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Abstract

Background Survival of kidney transplant recipients (KTR) is low comparedwith the general population. Lowmusclemass
and muscle strength may contribute to lower survival, but practical measures of muscle status suitable for routine care have
not been evaluated for their association with long-term survival and their relation with each other in a large cohort of KTR.
Methods Data of outpatient KTR ≥ 1 year post-transplantation, included in the TransplantLines Biobank and Cohort
Study (ClinicalTrials.gov Identifier: NCT03272841), were used. Muscle mass was determined as appendicular skeletal
muscle mass indexed for height2 (ASMI) through bio-electrical impedance analysis (BIA), and by 24-h urinary creati-
nine excretion rate indexed for height2 (CERI). Muscle strength was determined by hand grip strength indexed for
height2 (HGSI). Secondary analyses were performed using parameters not indexed for height2. Cox proportional
hazards models were used to investigate the associations between muscle mass and muscle strength and all-cause
mortality, both in univariable and multivariable models with adjustment for potential confounders, including age,
sex, body mass index (BMI), estimated glomerular filtration rate (eGFR) and proteinuria.
Results We included 741 KTR (62%male, age 55 ± 13 years, BMI 27.3 ± 4.6 kg/m2), of which 62 (8%) died during a me-
dian [interquartile range] follow-up of 3.0 [2.3–5.7] years. Compared with patients who survived, patients who died had
similar ASMI (7.0 ± 1.0 vs. 7.0 ± 1.0 kg/m2; P = 0.57), lower CERI (4.2 ± 1.1 vs. 3.5 ± 0.9 mmol/24 h/m2; P < 0.001)
and lower HGSI (12.6± 3.3 vs.10.4± 2.8 kg/m2; P< 0.001).We observed no association between ASMI and all-causemor-
tality (HR 0.93 per SD increase; 95% confidence interval [CI] [0.72, 1.19]; P= 0.54), whereas CERI and HGSI were signif-
icantly associated with mortality, independent of potential confounders (HR 0.57 per SD increase; 95% CI [0.44, 0.81];
P= 0.002 and HR 0.47 per SD increase; 95% CI [0.33, 0.68]; P < 0.001, respectively), and associations of CERI and HGSI
with mortality remained independent of each other (HR 0.68 per SD increase; 95% CI [0.47, 0.98]; P = 0.04 and HR 0.53
per SD increase; 95% CI [0.36, 0.76]; P= 0.001, respectively). Similar associations were found for unindexed parameters.
Conclusions Higher muscle mass assessed by creatinine excretion rate and higher muscle strength assessed by hand grip
strength are complementary in their association with lower risk of all-cause mortality in KTR. Muscle mass assessed by
BIA is not associated with mortality. Routine assessment using both 24-h urine samples and hand grip strength is recom-
mended, to potentially target interdisciplinary interventions for KTR at risk for poor survival to improve muscle status.
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Introduction

For patients with end-stage kidney disease (ESKD), kidney
transplantation generally provides better quality of life and
longer survival, compared with dialysis as a renal replace-
ment therapy.1 Although short-term outcomes after kidney
transplantation have continued to improve over the last
decades,2 long-term survival of kidney transplant recipients
(KTR) is still considerably lower than that of the general
population.3 Previously identified, potentially modifiable risk
factors for premature death in KTR include low physical activ-
ity and functioning4 and suboptimal nutritional status,
reflected by weight gain, obesity5 and malnutrition.6

Low muscle mass goes hand-in-hand with physical inactiv-
ity and poor physical functioning.7,8 Low muscle mass has
also been shown to be an important characteristic of poor
nutritional status in KTR.9 Previous reports showed a preva-
lence of low muscle mass of 19% to 50% in KTR, depending
on the cut-off value applied.10,11 Using the diagnostic frame-
work by the Global Leadership Initiative on Malnutrition
(GLIM),12 we found low muscle mass to be a predominant
phenotypic criterion of malnutrition, present in more than a
quarter of outpatient KTR.13 Low muscle mass was also prev-
alent in KTR with a body mass index (BMI) in the overweight
or obese range, stressing the importance of body composi-
tion assessment in this population.

Although muscle mass and muscle strength are related,
they are not necessarily concordant.14 In a comparative
study in male KTR and patients on peritoneal dialysis, no sig-
nificant differences were found with regard to body compo-
sition assessed by dual-energy X-ray absorptiometry (DXA),
while KTR had a significantly higher hand grip strength
(HGS) compared with patients on peritoneal dialysis.15 In
another study in 128 KTR ≥ 1 year post-transplantation,
low HGS was independently associated with a higher risk
of hospitalization and all-cause mortality, while low muscle
mass according to assessment by bio-electrical impedance
analysis (BIA) was not.16 Importantly, in previous analyses,
we found a strong association between muscle mass
assessed by 24-h urinary creatinine excretion rate (CER)
and HGS.17 However, it remains unknown whether muscle
mass and muscle strength are interchangeable or comple-
mentary to one another to identify patients at higher risk
of all-cause mortality. This information is necessary to opti-
mally allow for pro-active identification of KTR with subopti-
mal muscle status, who may benefit from interdisciplinary
interventions to help prevent adverse outcomes. Therefore,
in the current study, we aimed to evaluate the association
between muscle mass and muscle strength and all-cause
mortality in KTR and in specific relation to one another. In
primary analyses, muscle mass was assessed using appendic-
ular skeletal muscle mass indexed to height2 (BIA) and the
urinary creatinine excretion rate indexed to height2, and

muscle strength was assessed using handgrip strength
indexed to height2. In secondary analyses, similar analyses
were performed using unindexed appendicular skeletal
muscle mass (BIA), urinary creatinine excretion rate and
unindexed handgrip strength.

