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Amino acid removal during hemodialysis can be compensated for by
protein ingestion and is not compromised by intradialytic exercise:
a randomized controlled crossover trial
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ABSTRACT
Background: Patients with end-stage renal disease (ESRD) under-
going hemodialysis experience a rapid decline in skeletal muscle
mass and strength. Hemodialysis removes amino acids (AAs) from
the circulation, thereby lowering plasma AA concentrations and
stimulating proteolysis.
Objectives: In the present study, we evaluate the impact of
intradialytic protein ingestion at rest and following exercise on AA
removal and plasma AA availability in patients with ESRD.
Methods: Ten patients (age: 65 ± 16 y, male/female: 8/2, BMI:
24.2 ± 4.8 kg/m2, serum albumin: 3.4 ± 0.3 g/dL) with ESRD
undergoing hemodialysis participated in this randomized controlled
crossover trial. During 4 hemodialysis sessions, patients were
assigned to ingest 40 g protein or a placebo 60 min after initiation,
both at rest (PRO and PLA, respectively) and following exercise
(PRO + EX and PLA + EX, respectively). Spent dialysate and blood
samples were collected every 30 min throughout hemodialysis to
assess AA removal and plasma AA availability.
Results: Plasma AA concentrations declined by 26.1 ± 4.5%
within 30 min after hemodialysis initiation during all interventions
(P < 0.001, η2

p > 0.79). Protein ingestion, but not intradialytic
exercise, increased AA removal throughout hemodialysis (9.8 ± 2.0,
10.2 ± 1.6, 16.7 ± 2.2, and 17.3 ± 2.3 g during PLA, PLA + EX,
PRO, and PRO + EX interventions, respectively; protein effect
P < 0.001, η2

p = 0.97; exercise effect P = 0.32, η2
p = 0.11).

Protein ingestion increased plasma AA concentrations until the end
of hemodialysis, whereas placebo ingestion resulted in decreased
plasma AA concentrations (time effect P < 0.001, η2

p > 0.84).
Plasma AA availability (incremental AUC) was greater during PRO
and PRO + EX interventions (49 ± 87 and 70 ± 34 mmol/L/240 min,
respectively) compared with PLA and PLA + EX interventions (–
227 ± 54 and –208 ± 68 mmol/L/240 min, respectively; protein
effect P < 0.001, η2

p = 0.98; exercise effect P = 0.21, η2
p = 0.16).

Conclusions: Protein ingestion during hemodialysis compensates
for AA removal and increases plasma AA availability both at rest
and during recovery from intradialytic exercise. Intradialytic exercise
does not compromise AA removal or reduce plasma AA availability
during hemodialysis in a postabsorptive or postprandial state. Am
J Clin Nutr 2021;114:2074–2083.

Keywords: hemodialysis, protein, exercise, end-stage renal disease,
amino acids, physical activity, supplementation, muscle

Introduction
Low muscle mass and strength are frequently observed

among patients with end-stage renal disease (ESRD) undergoing
hemodialysis, which leads to severe impairments in their physical
function (1–4). Hemodialysis itself is considered a key factor
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responsible for the accelerated loss of muscle mass and strength
in patients with ESRD (5, 6). Usually, patients undergo three
4-h hemodialysis sessions per week to remove metabolic waste
products and excess fluids from their body. We (7) as well
as others (8, 9) have reported that hemodialysis removes a
considerable amount of amino acids (AAs) from the circulation,
thereby lowering plasma AA concentrations. This decline in
plasma AA availability is suggested to stimulate proteolysis,
which further contributes to the loss of muscle mass in patients
receiving chronic hemodialysis treatment (10, 11).

Recently, we have shown that ∼12 g AAs are removed from the
circulation during a single hemodialysis session (7). It has been
suggested that provision of protein-rich meals or supplements is
warranted to compensate for AA removal during hemodialysis
(8, 12, 13). Ingested protein is digested and AAs are absorbed
in the gut, with 40–70% of the protein-derived AAs being
released into the circulation within the next 3–6 h (14–16).
However, a postprandial increase in plasma AA concentrations
during hemodialysis leads to a greater plasma–dialysate diffusion
gradient and, as such, greater AA removal (7, 8). Due to
this greater AA removal, the efficacy of protein ingestion to
compensate for plasma AA removal during hemodialysis remains
to be determined. We hypothesize that ingestion of 40 g protein
during hemodialysis will suffice to compensate for AA removal
and, as such, prevent reduced plasma AA availability.

