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Abstract

Muscle wasting, low protein intake, hypoalbuminemia, low body mass, and chronic fatigue are prevalent in hemo-
dialysis patients. Impaired creatine status may be an often overlooked, potential contributor to these symptoms.
However, little is known about creatine homeostasis in hemodialysis patients. We aimed to elucidate creatine homeo-
stasis in hemodialysis patients by assessing intradialytic plasma changes as well as intra- and interdialytic losses of
arginine, guanidinoacetate, creatine and creatinine. Additionally, we investigated associations of plasma creatine
concentrations with low muscle mass, low protein intake, hypoalbuminemia, low body mass index, and chronic
fatigue. Arginine, guanidinoacetate, creatine and creatinine were measured in plasma, dialysate, and urinary samples
of 59 hemodialysis patients. Mean age was 65 % 15 years and 63% were male. During hemodialysis, plasma concen-
trations of arginine (77 22 to 60 4= 19 umol/L), guanidinoacetate (1.8 +0.6 to 1.040.3 umol/L), creatine (26 [16-41]
to 21 [15-30] umol/L) and creatinine (689 & 207 to 257 £ 92 umol/L) decreased (all P <0.001). During a hemodialysis
session, patients lost 1939+ 871 umol arginine, 37 = 20 umol guanidinoacetate, 719 [399-1070] umol creatine and
15.548.4 mmol creatinine. In sex-adjusted models, lower plasma creatine was associated with a higher odds of low
muscle mass (OR per halving: 2.00 [1.05-4.14]; P=0.04), low protein intake (OR: 2.13 [1.17-4.27]; P=0.02), hypoal-
buminemia (OR: 3.13 [1.46-8.02]; P=0.008) and severe fatigue (OR: 3.20 [1.52-8.05]; P =0.006). After adjustment for
potential confounders, these associations remained materially unchanged. Creatine is iatrogenically removed during
hemodialysis and lower plasma creatine concentrations were associated with higher odds of low muscle mass, low
protein intake, hypoalbuminemia, and severe fatigue, indicating a potential role for creatine supplementation.
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Introduction

Managing the nutritional aspects of chronic kidney dis-
ease (CKD) presents a wide variety of challenges. While
overnutrition is a major problem in the general popu-
lation, patients with CKD, especially those depending
on hemodialysis treatment, are more prone to protein
energy wasting (PEW), a state of decreased body stores
of protein and energy fuels [1, 2]. Muscle wasting, low
protein intake, hypoalbuminemia, low body mass and
chronic fatigue are very prevalent in hemodialysis
patients, with major impacts on the quality of life and
longevity [1-3].

An impaired creatine status may be a generally over-
looked potential contributor to symptoms related
to PEW in hemodialysis patients. Creatine is a natu-
ral nitrogenous organic acid that is integral to energy
metabolism and crucial for proper cell functioning [4]. In
humans, roughly 90% of all creatine and its high-energy
product phosphocreatine are located inside skeletal mus-
cles where it serves as an energy buffer par excellence [5].
Yet, on a daily basis, roughly 1.6 to 1.7% of the total cre-
atine pool is degraded to creatinine, necessitating a con-
tinuous replenishment of the pool with new creatine [6].
Generally, in omnivores, approximately 50% of the daily
requirement of creatine is endogenously synthesized and
the rest is taken up through the diet from alimentary
sources, like fresh meat and fish [7]. Importantly, how-
ever, the first, and rate-limiting step of the endogenous
synthesis of creatine is facilitated primarily by the kid-
neys, where the enzyme arginine:glycine amidinotrans-
ferase (AGAT) converts arginine into guanidinoacetate
[7—-14]. Subsequently, guanidinoacetate is converted into
creatine in the liver by the enzyme guanidinoacetate
N-methyltransferase (GAMT) [9]. Given the fact that the
rate limiting step of creatine synthesis depends on kidney
function, and provided that hemodialysis patients virtu-
ally have no kidney function, it has been hypothesized
that low endogenous creatine biosynthesis contributes
to low creatine status and development of PEW in hemo-
dialysis patients [7, 8]. Additionally, there may be unop-
posed losses of creatine and its precursors to the dialysate
during every hemodialysis session. However, literature on
creatine homeostasis in hemodialysis patients is scarce
and the intradialytic losses have not been quantified.

The goals of the current study were (1) to explore cre-
atine homeostasis during hemodialysis treatment and (2)
to investigate whether plasma creatine concentrations
are associated with characteristics of the PEW pheno-
type. To achieve the first goal, we assessed intradialytic
plasma changes as well as intra- and interdialytic losses
of creatine, its precursors arginine and guanidinoacetate,
and its metabolite creatinine. To achieve the second goal,
we investigated whether plasma creatine concentrations
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were associated low muscle mass, low protein intake,
hypoalbuminemia, low body mass index, and chronic
fatigue.

Material and methods

Design and study population

This observational study was performed according to
ethical standards laid down in the 1964 Declaration of
Helsinki and its later amendments and was approved by
the Medical Ethical Committee of the University Medi-
cal Center Groningen, The Netherlands. All participating
patients gave written informed consent. The methods of
the study design have been described previously [15-17].
In short, inclusion criteria were twice or thrice weekly
hemodialysis with 3-5 h per treatment, a hemodialysis
vintage of>2 months, and absence of clinical signs of
infection. Patients on a thrice weekly hemodialysis sched-
ule dialyzed on either Monday—Wednesday—Friday or on
Tuesday—Thursday—Saturday. In both cases the mid-week
hemodialysis session was used in this study. For patients
dialyzing twice weekly, the last hemodialysis session of
the week was used.

In adherence to the Kidney Disease Outcomes Qual-
ity Initiative and national guidelines, our center applies a
fistula first approach for vascular access creation, thereby
starting with creation of a fistula as distally in the arm
as possible [18]. The non-dominant arm was preferred
to create the vascular access. In case of lower-arm arte-
riovenous fistulae, patients received a radiocephalic
arteriovenous fistula. In case of upper-arm arterio-
venous fistulae, patients received a brachiocephalic arte-
riovenous fistula or basilic vein transposition. In patients
with previous maturation problems of fistulae, or patients
with a subacute indication for dialysis (i.e. <4 weeks), an
arteriovenous graft was considered instead of the fistula
first approach. The arteriovenous graft was a standard
wall polytetrafluorethylene graft (Gore-Tex, WL Gore &
Associates, Flagstaff, Arizona, USA), in either a loop or
straight configuration. In patients without an arterio-
venous fistula or an arteriovenous graft, a central venous
catheter was used.