Materials and methods

Study design and population

For the current prospective cohort study, data were extracted
from the TransplantLines Biobank and Cohort Study of the
University Medical Center Groningen (UMCG) (ClinicalTrials.
gov Identifier: NCT03272841). All eligible transplant recipi-
ents who gave written informed consent were included in
the TransplantLines cohort from June 2015 to the February
2021. The Medical Ethical Committee of the UMCG approved
the TransplantLines study protocol (METc 2014/077), and all
study procedures were performed in line with the principles
of the Declaration of Helsinki. Further details on the design
of the TransplantLines cohort have been described
previously.18 For the current study, we included all adult
KTR (≥18 years) enrolled in the TransplantLines study, with
a functioning graft ≥1 year after transplantation and who
had a scheduled study visit between June 2015 and February
2021 (N = 1144). Participants with missing data on the main
variables regarding muscle mass and muscle strength
(N = 374) were excluded, leaving 770 participants eligible
for further analysis (participant flow chart is included in
Figure S1). Based on an expected effect size of either 0.419

or 2.4,16 70 to 75 events were needed to attain sufficient sta-
tistical power (1-β = 0.80) to detect a significant association,
with a significance level of 0.05.

Data collection

Anthropometric measures, that is, height, weight, waist and
hip circumference, were performed using a wall-secured
stadiometer, a digital scale and a retractable measurement
tape, respectively. Overweight was defined as BMI 25.0–
29.9 kg/m2, and obesity was defined as BMI ≥ 30.0 kg/m2,
according to the WHO classification. Body composition was
assessed using a multi-frequency BIA device (Quadscan
4000, Bodystat, Douglas, British Isles). Hand grip strength
was measured using a hydraulic hand-held dynamometer
(Patterson Medical JAMAR 5030J1, Warrenville, Canada).
Blood pressure was measured according to a standard clinical
protocol using an automatic device (Philips Suresign VS2+,
Andover, Massachusetts, USA).

Fasted blood samples and 24-h urine samples were col-
lected and analysed by using standard laboratory procedures,
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prior to the TransplantLines study visit. The serum
creatinine-based Chronic Kidney Disease Epidemiology Col-
laboration (CKD-EPI) algorithm was used to calculate the esti-
mated glomerular filtration rate (eGFR). Other laboratory
measures included in this study were haemoglobin, high-sen-
sitivity C-reactive protein (hs-CRP), albumin, high-density li-
poprotein (HDL) cholesterol, low-density lipoprotein (LDL)
cholesterol, glucose and glycated haemoglobin (HbA1c) from
blood samples. Creatinine clearance in mL/min was calcu-
lated by dividing 24-h urinary creatinine excretion (mmol/
24 h) by plasma creatinine (μmol/L), multiplying by 694 for
conversion to mL/min. Proteinuria was defined as 24-h uri-
nary protein excretion ≥0.5 g/24 h.

Demographic variables and data on disease history, medi-
cation and transplant characteristics were extracted from
the UMCG Renal Transplant Database.18 Follow-up data on
mortality were extracted from electronic hospital records
and were updated using municipal records. Participants with
unknown date of death (N = 1) were excluded from the anal-
ysis (Figure S1).

Operationalization of main variables

Muscle mass by bio-electrical impedance analysis
Outliers in BIA-derived reactance and resistance, defined as a
value of >1.5 IQR below Q1 or above Q3 (N = 18), were ex-
cluded for the analysis (Figure S1). Appendicular skeletal
muscle mass (ASMM) was then calculated using BIA-derived
reactance and resistance, using the equation by Sergi et al.,20

in line with the GLIM criteria for malnutrition and the revised
diagnostic criteria for sarcopenia (EWSGOP2).7,12 Appendicu-
lar skeletal muscle mass index (ASMI), that is, ASMM in kg di-
vided by height in meters squared, also in line with the GLIM
and EWSGOP2 criteria, was used in the primary prospective
analyses.

Muscle mass by 24-h creatinine excretion rate
The 24-h CER from urine collection samples was used as an
alternative measure for muscle mass.21 Outliers in 24-h CER,
defined as a value of >1.5 IQR below Q1 or above Q3
(N = 6), were excluded for the analysis (Figure S1). The 24-h
urinary CER index (CERI), that is, 24-h CER in mmol/24 h di-
vided by height in meters squared, in line with the use of
ASMI, was used in the primary prospective analyses.

Muscle strength
Hand grip strength was measured three times on both
hands, and the maximum HGS value of all attempts was
used for analysis. Outliers in HGS, defined as a value of
>1.5 IQR below Q1 or above Q3 (N = 4), were excluded
for the analysis (Figure S1). Hand grip strength index (HGSI),
maximum HGS in kg divided by height in meters squared,
again in line with use of ASMI, was used in the primary pro-
spective analysis.