Besides protein ingestion, intradialytic exercise (exercise
during hemodialysis) has been proposed as an effective strategy
to improve physical function in patients on chronic hemodialysis
treatment (17, 18). Intradialytic exercise is usually performed at a
low to moderate intensity using a cycle ergometer placed in front
of the treatment chair or through group-based physical activity
sessions (17, 19, 20). However, the potency of intradialytic exer-
cise to support muscle maintenance is still a matter of debate (21–
23). It has been suggested that intradialytic exercise may actually
enhance hemodialysis-initiated proteolysis and, as such, could
even compromise muscle conditioning (21, 24). We hypothesize
that intradialytic exercise leads to greater AA removal during
hemodialysis in a postprandial and postabsorptive state.

The present study evaluates the impact of protein ingestion
during hemodialysis at rest and during recovery from exercise
on AA removal and plasma AA availability in patients with
ESRD. Ten patients with ESRD receiving chronic hemodialysis
treatment were selected to participate in a randomized crossover
design. This study provides a complete insight into the impact of
both protein ingestion and intradialytic exercise on AA removal
and plasma AA availability throughout hemodialysis in patients
with ESRD.

Patients

Ten patients with ESRD and well-functioning arteriovenous
shunts, undergoing hemodialysis in the morning or afternoon for
at least 3 mo, were recruited between March 2019 and August
2020 through the outpatient population visiting the dialysis de-
partment of Maastricht University Medical Centre+, Maastricht,
The Netherlands [see Supplementary File 1 (Supplementary
Figure 1 for the Consolidated Standards of Reporting Trials
flow diagram)]. Patients with an active infection, cognitive
disorder, intolerance to food ingestion during hemodialysis,
contraindication to intradialytic exercise, or missed hemodialysis

session in the past month prior to the study period were excluded.
After patients expressed willingness to participate to their
nephrologist, they were informed by an investigator about the
purpose of the study, experimental procedures, and possible risks
prior to signing written informed consent. The Medical Research
Ethics Committee Academic Hospital Maastricht/Maastricht
University (NL65880.068.18) and the Hospital Board of the
Academic Hospital Maastricht approved the current study, and
it was registered prospectively at the Netherlands Trial Register
(NL7152). The present study design complies with the ethical
standards stated in the latest version of the Declaration of
Helsinki of 1975 as revised in October 2013.

Methods

Pretesting

A pretesting session was scheduled during routine hemodialy-
sis at least 1 wk before the first test day to familiarize patients
with intradialytic exercise and determine exercise capacity.
In addition, patients’ medical history, physical examinations,
laboratory analysis results, and hemodialysis regimen were
registered. A dialysis cycle ergometer (Thera Riser; Medica
Medizintechnik GmbH) was placed in front of the treatment chair
and adjusted until the patient was positioned properly. Blood
pressure, heart rate, and an electrocardiogram were recorded and
directly assessed for abnormalities by a physician throughout
intradialytic exercise performance. After a 5-min warmup, the
resistance level of the dialysis cycle ergometer was increased
until patients reported a score between 12 and 15 on the 6-
to 20-point Borg Ratings of Perceived Exertion scale (25).
Subsequently, patients were instructed to continue cycling at the
same resistance level for 10 min. When patients reported a score
<12 or >15 on the 6- to 20-point Borg Ratings of Perceived
Exertion scale, the resistance level was adjusted accordingly. The
resistance level at which patients succeeded to perform 10 min
of moderate-intensity exercise was used for the exercise protocol
during test days.