Hypertension was defined as predialysis systolic blood
pressure > 140 mmHg and/or diastolic blood pres-
sure >90 mmHg. Medication usage and a history of car-
diovascular disease and diabetes was obtained from the
patients’ medical records. Cardiovascular disease was
defined as a history of ischemic heart disease, conges-
tive heart failure, coronary artery bypass grafting, per-
cutaneous coronary intervention, stroke, or peripheral
vascular disease. Blood pressure and weight were meas-
ured before and after hemodialysis. Body mass index
(BMI) was defined as body weight postdialysis divided
by the square of body height. Body surface area (BSA)
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was calculated using the formula of Du Bois and Du
Bois [19]. All patients were asked to fill in the Check-
list Individual Strength (CIS). The CIS is a self-reported
multidimensional instrument to assess four qualitatively
different aspects of fatigue (fatigue severity, concentra-
tion problems, reduced motivation, and reduced activ-
ity level). The CIS-questionnaire enquires about fatigue
and fatigue-related behavioral aspects and consists of
20 statements for which the participant indicates on a
7-point Likert-scale to what extent the statement applies
to the participant. CIS has been well-validated and is fre-
quently used in research in patients with various illnesses
[20-24], including dialysis patients [17, 25].

Hemodialysis settings

All studies were performed with the Fresenius 5008
hemodialysis apparatus with a low-flux dialyzer (Fre-
senius Medical Care, Bad Homburg, Germany) using
smartbag dialysate concentrations (Fresenius Medical
Care), as previously described [15-17]. Blood flow and
dialysate flow were between 200 and 300 mL/min and
between 500 and 700 mL/min, respectively. Dialysate
temperature was 36.0 or 36.5 °C. Dialysis fluid sodium
varied from 136 to 140 mmol/L, potassium from 1 to
3 mmol/L, depending on the plasma potassium concen-
tration, calcium varied from 1.25 to 1.50 mmol/L and
bicarbonate from 34 to 38 mmol/L.

Sample collection and laboratory measurements

During the hemodialysis session, all dialysate was col-
lected in a 200-L tank. The total dialysate volume was
measured by calculating the weight difference of the
tank before and after the hemodialysis session. At the
end of hemodialysis, all dialysate was homogenized, and
samples were taken for analysis [15]. Blood was drawn
directly from the dialysis line, at the start of hemodialy-
sis and 5 min before the end of the hemodialysis session.
Patients with significant residual diuresis, defined as a
urine production of more than 200 ml/24-h, were asked
to collect two 24-h urine collections before the hemodial-
ysis session during which the dialysate was collected. For
patients with a thrice-weekly hemodialysis schedule this
was the complete interdialytic urine production.

Plasma and dialysate concentrations of arginine were
measured using a LC-MS/MS method. In short, tandem
mass spectrometry with hydrophilic interaction liquid
chromatography (HILIC) was used to quantify the con-
centrations of arginine. Electrospray ionization (ESI) in
positive mode has been used to monitor the transitions
of arginine 175->116 and stable isotope labeled arginine
(**C4-'°N,-arginine) 185- > 122 as an internal standard.
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Intra-assay and inter-assay coefficients of variation
were 6.0% and 6.1% at 23 pmol/L and 3.9% and 5.3% at
492 umol/L, respectively. Urinary arginine was meas-
ured using cation exchange chromatography with post
column derivatisation (Biochrom Ltd.), separation was
achieved by increasing the pH. Intra-assay and inter-
assay coefficients of variation were 6.5% and 7.6% at
28 pmol/L. Plasma, dialysate, and urinary concentra-
tions of guanidinoacetate and creatine were measured
using a separate LC-MS/MS method. In short, tandem
mass spectrometry reversed phase chromatography
(RP-C18) was used to quantify the concentrations of
creatine and guanidinoacetate. Electrospray ionization
(ESI) in positive mode has been used to monitor the
transitions of guanidinoacetate 118->76 and creatine
132->90, using stable isotope labeled guanidinoac-
etate (1>C,-guanidinoacetate) 120->78 and stable iso-
tope labeled creatine (D3-creatine) 135- > 93 as internal
standards. For guanidinoacetate, intra-assay and inter-
assay coefficients of variation were 2.9% and 6.1% at
2.8 pmol/L and 1.9% and 2.7% at 73 pmol/L, respec-
tively. For creatine, intra-assay and inter-assay coef-
ficients of variation were 3.9% and 6.5% at 17 pmol/L
and 1.7% and 1.7% at 1065 pmol/L, respectively. Plasma
creatinine, urea, albumin and high-sensitivity C-reac-
tive protein were measured on Roche routine chemis-
try analyzers (Modular P/Cobas C, Roche Diagnostics,
Mannheim, Germany). Interleukin-6 (IL-6) was meas-
ured in a subset of the participants (n=39) using a
Human IL-6 Quantikine HS Elisa kit (R&D systems,
Minneapolis, United States). Other laboratory meas-
urements were performed with automated and vali-
dated routine methods (Roche Diagnostics, Mannheim,
Germany). The Kt/V was used to express hemodialysis
efficacy and was calculated according to formula of
Daugirdas [26]:

Kt/V = —In(R — 0.008 * ¢ + (4 — 3.5 %« R) * UF/W

in which R is the ratio between the post- and predialysis
concentration of urea, t is duration of the hemodialysis
session (h), UF is the ultrafiltration volume (L) and W the
body weight after hemodialysis (kg).

Intradialytic plasma changes
Intradialytic plasma changes of arginine, guanidinoac-
etate, creatine and creatinine are assessed by calculat-
ing the absolute decrease, as well as the proportional
decrease:

Absolute decrease (umol/L)="Predialysis concentra-
tion (umol/L) — Postdialysis concentration (pmol/L).
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Proportional  decrease (%)= Absolute decrease
(pmol/L) / Predialysis concentration (umol/L) * 100%.

Losses of arginine, guanidinoacetate, creatine

and creatinine during hemodialysis

To determine the losses of arginine, guanidinoacetate,
creatine and creatinine to the dialysis fluid, the con-
centration of individual analytes was multiplied by the
total volume of the spent dialysate: Total removal (in
HmMOl) = Vpiivaae * Dx. Vialysate Tefers to the total volume
of the spent dialysate (L) and Dy refers to the measured
concentration of arginine, guanidinoacetate, creatine
and creatinine in the collected dialysate (umol/L). The
total losses per dialysis of arginine, guanidinoacetate,
creatine and creatinine can be split into the losses from
the extracellular space and the losses from the intracel-
lular space after being shifted towards the extracellular
space during the hemodialysis. The estimated extracellu-
lar losses of arginine, guanidinoacetate, creatine or cre-
atinine were calculated using the pre- and postdialysis
plasma concentrations of arginine, guanidinoacetate, cre-
atine and creatinine and estimates of the pre- and postdi-
alysis extracellular volume (ECV): Estimated extracellular
losses (Flm()l) =Py predialysis * ECVpredialysis - Py postdialysis *
ECVpostdialysis' PX predialysis and PX postdialysis refer to predi'
alysis and postdialysis plasma concentrations of arginine,
guanidinoacetate, creatine and creatinine, respectively.
In these calculations, the assumption is made that these
small molecular solutes can freely diffuse throughout the
extracellular fluid. ECV qgiiysis and ECV g giaysis Were
calculated using the formula by Abraham et al. (2011),
defined as the square root of pre- or postdialysis body
weight, multiplied by height [27]. Additionally, as a sen-
sitivity analysis, the extracellular volume was also calcu-
lated using the formula by Bird et al. [28]: ECV = weight®
6469  height®7*% x 0.02154.