Statistical analyses

Statistical analyses were performed using IBM SPSS Statistics
for Windows, Version 23.0 and R version 4.0.3 (Vienna,
Austria). Results were expressed as mean ± standard devia-
tion (SD), median [interquartile range] or number (percent-
age) for normally distributed, skewed and categorical data,
respectively. χ2tests for categorical variables, independent
samples t-tests for normally distributed variables and
Mann–Whitney U-tests for skewed distributed or ordinal data
were performed to determine differences in baseline charac-
teristics between male and female participants. Pearson’s
correlation coefficient was determined to examine the associ-
ation between the three main parameters of muscle status,
that is, ASMI, CERI and HGSI, for male and female participants
separately. The associations, stratified for sex, were visualized
using scatterplots.

Cox proportional hazards models were used to investigate
the associations of muscle mass and muscle strength with
all-cause mortality. Hazards ratios were computed per stan-
dard deviation increase. The proportional hazards assump-
tion was verified visually with plots of the scaled Schoenfeld
residuals and was not violated in any of the models. Potential
effect-modification by age or sex was explored by including
product terms in the model. Adjustments were made for
common potential confounders, including age and sex
(Model 2) and additionally BMI (Model 3), and eGFR and pro-
teinuria (Model 4). To avoid overfitting, additional models
were created using additive adjustments to Model 4.22

Additive adjustments were made to Model 4 for inflamma-
tion (hs-CRP and white blood cell count) (Model 5); glucose
homeostasis (HbA1c, glucose and usage of antidiabetic drugs)
(Model 6), transplantation related factors (pre-emptive trans-
plantation, living vs. deceased donor, usage of calcineurin
inhibitors, usage of proliferation inhibitors and usage of
mTOR inhibitors) (Model 7) and cardiovascular factors (blood
pressure, HDL-cholesterol and LDL-cholesterol) (Model 8). To
account for potential bias in prospective analyses that could
result from the exclusion of participants with missing values
in potential confounding variables (Table S1), multiple
imputations were performed using fully conditional specifica-
tion to obtain 10 imputed data sets.23 The algorithm was run
for 30 iterations, and convergence of the Markov chains was
evaluated with trace plots of the mean and variance.
Analyses were performed in each of the data sets, and results
were pooled using Rubin’s rules.23 Primary analyses were
performed using ASMI, CERI or HGSI. Secondary analyses
were performed using unindexed ASMM, CER and HGS.

Finally, to investigate whether muscle mass by ASMI or
CERI, or muscle strength by HGSI, are interchangeable or
complementary to one another to identify patients at higher
risk of all-cause mortality, the prospective analyses were re-
peated according to the base model (Model 4), with addi-
tional adjustment for either ASMI, CERI or HGSI.
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Results

Baseline characteristics

In total, 741 individual patients were included in the analy-
ses (age 55 ± 13 years, 62% male, BMI 27.3 ± 4.6 kg/m2).
Median [interquartile range] time after transplantation was
3.2 [1.0–9.4] years, 34% had a pre-emptive transplantation,
and 54% received a transplant from a living donor. Female
participants more often had a pre-emptive transplantation
compared with men (39% vs. 31%; P = 0.03). eGFR was
51 ± 18 mL/min/1.73 m2, and 15% had proteinuria (median
[IQR] proteinuria 1.3 [0.6–1.6] g/24 h). Prevalence of over-
weight and obesity according to BMI were 41% and 26%, re-
spectively. Male participants more often were in the over-
weight range, while female participants more often were
obese (P = 0.04). Baseline characteristics of the total study
population, and for male and female participants separately,
are shown in Table 1.

As expected, male participants had a higher muscle mass
based on ASMI/ASMM (7.4 ± 0.9 vs. 6.4 ± 0.9 kg/m2;
P < 0.001 and 24 ± 3 vs. 18 ± 3 kg; P < 0.001, respectively)
and CERI/CER (4.2 [3.6–5.1] vs. 10.1 [8.7–11.5] mmol/24 h/
m2; P < 0.001 and 13.4 [11.3–16.5] vs. 10.1 [8.7–11.5]
mmol/24 h; P < 0.001, respectively) and a higher muscle
strength based on HGSI/HGS (13.8 ± 3.0 vs. 10.1 ± 2.4 kg/
m2; P < 0.001 and 44 ± 10 vs. 28 ± 7 kg; P < 0.001, respec-
tively), compared with female participants (Table 1). Correla-
tions between the three main measures of muscle mass and
strength indexed for height squared, stratified for sex, are vi-
sualized in Figure 1. ASMI was significantly correlated with
CERI in males and females (males: r = 0.40; P < 0.001, fe-
males: r = 0.52; P < 0.001). ASMI was significantly correlated
with HGSI in males (r = 0.29; P < 0.001), but not in females
(r = 0.09; P = 0.16). CERI was significantly correlated with HGSI,
in both males and females (males: r = 0.45; P < 0.001, fe-
males: r = 0.29; P < 0.001).

Primary prospective analyses

A total of 62 out of 741 participants (8%) died during a
follow-up of 3.0 [2.3–5.7] years. Patients who died during
follow-up had similar ASMI to those who survived (7.0 ± 1.0
vs. 7.0 ± 1.0 kg/m2; P = 0.57), but lower CERI (3.5 ± 0.9 vs.
4.2 ± 1.1 mmol/24 h/m2; P < 0.001). In Cox-regression anal-
yses, ASMI was not significantly associated with risk of
all-cause mortality (HR 0.93 per SD increase; 95% CI [0.72,
1.19]; P = 0.46) (Model 1, Table 2). Further adjustment for
other potential confounders did not materially change the as-
sociation between ASMI and all-cause mortality. For every
standard deviation increase in CERI, the hazard ratio for

all-cause mortality was 0.52 (95% CI [0.38, 0.70]; P < 0.001)
(Model 1, Table 2) and 0.57 (95% CI [0.40, 0.81]; P = 0.002),
independent of age, sex, BMI, eGFR and proteinuria (Model
4, Table 2). Additional adjustment for inflammation markers
(hs-CRP and white blood cell count), glucose homeostasis,
transplantation related factors or cardiovascular factors did
not materially alter the association between CERI and
all-cause mortality (Models 5 to 8, Table 2). There was no
effect-modification according to age or sex (P > 0.05).