Dietary intake and physical activity

All patients refrained from any sort of strenuous physical
activity 48 h prior to each test day. Patients who underwent
hemodialysis in the morning reported in an overnight fasted state.
Those who underwent hemodialysis in the afternoon consumed
the same standardized breakfast at least 3 h before initiation
of their hemodialysis session (providing ∼250 kcal, with
carbohydrate, fat, and protein providing 65, 23, and 12% of its
energy content, respectively). Thereafter, patients were instructed
to remain fasted and avoid caffeine consumption until the end
of the experimental protocol but were allowed to ingest water
ad libitum. During each test day, dietary intake records were
acquired through a 24-h food recall questionnaire. Furthermore,
patients filled out a food diary and wore a SenseWear Pro 3
armband (Bodymedia) for 6 d between the first and second
test days to assess habitual dietary intake and physical activity
levels. A licensed dietitian carefully instructed patients on how to
perform the 24-h food recall questionnaires and 6-d food diary.
All ingested foods and beverages were reported in household
measurements or specified as portion sizes. Subsequently, energy
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FIGURE 1 Schematic representation of study protocol. t = 0 min represents the start of the hemodialysis session. During 4 hemodialysis sessions, patients
ingested 40 g protein or placebo both at rest and during recovery from intradialytic exercise in a randomized crossover design. This figure represents test days
for the PLA + EX and PRO + EX interventions. The study protocol for PLA and PRO interventions was similar but without intradialytic exercise. PLA,
placebo; PLA + EX, placebo and exercise; PRO, protein; PRO + EX, protein and exercise.

and macronutrient intake were calculated using free available
software from the Dutch Nutrition Centre (http://mijn.voeding
scentrum.nl) based on product specifications provided by food
suppliers and the Dutch Food Consumption Database 2019 (26).

Study design

During 4 hemodialysis sessions, separated by a washout period
of at least 1 wk, all patients were assigned to ingest a placebo
(PLA) or protein (PRO) beverage both in a rested state as well
as following 30 min of intradialytic exercise (PLA + EX and
PRO + EX, respectively) in a randomized crossover design. The
crossover design was chosen to minimize variability of outcome
parameters in this heterogeneous population. An overview of
test days, which were scheduled during patients’ second or third
weekly hemodialysis session, is provided in Figure 1. Patients
were randomly assigned to an order of interventions by an
independent researcher using an online randomizer (http://www.
randomizer.org), and the randomization order of test beverages
was not shared with investigators, study staff, 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 numbered according to 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) and 2 non-aspartame-containing sweeteners
(Natrena; Douwe Egberts) dissolved in 300 mL water. The
placebo beverage contained 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 warmup on the dialysis cycle ergometer,
during which they were instructed not to surpass a score of 9
on the 6- to 20-point Borg Ratings of Perceived Exertion 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 a cool-
down consisting of 3 min of cycling with a score between 9 and
12 and the last 2 min with a score below 9 on the 6- to 20-point
Borg Ratings of Perceived Exertion scale.

Hemodialysis treatment

Patients’ prescribed blood (300–400 mL/min) and dialysate
flow rates (500–600 mL/min), dialysate composition, dialysis
modality, and dialysis membranes were used during hemodialysis
and kept constant throughout all test days. Desired ultrafiltration
volume was determined by the treating nephrologist for each
hemodialysis session. Patients were dialyzed through a well-
functioning arteriovenous shunt in the arm using polysulfone
(n = 4; FX-100; Fresenius Medical Care), polynephron (n = 3;
Elisio 17H; Nipro Medical Corporation), and triacetate (n = 2;
SUREFLUX 19 L and n = 1; SURFLUX 19UX; Nipro Medical
Corporation) membranes.

Experimental protocol

After patients arrived at the dialysis department, their weight
was recorded and a Body Composition Monitor (Fresenius
Medical Care) was used to assess their body composition, as
described before (27). Subsequently, the arteriovenous shunt was
checked for recirculation and used to collect arterial plasma
samples for AA concentrations analyses. After initiation of
hemodialysis (t = 0 min), plasma samples were collected from
the arterial line with 30-min intervals (at t = 30, 60, 90, 120, 150,
180, and 210 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). Every 30 min, these containers were replaced
(at t = 30, 60, 90, 120, 150, 180, 210, and 240 min) and
a homogenized sample of the spent dialysate collected over
each 30-min period was obtained. Blood pressure and heart
rate were measured frequently throughout hemodialysis. During
the sessions including intradialytic exercise, patients started
cycling 30 min after hemodialysis initiation (t = 30 min), and

http://mijn.voedingscentrum.nl
http://www.randomizer.org
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TABLE 1 Patients’ characteristics1

Characteristic Value

Age, y 65 ± 16
Sex, male/female 8/2
Cause of end-stage renal disease

Glomerular 5
Vascular 4
Unknown 1

Dialysis vintage, mo 36 ± 23
Dialysis timing, morning/afternoon 5/5
Height, m 1.72 ± 0.13
Weight, kg 71.0 ± 13.6
BMI, kg/m2 24.2 ± 4.8
Lean tissue index, kg/m2 13.3 ± 2.5
Fat tissue index, kg/m2 10.4 ± 5.9
Serum albumin, g/dL 3.4 ± 0.3
C-reactive protein, mg/L 7 ± 6