The estimated intracellular losses of arginine, guani-
dinoacetate, creatine and creatinine during hemodialysis
were calculated as the difference between the total losses
of arginine, guanidinoacetate, creatine and creatinine
and the estimated extracellular losses of arginine, guani-
dinoacetate, creatine and creatinine: Estimated intra-
cellular losses (umol)=total losses (umol) — estimated
extracellular losses (pumol).

Higher estimated intracellular losses indicate a larger
shift from the intra- to extracellular space during the
hemodialysis session. Besides losses to the dialysate,
there may also be losses in urine in patients with resid-
ual diuresis. To determine the degree to which urinary
losses contribute the daily losses in patients with resid-
ual diuresis, we compared the urinary and the dialysate
losses of arginine, guanidinoacetate, creatine and creati-
nine in patients with residual diuresis. The daily dialysate
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excretion rate of arginine, guanidinoacetate, creatine
and creatinine are calculated as: Dialysate excretion rate
(pmol/24-h) = (Vpyyysaee * Dx * m) / 7). In this formula
Vbialysate Tefers to the total volume of dialysate (L), Dy
refers to the measured concentration of arginine, guani-
dinoacetate, creatine and creatinine in the collected
dialysate (umol/L), and n refers to the number of dialysis
sessions per week. The daily urinary excretion rate was
calculated as: Urinary excretion rate (umol/24-h)= (Uri-
nary excretion,, ; + Urinary excretiong,,) / 2.

Characteristics of the protein energy wasting phenotype
The cross-sectional outcomes low muscle mass, low pro-
tein intake, hypoalbuminemia, low body mass index and
severe fatigue were used as characteristics for the PEW
phenotype.

Muscle mass was assessed by calculating the combined
creatinine excretion rate (CER):

Creatinine excretion rate (mmol/24-h)=((Vpjjysae
* Dereatinine © 1) / 7+ UCKE). In this formula Ve
refers to the total volume of dialysate (L), D¢ieatinine
refers to measured creatinine concentration in the col-
lected dialysate (mmol/L), n refers number of dialyses
per week, and UCrE refers to 24-h urinary creatinine
excretion (mmol/24-h), averaged from two 24-h urine
collections. The creatinine excretion rate was converted
to the skeletal muscle index by multiplying by the cre-
atinine-equivalence (1 g of creatinine excretion per
24-h (8.84 mmol)=22.73 kg of skeletal muscle mass)
and dividing by height squared [29, 30]. A low mus-
cle mass was defined as a SMI<10.76 kg/m? in males
and <6.76 kg/m? in females [29, 31, 32].

Low protein intake was defined as a dietary protein
intake < 0.8 g/kg/24-h [2]. The dietary protein intake was
calculated based on the combined (dialysate and urinary)
excretion rate of urea, according to the Maroni formula
and indexed to body weight [33]:

Protein intake (g/kg/24-h)=(6.25
CUER+0.031 * BW) + UPE) / BW.

In this formula CUER refers to combined excretion
rate of urea (mmol/24-h), BW refers to body weight
postdialysis (kg), and UPE refers to the 24-h urine pro-
tein excretion (g/24-h), averaged from two 24-h urine
collections. CUER was calculated as follows: CUER (in
mmol/24-h) = (Vpi,iyate * Durea * 1) / 7+ UUE. In this for-
mula, Vi refers total volume of the spent dialysate
(L), Dyyeq refers to the measured urea concentration in
the collected dialysate (mmol/L), n refers to the number
of hemodialysis sessions per week, and UUE refers to
the 24-h urinary urea excretion (mmol/24-h), averaged
from two 24-h urine collections. Hypoalbuminemia was
defined as a plasma albumin concentration<38 g/L [2].
Low body mass was defined as a body mass index <23 kg/

(0.028 *
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m? [2]. Severe fatigue was defined as a subjective fatigue
score of > 35 on the checklist individual strength [23, 24].
An overview of all used formulas can be found in Addi-
tional file 1: Table S10.

Statistical analysis

Data analyses and computations were performed with
R version 3.6.1 software (http://cran.r-project.org/). A
two-sided P<0.05 was considered to indicate statistical
significance. Data were presented as mean = standard
deviation for normally distributed data, median [inter-
quartile range] for non-normally distributed data, and as
numbers (percentages) for nominal data. Baseline char-
acteristics, intradialytic plasma concentration changes,
single hemodialysis removal and comparisons of urinary
excretion rate and dialysate excretion rate were shown
for all participants and stratified according to sex. Sex-
stratified analyses were performed based on the known
sex-based differences in creatine homeostasis [5, 34] as
well as editorial statements calling for clinical trials and
observational studies to report on sex-stratified results
[35, 36]. The differences between males and females were
tested using the independent sample t-test or the Mann—
Whitney U test. Differences between pre- and postdialy-
sis plasma concentrations, between extracellular removal
and intracellular removal and between the urinary excre-
tion rate and the dialysate excretion rate were tested using
the paired sample t-test or the Wilcoxon signed-rank test.
Correlations between predialysis plasma concentrations
and the dialysate losses of arginine, guanidinoacetate,
creatine and creatinine were assessed using the Pear-
son correlation coefficient. Associations of predialysis
plasma concentrations of arginine, guanidinoacetate, cre-
atine, and creatinine with low muscle mass, low protein
intake, low plasma albumin, low BMI and severe fatigue
were investigated using logistic regression analyses. Due
to the small sample size, these analyses were not strati-
fied according to sex, but performed with adjustment for
sex. In addition, multivariable analyses were performed
in which we additionally adjusted for the a priori selected
potential confounders age, sex, body surface area, dialysis
vintage and high-sensitivity C-reactive protein (hs-CRP).
Due to a skewed distribution, plasma creatine concentra-
tions were log,-transformed prior to logistic regression
analyses. To determine whether the found associations
were driven by patients with high plasma creatine con-
centrations, we performed sensitivity analyses after prior
exclusion of patients with predialysis plasma creatine
concentrations above the 95th percentile. In addition, we
also performed sensitivity analyses in which we adjusted
for the type of vascular access. Also, we also performed
sensitivity analyses in which we adjusted for the hemo-
dialysis efficacy (Kt/V). Furthermore, we performed
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sensitivity analyses in which we adjusted for the usage of
erythropoietin-stimulating agents, vitamin D analogues
and corticosteroids. Lastly, we performed sensitivity anal-
yses in which we adjusted for the presence or absence of
residual diuresis. To visualize the continuous associations
of plasma creatine concentrations with low muscle mass,
low protein intake, hypoalbuminemia and severe fatigue,
plasma creatine concentration, as a continuous variable,
was individually plotted against the probability of low
muscle mass, low protein intake, hypoalbuminemia and
severe fatigue using the visreg package in R. These analy-
ses were adjusted for sex, age, body surface area, dialysis
vintage and hs-CRP.