Participants who died during follow-up had lower HGSI
(10.4 ± 2.8 vs. 12.6 ± 3.3 kg/m2; P < 0.001) than those who
survived. For every standard deviation increase in HGSI, the
hazard ratio for all-cause mortality was 0.54 (95% CI [0.41,
0.71]; P < 0.001) (Model 1, Table 2) and 0.47 (95% CI [0.33,
0.68]; P < 0.001) (Model 4, Table 2) after subsequent adjust-
ment for age, sex, BMI, eGFR and proteinuria. Further adjust-
ment for potential confounders did not materially change the
association (Models 5 to 8, Table 2). A graphical representa-
tion of the associations of ASMI, CERI and HGSI with
all-cause mortality is shown in Figure 2.

As expected, based on the results of the prospective anal-
yses for the separate main variables, additional adjustment
for ASMI did not materially alter the associations between
CERI and HGSI with all-cause mortality (base + ASMI, Table 3).
When additionally adjusting for CERI in the base model, HGSI
remained strongly associated with all-cause mortality (HR
0.53 per SD increase; 95% CI [0.36, 0.76]; P = 0.001)
(base + CERI, Table 3). And vice versa, when additionally
adjusting for HGSI in the base model, CERI remained signifi-
cantly associated with all-cause mortality as well (HR 0.68
per SD increase; 95% CI [0.47, 0.98]; P = 0.04) (base + HGSI,
Table 3).

Secondary prospective analyses

Prospective analyses with unindexed parameters for muscle
mass and muscle strength, that is, ASMM, CER and HGS,
yielded similar results to the primary prospective analyses
with indexed parameters (Tables S2 and S3). ASMM was
not significantly associated with risk of all-cause mortality
(HR 0.91 per SD increase; 95% CI [0.71, 1.17]; P = 0.46)
(Model 1, Table S2). Further adjustment for other potential
confounders did not materially change the association be-
tween ASMM and all-cause mortality. For every standard de-
viation increase in CER, the hazard ratio for all-cause mortal-
ity was 0.55 (95% CI [0.41, 0.74]; P < 0.001) (Model 1,
Table S2) and 0.54 (95% CI [0.37, 0.80]; P = 0.002), indepen-
dent of age, sex, BMI, eGFR and proteinuria (Model 4,
Table S2). Additional adjustment for inflammation markers
(hs-CRP and white blood cell count), glucose homeostasis,
transplantation related factors or cardiovascular factors did
not materially alter the association between CER and
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Table 1 Baseline characteristics of total population (N = 741)

Total group Males Females
P valueN (%) 741 (100) 456 (62) 285 (38)

Demographic variables
Age (years) 55 ± 13 56 ± 16 55 ± 12 0.51
Ethnicity 0.29
Caucasian 693 (94) 426 (93) 267 (94)
African 8 (1) 6 (1) 2 (1)
Asian 11 (2) 5 (1) 6 (2)
Other 11 (2) 9 (2) 2 (1)
Unknown 18 (2) 10 (2) 8 (3)

Medical history and medication
Primary renal disease 0.91
Glomerulonephritis 169 (23) 109 (24) 60 (21)
Interstitial nephritis 58 (8) 34 (8) 24 (8)
Cystic kidney disease 139 (19) 80 (18) 59 (21)
Other congenital/hereditary 32 (4) 21 (5) 11 (4)
Renal vascular disease 64 (9) 40 (9) 24 (8)
Diabetes mellitus 38 (5) 25 (6) 13 (5)
Other multisystem disease 51 (7) 28 (6) 23 (8)
Other 13 (2) 8 (2) 5 (2)
Unknown 177 (24) 111 (24) 66 (23)

Time after transplantation (years) 3.2 [1.0–9.4] 2.9 [1.0–9.5] 4.2 [1.0–9.2] 0.11
Type of transplantation 0.03
Pre-emptive transplantation 255 (34) 143 (31) 112 (39)
Dialysis prior transplantation 463 (63) 297 (65) 166 (58)
Missing 23 (3) 16 (4) 7 (3)

Type of donor 0.79
Living donor 395 (54) 240 (53) 155 (54)
Postmortal donor 324 (44) 200 (44) 124 (44)
Missing 22 (3) 16 (4) 6 (2)

Immunosuppressive drugs
Tacrolimus 506 (68) 324 (71) 182 (64) 0.04
Ciclosporin 111 (15) 56 (12) 55 (19) 0.01
Mycophenolic acid 560 (76) 353 (77) 207 (73) 0.14
Azathioprine 71 (10) 37 (8) 34 (12) 0.09
Prednisolone 720 (97) 447 (98) 273 (96) 0.07

Antidiabetic drugs
Oral antidiabetic drugs 96 (13) 58 (13) 38 (13) 0.81
Insulin 83 (11) 48 (11) 35 (12) 0.46

