.
2021;44:156-164.
38. Giannaki CD, Stefanidis I, Karatzaferi C, et al. The effect of prolonged
intradialytic exercise in hemodialysis efficiency indices. ASAIO J.
2011;57:213-218.
39. Benner D, Brunelli SM, Brosch B, Wheeler J, Nissenson AR. Effects of
oral nutritional Supplements on mortality, missed dialysis treatments, and
nutritional Markers in hemodialysis patients. J Ren Nutr. 2018;28:191-196.
40. Li J, Hou G, Sun X, Chen A, Chai Y. A low-Cost, intradialytic,
protein-Rich meal improves the nutritional status in Chinese hemodialysis
patients. J Ren Nutr. 2020;30:e27-e34.
41. Rafoth RJ, Onstad GR. Urea synthesis after oral protein ingestion in
man. J Clin Invest. 1975;56:1170-1174.
42. Poesen R, Mutsaers HA, Windey K, et al. The influence of dietary
protein intake on Mammalian Tryptophan and Phenolic Metabolites. PLoS
One. 2015;10:e0140820.
43. Leong SC, Sirich TL. Indoxyl sulfate-review of Toxicity and Therapeutic Strategies. Toxins (Basel). 2016;8:358.
44. Kirkman DL, Scott M, Kidd J, Macdonald JH. The effects of intradialytic exercise on hemodialysis adequacy: a systematic review. Semin Dial.
2019;32:368-378.
45. Salhab N, Alrukhaimi M, Kooman J, et al. Effect of intradialytic exercise on Hyperphosphatemia and malnutrition. Nutrients. 2019;11.

10

HENDRIKS ET AL

46. Ashby D, Borman N, Burton J, et al. Renal association clinical practice
guideline on haemodialysis. BMC Nephrol. 2019;20:379.
47. McGuire S, Horton EJ, Renshaw D, Chan K, Krishnan N, McGregor G.
Cardiopulmonary and metabolic physiology during hemodialysis and inter/intradialytic exercise. J Appl Physiol (1985). 2021;130:1033-1042.
48. Smye SW, Lindley EJ, Will EJ. Simulating the effect of exercise on urea
clearance in hemodialysis. J Am Soc Nephrol. 1998;9:128-132.
49. Snijders T, Res PT, Smeets JS, et al. Protein ingestion before Sleep
increases muscle mass and strength gains during prolonged resistance-

Type exercise training in healthy Young men. J Nutr. 2015;145:11781184.
50. Trommelen J, Holwerda AM, Kouw IW, et al. Resistance exercise
Augments postprandial Overnight muscle protein synthesis rates. Med Sci
Sports Exerc. 2016;48:2517-2525.
51. Morton RW, Murphy KT, McKellar SR, et al. A systematic review,
meta-analysis and meta-regression of the effect of protein supplementation
on resistance training-induced gains in muscle mass and strength in healthy
adults. Br J Sports Med. 2018;52:376-384.