Results

Baseline characteristics

A total of 59 hemodialysis patients were included in the
study, 37 (63%) of whom were male. Mean age at inclu-
sion was 65+ 15 years with a median hemodialysis vin-
tage of 15 [6-41] months. Nearly all (95%) patients
dialyzed thrice-weekly and most patients (81%) dialyzed
four hours per session. A total of 32 (54%) patients had
residual diuresis, with a mean urinary volume of 0.9 £0.6
L. Vascular access was a lower arm arteriovenous fistula
in 13 (22%) patients, an upper arm arteriovenous fistula
in 19 (32%) patients, a central venous line in 19 (32%)
patients and an arteriovenous graft in 8 (14%) patients.
The mean Kt/V was 1.440.3 per hemodialysis session.
Mean BMI was 25.544.3 kg/m® Median hs-CRP was
4.9 [1.7-13.5] mg/L and median IL-6 was 5.6 [3.2-13.0]
pg/mL. Hypertension, cardiovascular disease, and diabe-
tes mellitus were prevalent in 33 (58%), 25 (42%) and 15
(25%) of the patients, respectively. Erythropoietin-stim-
ulating agents, vitamin D analogues, corticosteroids and
androgens were used by 49 (83%), 38 (64%), 12 (20%) and
2 (3%) patients, respectively. Differences in baseline char-
acteristics stratified by sex are shown in Table 1. Com-
pared to males, females had lower body weight, height
and BSA (all P<0.05). Compared to males, females had
a higher Kt/V (P=0.01). Other baseline characteristics
were comparable between males and females.

Intradialytic changes in plasma concentrations.

Intradialytic changes in plasma concentrations of
arginine, guanidinoacetate, creatine and creatinine
are shown in Table 2. Plasma arginine concentra-
tions decreased during dialysis from 77422 pmol/L
to 60+19 pmol/L (P<0.001), corresponding to a pro-
portional decrease of 18+25%. No significant sex-
based differences were found. During hemodialysis,
plasma guanidinoacetate concentrations decreased
from 1.8+0.6 pmol/L to 1.0+0.3 umol/L (P <0.001),
corresponding to a proportional decrease of 40+ 17%.
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Table 1 Baseline characteristics of the hemodialysis patients
Total cohort Males Females P-value
Demographics
Participants, n (%) 59 (100) 37 (63) 22 (37) 0.05
Age, years 65115 65+ 14 64115 0.8
Race, n Caucasian (%) 52(88) 31(84) 21(95) 04
Dialysis-related
Dialysis vintage, months 15 [6-39] 15 [7-29] 16 [6-48] 0.7
Dialysis sessions, n (%)
Two sessions per week 3(5) 1(3) 209 0.6
Three sessions per week 56 (95) 36 (97) 20(91)
Hours per dialysis, n (%)
3t03.5h 6 (10) 3(8) 3(14) 0.6
4h 48 (81) 30 (81) 18 (82)
45t05h 5(8) 4(11) 1(5)
Dialysate volume, L 135427 140430 127423 0.08
Ultrafiltration volume, L 19409 19409 19408 0.8
Residual diuresis, n (%) 32 (54) 24 (65) 8 (36) 0.06
Urinary volume, L 09406 08406 1.0+0.7 04
KV 14+£03 13403 16£03 0.01
Vascular access, n (%)
Lower arm fistula 13(22) 11 (30) 2(9) 03
Upper arm fistula 19(32) 11 (30) 8 (36)
Central venous line 19 (32) 11 (30) 8 (36)
Arteriovenous graft 8(14) 4(11) 4(18)
Body composition
Weight predialysis, kg 80+ 16 84117 74413 0.03
Weight postdialysis, kg 78+16 8216 73+13 0.04
Height, m 1.754+0.09 1.80+0.07 1.67£0.05 <0.001
BMI @ kg/m? 255443 252444 26,1442 04
BSA? m? 1.94+£0.21 2.01+0.20 1.81£0.16 <0.001
Inflammation
Hs-CRP, mg/L 491[1.7-13.5] 491[1.6-12.0] 53[2.0-17.5] 0.8
IL-6, pg/mL b 5.6 [3.2-13.0] 6.4 [3.2-15.0] 52[3.6-7.2] 05
Pre-existing disease
Hypertension, n (%) 33 (58) 24 (65) 9(41) 0.1
Cardiovascular disease, n (%) 25 (42) 16 (43) 941) 09
Diabetes, n (%) 15 (25) 10 (27) 5(23) 0.9
Medication
Erythropoietin-stimulating agents, n (%) 49 (83) 29 (78) 20 (90) 04
Vitamin D analogues, n (%) 38 (64) 23 (62) 15 (68) 09
Corticosteroids, n (%) 12 (20) 6(10) 6(27) 0.5
Androgens, n (%) 2(3) 2 (5) 0(0) 0.7

@ Calculated using postdialysis weight

b Data available in 39 participants

No significant sex-based differences were found.
Plasma creatine concentrations decreased from 26
[16—41] umol/L to 21 [15-30] umol/L (P <0.001), cor-
responding to a proportional decrease of 13+39%.
Males had lower predialysis (19 [15-33] pmol/L vs 33

[24-56] pmol/L; P=0.01) and postdialysis plasma
creatine concentrations (20 [15-25] pmol/L vs 24
[15-37] pmol/L; P=0.01), as compared to females.
Additionally, in males, the proportional decrease in
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Table 2 Intradialytic changes of plasma concentrations of arginine, guanidinoacetate, creatine and creatinine
Metabolite Total cohort Males Females P-value
Arginine
Predialysis concentration, umol/L 77422 80424 724+18" 0.2
Postdialysis concentration, pmol/L 60419 63421 55414 0.08
Absolute decrease, umol/L 17 423" 174£25™ 16£19" 09
Proportional decrease, % 18425 17428 204217 0.7
Guanidinoacetate
Predialysis concentration, umol/L 18406 19406 16405 0.1
Postdialysis concentration, pmol/L 10403™ 1.1403™ 09404 0.07
Absolute decrease, pmol/L 08404 08405" 07+£04" 04
Proportional decrease, % 40+£17" 38417 43415 03
Creatine
Predialysis concentration, pmol/L 26 [16-411"" 19[15-33]" 33[24-56] 0.01
Postdialysis concentration, pmol/L 21115-300" 20[15-25]" 24115-371" 0.01
Absolute decrease, pmol/L 5[1-14"" 3[0-8]" 10[3-18] ™ 002
Proportional decrease, % 13439 5443 27426 0.02
Creatinine
Predialysis concentration, pmol/L 6894207 7064224 6604175 04
Postdialysis concentration, umol/L 257492 274497 228478 0.07
Absolute decrease, pmol/L 4324£146" 4324156 4324£130" 0.9
Proportional decrease, % 63+8" 61+£9" 6547 0.05

Differences between males and females are tested using an independent sample t-test. Differences between predialysis and postdialysis plasma concentrations are
tested using paired sample t-test or the paired samples Wilcoxon test. Absolute decrease and proportional decrease are test against no decrease by t-test or Wilcoxon
test. Statistical significance is indicated with asterixis (' P <0.05; ™ P <0.01; " P<0.001)

plasma creatine concentration was smaller (5+£43% vs
27 +26%; P =0.02), as compared to females.