Laboratory values and other clinical parametersa

eGFR (mL/min/1.73m2) 51 ± 18 52 ± 17 50 ± 18 0.07
Creatinine clearance (mL/min) 69 ± 25 72 ± 25 65 ± 24 <0.001
Proteinuria 103 (15) 72 (17) 31 (12) 0.06
Haemoglobin (mmol/L) 8.3 ± 1.1 8.6 ± 1.1 7.9 ± 0.9 <0.001
CRP (mg/L) 2 [1–5] 2 [1–4] 2 [1–5] 0.56
White blood cell count (109 cells/L) 7.7 ± 2.3 7.7 ± 2.1 7.7 ± 2.5 0.81
Albumin (g/L) 44 [42–46] 44 [42–46] 44 [42–45] 0.16
HDL-cholesterol (mmol/L) 1.3 [1.1–1.7] 1.2 [1.0–1.5] 1.5 [1.2–1.9] <0.001
LDL-cholesterol (mmol/L) 2.8 [2.3–3.4] 2.8 [2.3–3.4] 2.9 [2.4–3.4] 0.29
Glucose (mmol/L) 5.5 [5.0–6.3] 5.6 [5.1–6.3] 5.3 [4.9–6.2] 0.01
HbA1c (mmol/mol) 40 [36–45] 40 [36–44] 40 [36–45] 0.94
Systolic blood pressure (mm Hg) 133 [124–144] 134 [125–144] 131 [122–144] 0.07

Anthropometric measurements
Height (cm) 173 ± 9 178 ± 7 165 ± 7 <0.001
BMI (kg/m2) 27.3 ± 4.6 27.0 ± 4.1 27.7 ± 5.2 0.07

BMI category 0.04
Underweight (<18.5 kg/m2) 5 (1) 2 (0.4) 3 (1)
Normal weight (18.5–24.9 kg/m2) 246 (33) 153 (34) 93 (33)
Overweight (25.0–29.9 kg/m2) 301 (41) 199 (44) 102 (36)
Obesity (≥30.0 kg/m2) 189 (26) 102 (22) 87 (31)

Waist circumference (cm) 99 ± 14 102 ± 13 95 ± 14 <0.001
Muscle mass and muscle strength
ASMM (kg) 21 ± 4 24 ± 3 18 ± 3 <0.001
ASMI (kg/m2) 7.0 ± 1.0 7.4 ± 0.9 6.4 ± 0.9 <0.001
CER (mmol/24 h) 11.8 [9.8–14.7] 13.4 [11.3–16.5] 10.1 [8.7–11.5] <0.001
CERI (mmol/24 h/m2) 4.0 [3.4–4.8] 4.2 [3.6–5.1] 3.6 [3.1–4.2] <0.001

(Continues)
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all-cause mortality (Models 5 to 8, Table S2). There was no
effect-modification according to age or sex (P > 0.05). For ev-
ery standard deviation increase in HGS, the hazard ratio for
all-cause mortality was 0.59 (95% CI [0.44, 0.77]; P < 0.001)
(Model 1, Table S2) and 0.46 (95% CI [0.30, 0.69];
P < 0.001) after subsequent adjustment for age, sex, BMI,
eGFR and proteinuria (Model 4, Table S2). Further adjustment
for potential confounders did not materially change the
association.

The associations of CER and HGS with all-cause mortality
were both independent of each other (Table S3).

Discussion

In this study, we aimed to investigate the association be-
tween measures of muscle mass and muscle strength with
all-cause mortality and in relation to each other, in outpa-
tient KTR. We found that both low muscle mass by CERI
and low muscle strength by HGSI were significantly associ-
ated with a higher all-cause mortality, independent of other
risk factors, whereas muscle mass determined by
BIA-derived ASMI was not. Importantly, muscle mass by
CERI and muscle strength by HGSI also remained signifi-
cantly associated with mortality, independent of each other.
Our findings suggest assessment of muscle mass by urinary
creatinine excretion and muscle strength by hand grip are
of complementary use, to identify outpatient KTR with sub-
optimal muscle status at risk for poor survival. Routine as-
sessment using both of these measures and pro-active start
of interdisciplinary interventions to improve muscle status
in KTR are therefore recommended.

To our knowledge, this is the first study to evaluate muscle
strength by HGSI/HGS and muscle mass by both BIA-derived
ASMI/ASMM and CERI/CER in the context of mortality risk
in a large sample of KTR. Our findings are consistent with
the results from a previous smaller study of 128
KTR ≥ 1 year post-transplantation, in which low HGS, but
not low muscle mass by BIA, was associated with a composite

endpoint of mortality and hospitalization.16 Large-scale pro-
spective studies on the association between HGS and mortal-
ity in KTR are scarce, but HGS has previously shown to be a
prognostic marker for mortality and health outcomes in the
general population,24 the hospital population25 and in pa-
tients with chronic kidney disease (CKD).26 However, another
study found that HGS was relatively preserved in patients
with CKD and only found a crude association between de-
crease in HGS and higher risk of mortality, which lost statisti-
cal significance after adjustment for other risk factors.27