1Continuous and categorical values are expressed as means ± SDs and
counts, respectively, n = 10.

additional measurements of blood pressure and heart rate were
performed during and after exercise (at t = 40, 50, and 70 min).
In all sessions, patients ingested the test beverage 1 h after
hemodialysis initiation (t = 60 min) and remained in a rested state
thereafter. Directly after hemodialysis (t = 240 min), a plasma
sample was collected from the arterial side of the arteriovenous
shunt. Following the experimental procedures, patients consumed
a standard meal before leaving the dialysis department.

Plasma amino acid analysis

Plasma samples were collected in EDTA-containing tubes
and centrifuged at 3500 × g at 4◦C for 10 min to obtain
plasma. Aliquots of plasma were frozen in liquid nitrogen
and stored in a freezer at –80◦C until further analysis. For
determination of plasma AA concentrations, 50 μL blood plasma
was deproteinized using 100 μL 10% 5-sulfosalicylic acid
with 50 μM of the metabolomics AA mix MSK-A2 internal
standard (Cambridge Isotope Laboratories). Subsequently, 50
μL ultra-pure demineralized water was added and the samples
were centrifuged. Thereafter, 10 μL supernatant was added
to 70 μL Borate reaction buffer (Waters). In addition, 20 μL

AccQ-Tag derivatizing reagent solution (Waters) was added,
and the mixture was subsequently heated to 55◦C for 10 min.
AA profiles in the derivative were determined by ultra-
performance liquid chromatography mass spectrometry (UPLC-
MS; ACQUITY UPLC H-Class with QDa; Waters) as described
previously (28).

Dialysate amino acid analysis

Spent dialysate samples were collected in sterile tubes,
immediately frozen in liquid nitrogen, and stored in a freezer at
–80◦C until further analysis. These samples were concentrated
through freeze-drying 25 mL of the sample and dissolving
the dried product in 5.0 mL 0.1 M hydrogen chloride. After
homogenization, the concentrated samples were processed in
the same manner as plasma samples, and AA profiles were
determined through UPLC-MS.

Statistical analysis

All data are expressed as means ± SDs unless indicated
otherwise. A power calculation was performed with differences
in incremental AUC (iAUC) of plasma AA concentrations as
the primary outcome measure. A sample size of 10 participants,
including a 20% dropout rate, was calculated using a power of
80%, a significance level of 0.025 to compensate for the crossover
design with 2 interventions, and a difference in iAUCs of 13%
between treatments with a standard deviation of 11% based on
a previous study from our laboratory (29). Secondary outcome
parameters include plasma and spent dialysate total amino acid
(TAA), branched-chain amino acid (BCAA), nonessential amino
acid (NEAA), and essential amino acid (EAA) concentrations,
AA removal, correlations between AA concentrations in plasma
and spent dialysate, habitual dietary energy and macronutrient
intake, and habitual physical activity levels. After the random-
ization order of test beverages was shared with investigators,
hemodialysis parameters and pre-hemodialysis weight were com-
pared between interventions to identify possible confounders.
Normal distribution of all parameters was verified by Shapiro–
Wilk tests (P > 0.05). No major violations for specific 3-factor
repeated-measures ANOVA assumptions were observed, and in
case of nonsphericity, the Greenhouse–Geisser correction was

TABLE 2 Habitual food intake and physical activity on dialysis and nondialysis days1

Characteristic Daily mean DD Non-DD P

Habitual intake
Energy, kcal 1874 ± 605 2074 ± 812 1763 ± 433 0.29
Energy, kcal/kg body weight 25.9 ± 6.0 28.1 ± 9.5 24.8 ± 6.3 0.24
Carbohydrate, g 217 ± 62 240 ± 83 205 ± 43 0.26
Carbohydrate, g/kg body weight 3.0 ± 0.6 3.3 ± 1.0 2.7 ± 0.4 0.32
Protein, g 73 ± 29 80 ± 37 69 ± 24 0.33
Protein, g/kg body weight 1.0 ± 0.3 1.1 ± 0.4 0.9 ± 0.3 0.19
Fat, g 71 ± 34 81 ± 40 66 ± 30 0.28
Fat, g/kg body weight 1.0 ± 0.3 1.1 ± 0.5 0.9 ± 0.3 0.10