Plasma creatinine concentrations decreased from
6894207 pmol/L to 257+92 pmol/L (P<0.001), cor-
responding to a proportional decrease of 63+8%. In
contrast to creatine, predialysis plasma concentrations
of creatinine (706+224 pmol/L vs 660+175 pmol/L;
P =0.4) and postdialysis plasma concentrations of creati-
nine (274497 pmol/L vs 228 £78; P=0.07) were numer-
ically higher in males, as compared to females, albeit not
significant at the 5% level.

Losses during hemodialysis

The losses of arginine, guanidinoacetate, creatine and
creatinine during a hemodialysis session are shown in
Table 3. During hemodialysis, the total loss of arginine
was 1939+£871 umol, of which an estimated amount
of 2874344 pmol (15%) was lost from the extra-
cellular compartment and an estimated amount of
1655+ 859 pumol (85%) was lost from the intracellular
compartment (P<0.001). No significant sex-based dif-
ferences were found for arginine removal. The total loss
of guanidinoacetate was 37 £20 pmol, of which an esti-
mated amount of 124+7 pmol (32%) was lost from the
extracellular compartment and an estimated amount
of 25+19 pmol (68%) was lost from the intracellular

compartment (P <0.001). The total losses of guanidinoac-
etate were larger in males than in females (41£20 pmol
vs 31+ 18 pumol; P=0.05). The total loss of creatine was
719 [399-1070] pumol, of which an estimated amount of
79 [19-196] pmol (18%) was lost from the extracellular
compartment and an estimated amount of 612 [365-902]
pumol (82%) was lost from the intracellular compartment
(P<0.001).

The total loss of creatinine was 15.54+8.4 mmol, of
which an estimated amount of 6.8+2.5 mmol (44%)
was lost from the extracellular compartment and an
estimated amount of 8.7+7.1 mmol (56%) was lost
from the intracellular compartment (P <0.05). The total
losses of creatinine were larger in males than in females
(17.549.6 mmol vs 12.0 +3.9 mmol; P =0.003).

Correlation analyses of predialysis plasma values and
dialysate losses are shown in Additional file 1: Table S2.
Predialysis plasma concentrations were positively cor-
related with dialysate losses for arginine (r=0.51;
P<0.001), guanidinoacetate (r=0.54; P<0.001), creatine
(r=0.90; P<0.001) and creatinine (r=0.60; P<0.001). A
graphical representation of the correlation between pre-
dialysis plasma creatine and the dialysate losses of cre-
atine is shown in Fig. 1, showing that higher predialysis
plasma creatine concentrations are associated with larger
dialysate losses of creatine.
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Table 3 Comparison of the dialysate losses of arginine, guanidinoacetate, creatine and creatinine per hemodialysis session
Metabolite Total cohort Males Females P-value
Arginine
Total loss, umol 1939+871 2053 +921 1748 4+760 0.2
Estimated extracellular loss, umol 287 +£344™ 31843907 2354248 03
Estimated intracellular loss, umol 16554859 17474922 1497 +733™ 03
Guanidinoacetate
Total loss, umol 37+£20 41420 31+£18 0.05
Estimated extracellular loss, pmol 1247 13+8™ 10+£5" 0.08
Estimated intracellular loss, umol 254£197 284207 21416 02
Creatine
Total loss, umol 719[399-1070] 655 [397-1015] 867 [464-1363] 0.2
Estimated extracellular loss, umol 79119-196] 58 [5-144] ™" 147 [42-2311"" 0.04
Estimated intracellular loss, umol 612 [365-902] 545 [365-871] 697 [413-1052] 04
Creatinine
Total loss, mmol 155484 175496 120+39 0.003
Estimated extracellular loss, mmol 68+25" 72427 62+19 0.2
Estimated intracellular loss, mmol 87+7.1" 104484 58422 0.003

ECV is calculated according to the formula by Abraham et al. [27]

Differences between males and females are tested using an independent sample t-test or Mann-Whitney U test. Differences between extracellular and intracellular

removal are tested using paired sample t-test or the paired samples Wilcoxon test, and statistical significance is indicated with asterixis (' P <0.05; “ P <0.01;

P<0.001)

Plasma creatine and the dialysate losses of creatine
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Plasma creatine predialysis, pmol/L
Fig. 1 Scatterplot of plasma creatine predialysis and the dialysate
losses of creatine. Pearson correlation coefficient=0.90 (P <0.001).
Blue line represents the association between the dialysate losses of
creatine and the plasma creatine concentration, and the shaded area
represents the 95% confidence interval

Since hemodialysis patients with residual diuresis will
have losses into urine in addition to losses to dialysate,
we compared the urinary losses to the dialysate losses.
An overview of the daily urinary and dialysate excretion
rates of arginine, guanidinoacetate, creatine and creati-
nine is shown in Additional file 1: Table 3. In patients
with residual diuresis, urinary excretion contributes
2.8% to the total daily excretion rate of arginine, 42% to

the total daily excretion rate of guanidinoacetate, 6.0% to
the total daily excretion rate of creatine and 38% to the
total daily excretion rate of creatinine. No sex-based dif-
ferences were found for the proportion that daily urinary
excretion rate contributes to the total daily excretion rate.

Characteristics of the protein energy wasting phenotype
Associations of predialysis plasma concentrations of argi-
nine, guanidinoacetate, creatine and creatinine with low
muscle mass, low protein intake, hypoalbuminemia, low
BM]I, and severe fatigue are shown in Table 4. In the sex-
adjusted models, higher plasma arginine was inversely
associated with low protein intake (OR per stand-
ard deviation decrease: 1.94 [1.08-3.94]; P=0.04) and
hypoalbuminemia (OR: 2.50 [1.35-5.33]; P=0.007). In
multivariable analyses, the association with low protein
intake was lost, while the association with hypoalbumine-
mia remained materially unchanged. No associations
were found between plasma arginine and low muscle
mass, low BMI, or severe fatigue (all P >0.05). For plasma
guanidinoacetate, no associations were found with low
muscle mass, low protein intake, hypoalbuminemia, low
BM], or severe fatigue (all P >0.05).