Prospective studies on the association between muscle
mass and outcomes in KTR are also scarce, and use of differ-
ent techniques for muscle mass assessment yielded mixed re-
sults. In the current study of adult outpatient KTR, we did not
find an association between muscle mass as determined by
BIA and all-cause mortality. However, in a previous study of
KTR aged 60 years or older, low muscle mass determined by
CT at L3 vertebral level was significantly associated with lon-
ger hospitalization, higher rate of wound complications and
higher rate of the combined endpoint of graft loss or death
in male participants, but not in female participants.28 CT is
considered to be one of the gold standard methods for mus-
cle mass and quality assessment. However, for routine assess-
ment and monitoring in clinical practice, muscle mass assess-
ment by CT is not recommended, because of the radiation
exposure, and CT scans are not usually available from routine
care in patient groups other than cancer patients.7 In con-
trast, BIA is quick, cheap, portable and easily applicable, but
its validity on the individual level is limited when assumptions
on the stability of body fluids and other body compartments
are not met, for example in obesity or in case of oedema or
fluid shifts.29 Although our study included mostly stable out-
patient KTR with relatively intact renal function (mean eGFR
51 ± 18 mL/min/1.73 m2), underlying renal disease, comor-
bidities and polypharmacy, including use of prednisolone,
may have resulted in a less stable fluid status, influencing
the validity of BIA. Also, because obesity was prevalent in
more than a quarter of our study population, measurements
of muscle mass by BIA might have been less valid. Overesti-
mation of the fat-free mass by BIA in obese participants

Table 1 (continued)

Total group Males Females
P valueN (%) 741 (100) 456 (62) 285 (38)

HGS (kg) 38 ± 12 44 ± 10 28 ± 7 <0.001
HGSI (kg/m2) 12.4 ± 3.3 13.8 ± 3.0 10.1 ± 2.4 <0.001

Note: Data are presented as mean ± SD, number (%) or median [IQR].
Abbreviations: ASMI, appendicular skeletal muscle mass index; ASMM, appendicular skeletal muscle mass; BMI, body mass index; CER,
24-h urinary creatinine excretion rate; CERI, 24-h urinary creatinine excretion rate index; CRP, C-reactive protein; eGFR, estimated glomer-
ular filtration rate; HbA1c, glycated haemoglobin; HDL, high-density lipoprotein; HGS, hand grip strength; HGSI, hand grip strength index;
KTR, kidney transplant recipient(s); LDL, low-density lipoprotein.
aDue to missing data the number (N) available for analysis of proteinuria was N = 690; for haemoglobin, N = 737; for CRP, N = 738; for
albumin, N = 739; for HDL- and LDL-cholesterol, N = 735; for glucose, N = 713; for HbA1c, N = 730; and for systolic blood pressure,
N = 730.
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Figure 1 Correlations between main study variables, for males and females separately, (A) ASMI (kg/m2) and CERI (mmol/24 h/m2), (B) ASMI (kg/m2)
and HGSI (kg/m2) and (C) CERI (mmol/24 h/m2) and HGSI (kg/m2). ASMI, appendicular skeletal muscle mass index; CERI, 24-h urinary creatinine excre-
tion rate index; HGSI, hand grip strength index.
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Table 2 Prospective analyses of muscle mass by ASMI, muscle mass by CERI and muscle strength by HGSI, with all-cause mortality in 741 KTR

ASMI (kg/m2) CERI (mmol/24 h/m2) HGSI (kg/m2)

Model HR [95% CI] P value HR [95% CI] P value HR [95% CI] P value

1 0.92 [0.72, 1.19] 0.54 0.52 [0.38, 0.70] <0.001 0.54 [0.41, 0.71] <0.001
2 0.85 [0.62, 1.16] 0.30 0.59 [0.43, 0.82] 0.002 0.48 [0.35, 0.68] <0.001
3 0.89 [0.54, 1.45] 0.63 0.58 [0.41, 0.83] 0.003 0.49 [0.35, 0.68] <0.001
4 0.82 [0.50, 1.35] 0.43 0.57 [0.40, 0.81] 0.002 0.47 [0.33, 0.68] <0.001
5 0.87 [0.53, 1.43] 0.58 0.59 [0.41, 0.85] 0.005 0.49 [0.34, 0.70] <0.001
6 0.82 [0.50, 1.34] 0.42 0.58 [0.40, 0.83] 0.003 0.48 [0.33, 0.68] <0.001
7 0.83 [0.51, 1.36] 0.45 0.59 [0.41, 0.85] 0.005 0.48 [0.33, 0.70] <0.001
8 0.82 [0.50, 1.34] 0.42 0.58 [0.40, 0.82] 0.003 0.48 [0.33, 0.68] <0.001

Note: All hazard ratios are presented per standard deviation increase of the variable of interest.
Model 1: Crude.
Model 2: Adjusted for age and sex.
Model 3: As Model 2, additionally adjusted for body mass index.
Model 4: As Model 3, additionally adjusted for proteinuria and eGFR.
Model 5: As Model 4, additionally adjusted for high sensitivity CRP and white blood cell count.
Model 6: As Model 4, additionally adjusted for glucose, HbA1c and usage of antidiabetic drugs.
Model 7: As Model 4, additionally adjusted for pre-emptive transplantation, living vs deceased donor, usage of calcineurin inhibitors, pro-
liferation inhibitors and mTOR inhibitors.
Model 8: As Model 4, additionally adjusted for systolic blood pressure, HDL-cholesterol and LDL-cholesterol.
Abbreviations: ASMI, appendicular skeletal muscle mass index; BIA, bio-electrical impedance analysis; CERI, 24-h urinary creatinine excre-
tion rate index; CRP, C-reactive protein; eGFR, estimated glomerular filtration rate; HbA1c, glycated haemoglobin; HDL, high-density lipo-
protein; HGSI, hand grip strength index; KTR, kidney transplant recipient(s); LDL, low-density lipoprotein.