Physical activity
Number of steps 4202 ± 3943 3575 ± 4739 4515 ± 3535 0.29
Activity-related energy expenditure, kcal/kg 10 ± 12 7 ± 9 12 ± 13 0.04
Moderate-vigorous activity duration, min 145 ± 162 102 ± 127 166 ± 174 0.12

1All values are expressed as means ± SDs, n = 8. Data of dialysis days and nondialysis days were compared using paired-samples t tests. Daily mean
values represent the average of dialysis and nondialysis days, measured over a 6-d period. DD, dialysis day.
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FIGURE 2 Plasma (A) total, (B) branched-chain, (C) nonessential, and (D) essential amino acid concentrations throughout hemodialysis at rest and
following exercise with and without protein ingestion. The dotted lines represent the start and end of intradialytic exercise, and the arrow represents the
ingestion of the test beverage. Values are expressed as means ± SDs, n = 10 for all values. Data were analyzed with a 3-factor repeated-measures ANOVA
with time, protein ingestion (yes/no), and exercise (yes/no) as within-subject variables, and separate analysis was performed when a significant interaction
was detected. Time × protein interaction P < 0.05. ∗Protein interventions significantly different from placebo interventions (protein effect P ≤ 0.001). PLA,
placebo; PLA + EX, placebo and exercise; PRO, protein; PRO + EX, protein and exercise.

used. Potential differences in AA concentrations over time were
assessed using 3-factor repeated-measures ANOVA with time,
protein ingestion (yes/no), and exercise (yes/no) as within-subject
factors. AA removal, the iAUC of plasma AA concentrations
representing the t = 0–240 min period, hemodialysis parameters,
and pre-hemodialysis weight were analyzed by 2-factor repeated-
measures ANOVA with protein ingestion (yes/no) and exercise
(yes/no) as within-subject variables. If a statistically significant
interaction was found, 2-factor ANOVAs and/or subsequent
paired-samples t tests were performed. In case of significant time
effects, Bonferroni post hoc analyses were performed to locate
the effects. Dietary energy and macronutrient intake and physical
activity values on dialysis days and nondialysis days were
compared using paired-samples t tests. Correlations between
AA concentrations in spent dialysate and the average of the 2
corresponding plasma samples (e.g., t = 30 and t = 60 min
for spent dialysate collected between t = 30 and 60 min) were
assessed through determining Pearson correlation coefficients.
Effect sizes were calculated for plasma and spent dialysate
AA concentrations using partial η squared (η2

p) for ANOVA
comparisons. Statistical significance was set at P < 0.05. All
analyses were performed using SPSS statistics software (version
24.0; IBM Corp.).

Results

Patients’ characteristics

All 10 included patients with ESRD completed 4 test days.
Patients’ baseline characteristics are presented in Table 1. Six
patients were anuric, 1 patient was oliguric, and 3 patients
had a remaining diuresis >400 mL/24 h. No differences were
observed between PLA, PLA + EX, PRO, and PRO + EX
interventions in ultrafiltration volume (1.24 ± 1.01, 1.47 ± 1.27,
1.23 ± 1.08, and 1.41 ± 1.24 L, respectively; P > 0.05),
dialysis adequacy (equilibrated Kt/V: 1.45 ± 0.22, 1.53 ± 0.22,
1.57 ± 0.27, and 1.48 ± 0.22, respectively; P > 0.05), and pre-
hemodialysis weight (71.9 ± 14.3, 72.6 ± 14.0, 72.2 ± 13.9, and
71.9 ± 14.1 kg, respectively; P > 0.05).

Habitual dietary intake and physical activity

Two patients declined to fill out a food diary, and 2 patients
did not wear the SenseWear armband correctly. Reported habitual
dietary energy and protein intakes averaged 25.9 ± 6.0 kcal/kg
body weight/d and 1.0 ± 0.3 g/kg body weight/d, respectively.
No statistical differences were observed in habitual energy and
macronutrient intake between nondialysis and dialysis days
(Table 2). In contrast, activity-related energy expenditure was
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FIGURE 3 Incremental AUC of plasma total amino acid concentrations
throughout hemodialysis at rest and following exercise with and without
protein ingestion. The incremental AUC was calculated over the 240-min
hemodialysis period. Squares and circles represent individual data points,
and bars represent group means ± SDs, n = 10. Data were analyzed with
a 2-factor repeated-measures ANOVA with protein ingestion (yes/no) and
exercise (yes/no) as within-subject variables. ∗Significantly different from
placebo interventions (protein effect P < 0.001). iAUC, incremental AUC;
PLA, placebo; PLA + EX, placebo and exercise; PRO, protein; PRO + EX,
protein and exercise.