In sex-adjusted models, lower plasma creatine was
associated with higher odds of low muscle mass (OR per
halving of plasma creatine: 2.00 [1.05-4.14]; P=0.04),
low protein intake (OR: 2.13 [1.17-4.27]; P=0.02),
hypoalbuminemia (OR: 3.13 [1.46-8.02]; P=0.008) and
severe fatigue (OR: 3.20 [1.52-8.05]; P=0.006). After
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Table 4 Associations of predialysis plasma concentrations
of arginine, guanidinoacetate, creatine and creatinine with
characteristics of the protein energy wasting phenotype

Sex-adjusted analyses Multivariable analyses

OR (95% Cl) Pvalue OR (95% Cl) P value

Plasma arginine (per 1-SD decrease)

Low muscle mass  1.65[0.84-3.89] 0.2 1.60[0.74-4.27]1 0.3

Low protein 1.94[1.08-3.94] 0.04 1.91[1.01-4.16] 0.07
intake

Hypoalbumine- 250([1.35-5.33] 0.007 2.87[1.39-7.06] 0.009
mia

Low BMI 1.06 [0.59-1.86] 0.8 0.911[032-2.89] 09

1.14[0.63-2.08] 0.7
Plasma guanidinoacetate (per 1-SD decrease)
1.08[0.59-2.19] 0.8

Severe fatigue 1.04[0.50-2.15] 0.9

Low muscle mass 0.94[048-2.08] 0.9

Low protein 1.55[0.89-294] 0.2 1.11[0.60-2.24] 0.7
intake

Hypoalbumine- 1451[0.82-2.65] 0.2 1.35[0.71-2.67] 03
mia

Low BMI 1.17[0.66-2.08] 0.6 1.61[0.70-3.77] 0.2

1.20[0.69-2.15] 0.5
Plasma creatine (per halving)
2.00[1.05-4.14] 0.04

Severe fatigue 0.96 [049-1.84] 09

Low muscle mass 2.32[1.10-569] 0.04

Low protein 213[1.17-4.27] 0.02 237[1.20-541] 0.02
intake

Hypoalbumine- 3.13[146-8.02] 0.008 ©6.20[2.16-24.8] 0.003
mia

Low BMI 0.74[040-135] 03 0.51[0.18-1.28] 0.2

]
3.20[1.52-8.05]

Severe fatigue 0.006 3.74[1.55-11.8] 0.009
Plasma creatinine (per 1-SD decrease)
Low muscle mass  6.66 [2.14-28.6] 0.003 5.67[1.59-37.3] 0.03

]
]

Low protein 1.35[0.80-2.43] 03 3.15[0.82-3.29] 0.2
intake

Hypoalbumine- 251[135-541] 0.006 2.50[1.25-5.72] 0.02
mia

Low BMI 1.80[1.02-3.45] 0.05 2.58[0.94-9.66] 0.10

Severe fatigue 1.09 [0.62-1.90] 0.76 1.65[0.80-3.51] 0.18

Plasma refers to plasma values predialysis. Analyses of plasma arginine,
guanidinoacetate and creatinine are performed on scaled data, with the odds
ratio presented per standard deviation decrease of the biomarker. Analyses of
plasma creatine are performed on log, transformed data, with the odds ratio
presented per halving of the biomarker

Low muscle mass is defined as a muscle mass < 10.76 kg/m? in males < 6.76 kg/
m?in females. Low protein intake is defined as a protein intake < 0.8 g/kg/24-h.
Low BMl is defined as a BMI < 23 kg/m2. Hypoalbuminemia is defined as a serum
albumin <38 g/L. Severe fatigue is defined as a subjective fatigue score > 35.
Multivariable analyses are adjusted for sex, age, body surface area, dialysis
vintage and hs-CRP

adjustment for potential confounders, these associations
remained materially unchanged. No associations were
found with low BMI. A graphical representation of the
relationship between plasma creatine and low muscle
mass, low protein intake, hypoalbuminemia and severe
fatigue is shown in Fig. 2.
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In sex-adjusted models, lower plasma creatinine
was associated with low muscle mass (OR per stand-
ard deviation decrease: 6.66 [2.21-28.6]; P<0.001) and
hypoalbuminemia (OR: 2.51 [1.35-5.41]; P=0.02). After
adjustment for potential confounders, these associa-
tions remained materially unchanged. No associations
were found with low protein intake, low BMI and severe
fatigue.

Sensitivity analyses

To determine whether the associations of plasma cre-
atine are driven by the patients with the highest cre-
atine concentrations, we performed sensitivity analyses
in which patients with predialysis plasma creatine val-
ues above the 95th percentile were excluded in Addi-
tional file 1: Table S4. In these analyses, the association
of plasma creatine with low muscle mass was no longer
significant (P=0.20). However, the association between
plasma creatine and low protein intake, hypoalbumine-
mia and severe fatigue remained significant and materi-
ally unchanged.

To investigate whether the associations of plasma cre-
atine with low muscle mass, low protein intake, hypoal-
buminemia and severe fatigue could be the consequence
of differences in vascular access type, we performed
sensitivity analyses in which we adjusted for the type of
vascular access (Additional file 1: Table S5). The associa-
tions remained materially unchanged after adjustment
for the type of vascular access. To investigate whether the
associations of plasma creatine with low muscle mass,
low protein intake, hypoalbuminemia and severe fatigue
could be the consequence of differences in hemodialysis
efficacy, we performed sensitivity analyses in which we
adjusted for the Kt/V values (Additional file 1: Table S6).
The associations remained materially unchanged after
adjustment for the Kt/V. To investigate whether the
associations of plasma creatine with low muscle mass,
low protein intake, hypoalbuminemia and severe fatigue
could be the consequence of differences in medica-
tion usage, we performed sensitivity analyses in which
we adjusted for the usage of erythropoietin-stimulating
agents, vitamin D analogues and corticosteroids (Addi-
tional file 1: Table S7). The associations remained mate-
rially unchanged after adjustment for these medications.
To investigate whether the associations of plasma cre-
atine with low muscle mass, low protein intake, hypoal-
buminemia and severe fatigue could be the consequence
of differences in residual diuresis, we performed sen-
sitivity analyses in which we adjusted the associations
for presence or absence of residual diuresis (Additional
file 1: Table S8). The associations remained materially
unchanged after adjustment for the presence or absence
of residual diuresis. Associations of the dialysate losses
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Fig. 2 Graphical representation of the associations between plasma creatine and the probability of low muscle mass, low protein intake,
hypoalbuminemia, and severe fatigue. Analyses are adjusted for sex, age, body surface area, dialysis vintage and hs-CRP

of arginine, guanidinoacetate, creatine and creatinine
with low muscle mass, low protein intake, hypoalbu-
minemia, low BMI, and fatigue are shown in Additional
file 1: Table S9. For the dialysate losses of arginine and
guanidinoacetate no associations were found with low
muscle mass, low protein intake, hypoalbuminemia, low
BM]I, or fatigue. Lower dialysate losses of creatine were
associated with higher odds of low muscle mass (OR per
halving: 2.61 [1.28-6.31]; P=0.02), hypoalbuminemia
(OR: 4.77 [2.03-13.8]; P=0.001) and severe fatigue (OR:
2.80 [1.34-6.65]; P=0.01). After adjustment for poten-
tial confounders, these associations remained materially
unchanged. No significant associations were found with
low protein intake and low BML.