Figure 2 Graphical representation of the associations of ASMI, CERI and HGSI with all-cause mortality. The lines show the adjusted hazard ratio (HR)
and the shaded area corresponds to the 95% pointwise confidence interval (CI). The analyses were adjusted for age and sex. Peffect are 0.30, 0.002 and
<0.001 for ASMI, CERI and HGSI, respectively.

Table 3 Prospective analyses of muscle mass by ASMI, muscle mass by CERI and muscle strength by HGSI, with all-cause mortality in 741 KTR
according to base model, with additional adjustment for either ASMI, CERI or HGSI

Model

ASMI (kg/m2) CERI (mmol/24 h/m2) HGSI (kg/m2)

HR [95% CI] P value HR [95% CI] P value HR [95% CI] P value

Base 0.82 [0.50, 1.35] 0.43 0.57 [0.40, 0.81] 0.002 0.47 [0.33, 0.68] <0.001
Base + ASMI — — 0.57 [0.40, 0.82] 0.003 0.47 [0.33, 0.67] <0.001
Base + CERI 1.09 [0.68, 1.74] 0.72 — — 0.53 [0.36, 0.76] 0.001
Base + HGSI 0.97 [0.61, 1.57] 0.91 0.68 [0.47, 0.98] 0.04 — —

Note: All hazard ratios are presented per standard deviation increase of the variable of interest. Base model is adjusted for age and sex,
body mass index, proteinuria and eGFR. Additive adjustments were made to the base model.
Abbreviations: ASMI, appendicular skeletal muscle mass index; BIA, bio-electrical impedance analysis; CERI, 24-h urinary creatinine excre-
tion rate index; eGFR, estimated glomerular filtration rate; HGSI, hand grip strength index; KTR, kidney transplant recipient(s).
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may explain why muscle mass by BIA was not associated with
all-cause mortality in our study.

Previous studies comparing the accuracy of muscle mass
assessment methods in KTR did show good accuracy to de-
tect low muscle mass by BIA, compared with DXA and
CT.30,31 These studies, however, did not evaluate these
methods in the context of patient outcomes, and their study
populations differed from ours, for example, a longer time af-
ter transplantation in the Brazilian study30 and a lower BMI in
the Japanese study.31 Also, in these previous studies, other
BIA devices and other operationalization of muscle mass
were used, while we used the equation by Sergi et al.20 to
calculate ASSM, as recommended in the European sarcopenia
consensus.7 However, the choice of equation probably had lit-
tle influence, because our results did not materially change
when we applied two other equations to calculate muscle
mass (Table S4). The practical applicability of the BIA justifies
further research on the predictive validity of BIA and the im-
pact of different BIA devices and equations on its perfor-
mance in KTR. Furthermore, other alternative, valid and eas-
ily applicable surrogate measures require further
investigation, such as ultrasound32 or laboratory values/bio-
markers, such as the creatinine/cystatin C ratio.33

Our results show that CERI/CER may be a useful alterna-
tive to BIA in assessing muscle mass of KTR. Although we
found no association between muscle mass by BIA and all-
cause mortality, higher CERI/CER remained strongly associ-
ated with a lower risk of all-cause mortality, independent
of other potential confounders. Potential explanations for
the discrepancy between these methods of muscle mass as-
sessment in their association with mortality include the
aforementioned methodological limitations of BIA in con-
trast to CER, which is not affected by other body compart-
ments such as changes in fluid status and excess fat mass
and may be more reflective of ‘functional’ muscle mass.21

Our results on the association between CERI/CER and all-
cause mortality are similar to the results from a previous
large cohort of KTRs in our hospital, in which CER remained
associated with both mortality and graft loss after adjust-
ment for other characteristics.19 As a ‘multi-use’ measure,
24-h urine samples provide a relatively easy and low cost
opportunity to assess muscle mass and other nutritional pa-
rameters at the same time, which is attractive for applica-
tion in clinical practice. A limitation of the creatinine excre-
tion rate may be the potential for underestimation in case
of incomplete urinary collection. This may limit the general-
ization of its applicability in practice, although the experi-
ences in our hospital and results from the current and pre-
vious studies show collection of 24-h urine samples is
quite feasible, given the infrastructure and organization al-
lows for it. Another limitation of CER is that it requires pa-
tients to be in steady state, because several factors can in-
fluence CER if there is no steady state, that is, in case of
active muscle wasting or recent trauma.

Importantly, in the current study, we found that muscle
mass by CERI and muscle strength by HGSI are only moder-
ately correlated, particularly in female KTR, and are comple-
mentary in their association with risk of all-cause mortality.
This finding suggests that muscle mass and muscle strength
are related, but are separate domains. In the GLIM criteria
for malnutrition (GLIM),12 low muscle mass is included as a
phenotypic criterion for malnutrition which requires pres-
ence of an etiologic criterion for malnutrition diagnosis,
whereas in the diagnostic framework for sarcopenia
(EWGSOP2),7 low muscle strength is considered a key charac-
teristic of sarcopenia, with presence of low muscle mass or
quality to confirm the diagnosis. As we found both lower
muscle strength and low muscle mass to be independent risk
factors for all-cause mortality, this points more in the direc-
tion of sarcopenia. However, only 9 (1%) of the KTR included
in our study met the diagnostic criteria for sarcopenia, based
on the proposed cut-offs in the EWGSOP2-criteria.7 This low
number implies that either we are not looking at sarcopenia
(or not fully) or maybe the proposed cut-offs for the diagno-
sis of sarcopenia are not suitable for the KTR population. Our
group recently reported that low muscle mass is a predomi-
nant criterion for the diagnosis of malnutrition,13 and lower
protein intake is associated with severe fatigue, lower quality
of life, and graft loss and mortality in KTR,34,35 which suggests
there is at least a nutritional component at play.