lower on dialysis days (7 ± 9 kcal/kg body weight) compared
with nondialysis days (12 ± 13 kcal/kg body weight; P = 0.04).
However, the differences between physical activity duration and
number of steps taken on nondialysis and dialysis days were not
statistically significant (Table 2).

Plasma amino acid concentrations

Pre-hemodialysis plasma TAA concentrations averaged
2.93 ± 0.40 mmol/L, with no differences between interventions
(Figure 2; P > 0.05). A significant time × protein interaction
was observed for plasma TAA concentrations throughout
hemodialysis (P < 0.001, η2

p = 0.87). Separate analyses
showed that following hemodialysis initiation, plasma TAA
concentrations decreased substantially during the first 30 min
(P < 0.001, η2

p > 0.79 for all interventions). During PLA and
PLA + EX interventions, plasma TAA concentrations continued
to decrease over time to 1.84 ± 0.18 and 1.83 ± 0.16 mmol/L
at t = 210 min, respectively (time effect P < 0.001,
η2

p = 0.69). Plasma TAA concentrations increased following
protein ingestion during PRO and PRO + EX interventions
(time effect P < 0.001, η2

p = 0.80). Peak plasma TAA
concentrations were observed 60 min after protein ingestion
(t = 120 min), with no differences between PRO and PRO + EX
interventions (4.40 ± 0.45 and 4.37 ± 0.73 mmol/L, respectively;
protein × exercise interaction P = 0.34, η2

p = 0.10). In line
with these data, an effect of protein ingestion (protein effect
P < 0.001, η2

p = 0.98) but no effect of intradialytic exercise
(exercise effect P = 0.21, η2

p = 0.16) was observed on the iAUC
of plasma TAA concentrations during PLA, PLA + EX, PRO,
and PRO + EX interventions (Figure 3; –227 ± 54, –208 ± 68,
49 ± 87, and 70 ± 34 mmol/L/240 min, respectively). As shown
in Figure 2, plasma BCAA, NEAA, and EAA concentrations

throughout hemodialysis responded in the same manner as
plasma TAA concentrations to protein ingestion and intradialytic
exercise. Plasma concentrations and iAUCs of individual AAs
throughout hemodialysis are provided in Supplementary File 2.

Spent dialysate amino acid concentrations

AA concentrations in the spent dialysate are presented
in Figure 4. Spent dialysate AA concentrations correlated well
with circulating plasma AA concentrations (Pearson r = 0.91,
P < 0.001). A significant time × protein interaction was observed
for spent dialysate TAA concentrations throughout hemodialysis
(P < 0.001, η2

p = 0.89). Spent dialysate TAA concentrations
decreased over time during PLA and PLA + EX interventions
toward 0.57 ± 0.11 and 0.57 ± 0.08 mmol/L during the last 30-
min period of hemodialysis, respectively (P = 0.005, η2

p = 0.77).
In contrast, spent dialysate TAA concentrations significantly
increased following protein ingestion during PRO and PRO + EX
interventions and remained elevated until the end of hemodialysis
(time effect P < 0.05, η2

p = 0.87). Protein ingestion significantly
increased AA removal during PRO and PRO + EX compared
with PLA and PLA + EX interventions (Figure 5; 16.7 ± 2.2
and 17.3 ± 2.3 compared with 9.8 ± 2.0 and 10.2 ± 1.6 g,
respectively; protein effect P < 0.001, η2

p = 0.97). Intradialytic
exercise did not modulate AA removal (exercise effect P = 0.32,
η2

p = 0.11). Furthermore, spent dialysate BCAA, NEAA, and
EAA concentrations showed similar perturbations throughout
hemodialysis as spent dialysate TAA concentrations (Figure 4).
Spent dialysate concentrations and removal of individual AAs
throughout hemodialysis are provided in Supplementary File 2.