Discussion

To our knowledge, this is the first study to comprehen-
sively investigate creatine homeostasis in hemodialy-
sis patients. Arginine, guanidinoacetate, creatine and
creatinine all demonstrated an intradialytic decrease in
plasma concentrations. The proportional decrease was
greatest for creatinine and lowest for creatine. No sex-
differences were found for arginine, guanidinoacetate and
creatinine. By contrast, males had lower pre- and post-
dialysis plasma creatine concentrations and had a lower
proportional intradialytic decrease in plasma concentra-
tions compared to females. In addition, we quantified the
intradialytic losses and demonstrated that the majority of
creatine is removed from the intracellular compartment,
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thereby implicating a large intra- to extracellular shift
of creatine during a hemodialysis session. For patients
with residual diuresis we demonstrated that the intra-
dialytic losses of arginine, guanidinoacetate, creatine
and creatinine to the dialysis fluid are much larger than
the interdialytic urinary losses. Lastly, we demonstrated
that lower plasma creatine concentrations are associated
with higher odds of low muscle mass, low protein intake,
hypoalbuminemia, and severe fatigue. These findings
were independent from potential confounders, includ-
ing plasma levels of hs-CRP as a reflection of systemic
inflammation.

Creatine and the energy-charged phosphocreatine play
a crucial bioenergetic role in adenosine triphosphate
turnover and are especially important as a cellular energy
buffer and in energy transport, especially in tissues with
high and fluctuating energetic demands, such as skeletal
muscles and the brain [37, 38]. Creatine is therefore an
essential metabolite for normal cell and body function-
ing, from embryonic life to adulthood [39]. The impor-
tance of creatine is highlighted by the genetic creatine
deficiency syndromes, encompassing mutations in the
genes of AGAT, GAMT or the gene coding for the cre-
atine transporter (SLC6A8), where patients develop
neuromuscular and neurological symptoms, including
mental retardation, autism, and epilepsy [40]. In omnivo-
rous humans, creatine is synthesized endogenously, but
also ingested through the diet [7]. After being released
into the circulation, creatine is transported into tis-
sues by the Creatine Transporter 1 (CrT1), encoded by
the SLC6AS8 gene, located on the X-chromosome [41].
Throughout the years, several sex-based differences in
creatine homeostasis have been identified, e.g. the over-
all creatine synthesis rate has been found to be lower in
females than in males [5], which is also reflected by lower
serum guanidinoacetate concentrations in females than
in males [34]. A study in 66 healthy individuals found
lower serum guanidinoacetate concentrations in females
(2.0+0.57 pmol/L) than in males (2.6£0.52 pumol/L)
[42]. Compared to the healthy individuals of the afore-
mentioned study, the peak (predialysis) plasma con-
centrations in the hemodialysis patients of the current
study were 27% and 20% lower in males and females,
respectively. These findings support previous hypoth-
eses that the first step of endogenous creatine synthesis
is impaired in patients with end-stage kidney disease [8,
15]. Especially since generally plasma concentrations
of small water-soluble molecules tend to increase with
decreasing kidney function [43]. Since the conversion of
AGAT is considered the rate limiting step in creatine syn-
thesis [7-14], it follows that a reduction in AGAT activity
in end-stage kidney disease also leads to reduced creatine
concentrations, compatible with our findings. It is worth
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noting that the concentrations of creatine in healthy indi-
viduals of the study by Marescau et al. [42] were nearly
twice times higher in females, compared with males.
Similarly, we also found higher plasma creatine concen-
trations in females as compared with males, both in pre-
and postdialysis samples. Although the exact mechanism
underlying this sex-based difference is not known, it has
been reported before [44], and the same phenomenon is
also seen in biopsies of the vastus lateralis muscle where
females had 10% higher intracellular creatine concentra-
tions compared to males [45]. Our analysis of the intra-
dialytic changes in plasma concentrations demonstrated
that arginine, guanidinoacetate, creatine and creatinine
all significantly decreased during dialysis, in line with
small molecules being removed to the dialysate. Interest-
ingly, the proportional decrease in plasma concentrations
was largest (63%) for creatinine and smallest for creatine
(13%), implicating that plasma creatine concentrations
are more prone to strict regulation. To elucidate losses
to the dialysate, we quantified the losses to the dialysate
during hemodialysis by collecting the entirety of the
spent dialysate. In agreement with the lower plasma con-
centrations of guanidinoacetate compared to creatine, we
also found less removal of guanidinoacetate as compared
to creatine. By estimating the relative losses from the
extracellular and intracellular compartments, we demon-
strated that most creatine was lost from the intracellular
compartment, indicative of a large intradialytic intra- to
extracellular shift. A possibility is that plasma creatine is
strictly regulated and that an intra- to extracellular shift
is one of the mechanisms preventing too low plasma
creatine concentrations. This hypothesis of a large intra-
to extracellular shift during hemodialysis is congruent
with previous imaging studies obtained by non-invasive
in vivo 31P-NMR demonstrating lower phosphocreatine
concentrations in the hearts of patients on either hemo-
dialysis treatment [46] or peritoneal dialysis treatment
[47]. Additionally, lower phosphocreatine concentrations
have also been measured in skeletal muscles of hemodi-
alysis patients [48]. Combined, these findings indicate a
wash-out of creatine from these organs during hemodi-
alysis treatment.

Apart from losses to the dialysate, there may also be
losses of creatine to the urine in patients with residual
diuresis. Yet, in our supplementary analyses we demon-
strated that urinary losses only contribute a minor 6.0%
to the overall daily losses of creatine in hemodialysis
patients.

Protein energy wasting is a major threat for patients on
hemodialysis, as it is the strongest risk factor for mor-
bidity and mortality [1, 3]. Clinically, the diagnostic cri-
teria have been set up across several domains, including
low muscle mass, low protein intake, hypoalbuminemia
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and low body weight. A relatively simple, non-invasive
and very reliable method to estimate muscle mass is to
measure the creatinine excretion rate (CER). Creatinine
is produced at a constant rate, depending on the quan-
tity of muscle mass [7, 49]. Therefore, CER is an estab-
lished method to study total body muscle mass in both
healthy populations and a variety of patient popula-
tions, including patients with chronic kidney disease
[15, 50-54]. An added benefit of CER over other tech-
niques, such as dual-energy x-ray absorptiometry, is that
CER by its biochemical nature is insensitive to hydration
status, intramuscular fat, and edema and thereby pro-
vides a direct reflection of muscle mass [55, 56]. Lower
plasma values of creatine, but not arginine and guani-
dinoacetate, were associated with higher odds for a low
muscle mass, indicating that low plasma creatine con-
centrations may increase the risk of low muscle mass.
Similarly, we found that lower plasma creatine concen-
trations were associated with higher odds of low protein
intake and hypoalbuminemia. In contrast to low muscle
mass, these associations remained materially unchanged
after excluding the patients with highest plasma cre-
atine concentrations. To assess protein intake, we used
a biomarker-based method to assess dietary protein
intake, thereby avoiding potential biases of classic die-
tary assessments, including under- and overreporting,
changes in diet due to self-reflections, errors in portion
size estimates, and socially desirable answers [15, 57,
58]. Additionally, we also found that higher plasma cre-
atine values are associated with a reduced odds of severe
fatigue. Although fatigue is not a part of the diagnostic
criteria for PEW, it is an often-occurring symptom in
hemodialysis patients, especially in those with PEW [59,
60]. We purposely included fatigue, as fatigue is an often
under-recognized and under-treated symptom and is one
of the most debilitating symptoms experienced during
hemodialysis treatment from a patient’s perspective. This
is well-illustrated by a study demonstrating that 94% of
the patients would accept more intense hemodialysis if
it would increase their energy level, whereas merely 19%
would accept this for an increase in longevity by 3 years
[61].