Together, our current findings and the findings from previ-
ous literature provide more insight in the complex interplay
between body composition, functional status and nutritional
intake in KTR. A useful paradigm to describe this complexity
can be anabolic competence, which is defined as ‘a state
which optimally supports protein synthesis and lean body
mass, global aspects of muscle and organ function, and im-
mune response’. This paradigm distinguishes three domains:
nutrition, physical activity and the internal milieu. These
three domains should be aligned to establish optimal body
composition and physiologic function, and can be targeted
by interdisciplinary, multimodal interventions.36 In KTR, these
complex relations are likely further influenced by disease-
and treatment-related factors, such as previous dialysis treat-
ment, and transplant-specific factors, such as use of immuno-
suppressive drugs with catabolic effects. Future research is
necessary to further unravel these complex relationships
and characterize muscle and nutritional status, to work
towards a feasible, tailored and interdisciplinary approach
for improving outcomes in KTR.

Inflammation has been reported as an important factor in
muscle wasting and mortality in the general population and
in KTR.37 In the current study, adjustment for hs-CRP and
white blood cell count did not materially affect the associa-
tion of HGSI and CERI with all-cause mortality. Unfortunately,
other inflammatory markers such as interleukin-6 or
TNF-alpha were not available in our cohort, precluding fur-
ther investigation using these markers of inflammation.
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Our study has several implications for clinical practice.
First, our findings support routine assessment of both muscle
mass by CERI/CER and muscle strength by HGSI/HGS to iden-
tify KTR with suboptimal muscle status that are at risk of poor
survival. Second, based on our findings, muscle mass assess-
ment using BIA is not supported for this purpose in KTR.
Lastly, the complex associations between muscle mass, mus-
cle strength and outcomes, together with the concomitant
high prevalence of obesity and malnutrition in KTR,13 stress
the need for more integral and multimodal interventions to
improve outcomes. Unimodal physical exercise interventions
in KTR showed some beneficial effects on muscle perfor-
mance and quality of life, but the effects on long-term out-
comes are not yet known.38 Nutrition and multimodal inter-
ventions in KTR are scarce, and the few available studies
mostly focus on counteracting weight gain and reducing
cardiovascular risk,39,40 rather than the combination of car-
diovascular risk management and improvement of muscle
status and nutritional status from the perspective of anabolic
competence. A potential future multimodal intervention may
comprise a combination of, amongst others, but not limited
to, nutritional counselling, supervised resistance training
and psychosocial counselling and could be monitored using
handgrip strength and creatinine excretion rate to assess
efficacy. Nutritional counselling could be directed towards
an adequate/higher intake of protein (including leucine con-
tent), optimal timing of meals, and sufficient intake or sup-
plementation of omega-3 fatty acids/fish oil and
micronutrients, such as vitamin D.35,41 The self-reported
importance of energy, fatigue, loss of strength and weight
status for the health of transplant recipients further empha-
sizes the need for such multimodal interventions.42

The strength of the current study is that it is based on a
large, well-characterized cohort of KTR, the TransplantLines
cohort. Therefore, multiple other risk factors for the primary
endpoint all-cause mortality could be accounted for in the
prospective analyses. Due to the observational nature of
the study design, no causal relationship between measures
of muscle strength or muscle mass with mortality can be
established. Therefore, we cannot distinguish whether the
relationship of muscle mass and muscle strength with
mortality is causal or associative. Although the current study
is based on a large and mixed sample of outpatient KTR, all
participants received care through a single university
hospital in the Northern part of the Netherlands, which
may limit the generalizability of our findings to other
transplant care settings worldwide. Limitation of the current
study are the lack of data on other aspects of muscle
strength and function related to cardio fitness, such as a

6-minwalking test, and detailed information on food intake,
including longitudinal changes in those behaviours, as well
as changes in muscle mass and muscle strength over time
and muscle quality. Furthermore, we did not have data on
hospitalization rates and were therefore unable to investi-
gate the relationship of muscle mass and muscle strength
with hospitalization. Future large-scale studies are war-
ranted to determine whether muscle mass and muscle
strength are also associated with other relevant clinical end-
points including hospitalization or a composite endpoint of
hospitalization and mortality.

In conclusion, both higher CERI/CER and higher HGSI/
HGS are associated with a lower risk of all-cause mortality
in outpatient KTR ≥ 1 year post-transplantation, indepen-
dent of other potential prognostic factors. Furthermore, in
a combined model of CERI and HGSI the association with
mortality remained. The current study supports the use of
both muscle mass assessment by urinary creatinine excre-
tion rate and muscle strength assessment by hand grip to
identify outpatient KTR with suboptimal muscle status that
may benefit from interdisciplinary interventions to improve
outcomes. Muscle mass assessment by BIA is not recom-
mended to identify outpatient KTR at a higher risk of
all-cause mortality.
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