Discussion
In this randomized controlled crossover study, we observed

that AAs are removed from the circulation during hemodialysis,
thereby lowering plasma AA concentrations in patients with
ESRD. Protein ingestion during hemodialysis compensated for
AA removal and prevented a decline in plasma AA availability
at rest and during recovery from intradialytic exercise. Exercise
performed during hemodialysis did not modulate AA removal or
plasma AA availability in patients with ESRD.

Hemodialysis treatment is essential for patients with ESRD as
it prevents accumulation of metabolic waste products up to lethal
concentrations. However, hemodialysis also removes AAs from
the circulation because they, just like metabolic waste products,
diffuse through the dialysis membrane (9). In the current study,
we observed a substantial decline in circulating plasma TAA
concentrations from 2.93 ± 0.40 to 2.16 ± 0.26 mmol/L within
30 min following the initiation of hemodialysis (Figure 2).
Such a decrease in plasma AA concentrations has been shown
to stimulate proteolysis in peripheral tissues (10, 30–32).
Furthermore, by also measuring AA concentrations in the spent
dialysate, we were able to assess AA removal throughout the
hemodialysis session, which ranged between 7 and 12 g during
placebo interventions (Figure 5). This loss is representative of
the amount of AAs being released in the circulation following
ingestion of a normal meal providing ∼20 g protein (15).
As a consequence, AA removal during hemodialysis has been



2080 Hendriks et al.

FIGURE 4 Spent dialysate (A) total, (B) branched-chain, (C) nonessential, and (D) essential amino acid concentrations throughout hemodialysis at rest
and following exercise with and without protein ingestion. The dotted lines represent the start and end of intradialytic exercise, and the arrow represents the
ingestion of the test beverage. Values are expressed as means ± SDs, n = 10 for all values. Data were analyzed with a 3-factor repeated-measures ANOVA
with time, protein ingestion (yes/no), and exercise (yes/no) as within-subject variables, and separate analysis was performed when a significant interaction
was detected. Time × protein interaction P < 0.05. $Protein interventions significantly different from placebo interventions (protein effect P < 0.05). ∗Protein
interventions significantly different from placebo interventions (protein effect P < 0.001). PLA, placebo; PLA + EX, placebo and exercise; PRO, protein;
PRO + EX, protein and exercise.

proposed to represent a key factor responsible for the accelerated
loss of muscle mass in patients with ESRD (6, 33, 34).

We first assessed the impact of protein ingestion during
hemodialysis as a means to compensate for AA removal and,
as such, to support muscle maintenance. To overcome reduced
protein digestion and absorption kinetics of patients receiving
chronic hemodialysis treatment as well as increased AA removal
following protein ingestion during hemodialysis (7, 15), we
provided all patients with a bolus of 40 g protein. Ingestion of 40 g
protein during hemodialysis elevated plasma AA concentrations
(Figure 2). This stimulated AA removal, resulting in ∼8 g more
AAs being removed from the circulation compared with placebo
ingestion. Despite the greater AA removal (Figure 5), plasma
AA availability was strongly elevated following protein ingestion
(Figure 3). Preventing a decline in plasma AA availability
throughout hemodialysis has been reported to attenuate muscle
proteolysis during and after hemodialysis (8, 11, 30). We
conclude that ingestion of 40 g protein is sufficient to compensate
for intradialytic AA removal, prevent a decline in plasma AA
concentrations, and increase plasma AA availability. Especially

the latter may be of key importance to achieve a positive muscle
net protein balance during hemodialysis.

Another key strategy to support muscle maintenance in
patients on chronic hemodialysis treatment is the implementation
of physical activity or exercise interventions (35, 36). Previous
work has shown various benefits of lifestyle intervention in
patients with chronic kidney disease, including those under-
going hemodialysis (37, 38). However, the effectiveness of
these lifestyle intervention programs for patients receiving
chronic hemodialysis treatment is typically compromised by
low adherence and compliance (39). Exercise intolerance,
fatigue, and lack of exercise knowledge often prevent these
patients from increasing their physical activity levels (21, 40).
Consequently, effective physical activity intervention programs
need to be individualized and performed under strict supervision.
Therefore, implementation of physical activity or exercise during
hemodialysis has been proposed as a practical and efficient
intervention strategy as it would be more time efficient for
patients and relatively easy to supervise by (para)medical staff
(41). Benefits of structured intradialytic exercise performance
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FIGURE 5 Total amino acid 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 ± SDs,
n = 10. Data were analyzed with a 2-factor repeated-measures ANOVA with
protein ingestion (yes/no) and exercise (yes/no) as within-subject variables.
∗Significantly different from placebo interventions (protein effect P < 0.001).
PLA, placebo; PLA + EX, placebo and exercise; PRO, protein; PRO + EX,
protein and exercise.