The lower plasma values of guanidinoacetate and cre-
atine compared to previous reports in healthy individu-
als and the found associations of plasma creatine with
characteristics of PEW points toward a potential role
for creatine supplementation in hemodialysis patients.
Although the absolute decrease in plasma creatine from
26 to 21 pmol/L seems rather small, the values should be
interpreted in the context of the fact that creatine, like
creatinine, is a small, water-soluble molecule, of which
one would anticipate plasma concentrations to be high
rather than low in the case of renal failure. Although
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reported variation in fasting plasma creatine concentra-
tions is high [62, 63], the median fasting plasma con-
centration of 26 umol/L observed in the hemodialysis
patients in the current report is appreciably lower than
reported mean values of 40.5 umol/L in 6 healthy subjects
in a creatine supplementation study and 36.7 pmol/L in
4,735 subjects of the general population [62, 63]. Inter-
estingly, in the latter study, there was a significant inverse
association between plasma creatine and plasma creati-
nine concentrations, which is in line with the low plasma
creatine concentration that we observed in the current
study, and signifies the likelihood of an important role of
the kidney in endogenous creatine synthesis, which may
be virtually absent in the context of dialysis-dependent
chronic kidney disease [5, 7, 63]. Since hemodialysis is
known to induce a generalized proteolytic response,
particularly stimulating proteolysis from muscles [64],
the falls in circulating concentrations of amino acids are
lower and actual losses into the dialysate higher than one
would expect in the absence of a proteolytic response
[65]. Our data suggest that a similar scenario applies to
creatine, with a relatively limited decrease in circulating
concentrations and relatively large losses during hemodi-
alysis. Creatine, other than amino acids, is important to
be separately considered, because of its particular role in
energy metabolism and bodily functions, including per-
formance and cognitive functioning [4]. The hypothesis
that dialysis treatment leads to lower intracellular cre-
atine concentrations has also been demonstrated using
imaging studies obtained by non-invasive in vivo 31P-
NMR demonstrating lower phosphocreatine concen-
trations in the hearts of patients on either hemodialysis
treatment [46] or peritoneal dialysis treatment [47].
Creatine supplementation has been studied extensively
in non-CKD settings, where it has been shown that cre-
atine supplementation together with moderate resist-
ance training will counteract loss of muscle mass, caused
by either age-related sarcopenia or due to immobiliza-
tion (recently reviewed in [66]). Furthermore, evidence
indicates that creatine supplementation improves brain
health, improves cognition, and is effective in alleviating
brain ischemia and hypoxia (recently reviewed in [67]).
Furthermore, the daily average intake of creatine via meat
and fish by the general population of the US.A.is 1.38 g
of creatine per day [68]. The same study demonstrated
that 42.8% of the participants had an average intake
below the recommended level of 1 g of creatine per day
[68]. It is very likely that this percentage would be even
higher if hemodialysis patients were studied, for they are
generally advised to consume less meat and fish com-
pared to the general population [69, 70] and thus they
are likely to be even more creatine deficient. Nonethe-
less, to date, only a few creatine supplementation trials
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have been conducted in hemodialysis patients. Nearly
20 years ago, Chang et al. [71] performed a small-scale
randomized double-blind placebo-controlled trial of cre-
atine supplementation to evaluate the potential of cre-
atine to alleviate hemodialysis-associated muscle cramps
in 10 hemodialysis patients. After 4 weeks of creatine
supplementation, patients demonstrated a 60% reduction
in muscle cramps, while no difference was found in the
placebo group. After the wash-out period, the frequency
of muscle cramps returned to the previous level [71].
More recently, Marini et al. (2019) performed a rand-
omized double-blind placebo-controlled trial to evaluate
whether oral creatine supplementation could attenuate
loss of muscle mass and could reduce the malnutrition-
inflammation score in 28 hemodialysis patients [72].
Compared to the placebo arm, the creatine treated arm
demonstrated a significant increase in lean body mass
after 4 weeks supplementation (effect size=0.832 kg;
P=0.03). Additionally, the creatine treated arm demon-
strated a sizable reduction of the malnutrition-inflam-
mation score (effect size=0.964; P=0.01). In the latter
study, after a loading phase with four times daily five
grams of oral creatine for one week, the maintenance
dosage was five grams of creatine per day. Besides poten-
tial problems with compliance, creatine also requires a
large volume of water to be dissolved, which may nega-
tively influence the fluid balance in patients already on
a fluid restriction. In future studies, this may be circum-
vented by using intradialytic creatine supplementation
[8], which also prevents the unopposed removal of cre-
atine by hemodialysis treatment.

The strengths of this study are that we collected the
entire dialysate production during the hemodialysis ses-
sion instead of taking several samples, thereby increasing
the accuracy of our assessments. In addition, we used a
biomarker-based method to assess dietary protein intake,
thereby avoiding potential biases of classic dietary assess-
ments. However, we acknowledge that our study has
limitations, primarily the relatively small sample size of
this study. Our current study was too small to allow for
analyses stratified for e.g. presence or absence of resid-
ual diuresis. Future larger studies are required to allow
for investigation whether associations of plasma cre-
atine with low muscle mass, low protein intake, hypoal-
buminemia and severe fatigue differ in different strata
of patients, e.g. strata of patients with or without resid-
ual diuresis. Additionally, we were unable to perform
repeated measurements over time, to evaluate creatine
homeostasis over a longer period of chronic hemodialysis
treatment and to evaluate the associations between cre-
atine status and loss of muscle mass and body weight over
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a prolonged time. Lastly, statistical significance generally
does not necessarily indicate a biologically relevant effect
and the possibility of residual confounding remains.

In conclusion, we investigated pre- and postdialysis
plasma concentrations of arginine, guanidinoacetate,
creatine and creatinine. Compared to available litera-
ture, plasma concentrations of guanidinoacetate and
creatine were lower than in healthy individuals. In
addition, we demonstrated that arginine, guanidinoac-
etate, creatine and creatinine are removed by hemodi-
alysis, with a large intradialytic shift of creatine from
the intra- to the extracellular compartment. Lastly,
we demonstrate that lower plasma creatine concen-
trations are associated with higher odds of low mus-
cle mass, low protein intake, hypoalbuminemia, and
severe fatigue. Future research is required to determine
whether creatine supplementation can help to prevent
or treat protein energy wasting and fatigue.
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