entail improved aerobic capacity, physical function, health-
related quality of life, and better clearance of metabolic waste
products during hemodialysis (17, 19, 42, 43). However, it has
been suggested that intradialytic exercise without concurrent
protein ingestion may actually exacerbate muscle catabolism
(44), which could result in even greater AA removal. Therefore,
in the present study, we assessed the impact of intradialytic
exercise on AA removal and plasma AA availability in both the
presence and the absence of protein ingestion. Here, we observed
no differences in AA removal during a hemodialysis session with
(10.2 ± 1.6 g) or without (9.8 ± 2.0 g) intradialytic exercise
(Figure 5). Furthermore, we observed no differences in plasma
AA availability due to intradialytic exercise (Figure 3). This
implies that intradialytic exercise performed in a postabsorptive
state does not necessarily impair the net protein balance during
hemodialysis. However, the muscle net protein balance will not
become positive when exercise is performed without concomitant
protein ingestion (45).

To facilitate the skeletal muscle-adaptive response to exercise,
ample availability of circulating AAs is required (46, 47).
Therefore, intradialytic exercise combined with protein ingestion
to compensate for AA removal and increase plasma AA
availability represents a preferred strategy. So far, there have not
been any studies to assess the impact of intradialytic exercise and
protein ingestion on AA removal and plasma AA availability. In
line with our findings described above, we observed that ingestion
of 40 g protein directly after intradialytic exercise increases
plasma AA concentrations with levels remaining elevated until
the end of the hemodialysis session (Figure 2). As a result,
intradialytic exercise did not have any impact on plasma AA
availability throughout the 4-h hemodialysis session (Figure 3).
Furthermore, intradialytic exercise did not significantly increase
AA removal following protein ingestion (16.6 ± 2.2 compared
with 17.3 ± 2.3 g in PRO and PRO + EX, respectively;
Figure 5). Therefore, protein ingestion increases plasma AA
availability during hemodialysis, which may create a setting in

which hemodialysis-initiated proteolysis is inhibited and muscle
conditioning after exercise performance is supported.

Combining protein ingestion and exercise during hemodialysis
provides a practical interventional strategy that may help to
preserve muscle mass and maintain functional capacity in
patients receiving chronic hemodialysis treatment. However,
the design of the present study has some limitations. The
included patients were volunteers, which may introduce some
confounding as the less clinically compromised patients may be
more likely to partake. Nonetheless, it is generally hypothesized
that malnourished patients undergoing hemodialysis benefit to
a greater extent from intradialytic protein supplementation with
or without exercise compared with well-nourished patients (44,
48). As we performed statistical analyses of multiple secondary
outcomes in the present study, there is an increased risk of a type
I error among the secondary outcome parameters. In addition,
we assessed the impact of protein ingestion and exercise on
plasma AA concentrations and AA removal during hemodialysis
sessions, which may or may not necessarily translate to increases
in muscle mass or improvements in physical function over a more
prolonged treatment period.

So far, long-term intervention studies investigating the effects
of intradialytic oral nutritional supplementation with or without
exercise training on muscle mass and function have reported
equivocal results (24, 44, 49). This may be largely due to
exercise intolerance and the low adherence of these patients
to lifestyle intervention (39, 40, 50). Furthermore, the uremic
and inflammatory milieu in these patients may compromise
the capacity of skeletal muscle tissue to properly respond to
protein ingestion and exercise training. For example, Jeong
et al. (44) reported no improvements in physical function or
body composition following 12 months of intradialytic protein
ingestion and exercise. More work will be needed to establish
the various exercise modalities and adjuvant nutritional support
that will effectively support muscle mass maintenance in this
heterogeneous population.

In conclusion, protein ingestion during hemodialysis compen-
sates for AA removal and increases plasma AA availability at rest
and during recovery from intradialytic exercise. Intradialytic ex-
ercise should be combined with protein ingestion to compensate
for AA removal during hemodialysis and, as such, allow a setting
that may support muscle reconditioning in patients with ESRD.
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