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Background: Post-transplant diabetes mellitus (PTDM) is one of the most significant complications after transplantation. Pa-
tients with end-stage liver diseases requiring transplantation are prone to sarcopenia, but the association between sarcopenia and
PTDM remains to be elucidated. We aimed to investigate the effect of postoperative muscle mass loss on PTDM development.
Methods: A total of 500 patients who underwent liver transplantation at a tertiary care hospital between 2005 and 2020 were in-
cluded. Skeletal muscle area at the level of the L3-L5 vertebrae was measured using computed tomography scans performed be-
fore and 1 year after the transplantation. The associations between the change in the muscle area after the transplantation and the
incidence of PTDM was investigated using a Cox proportional hazard model.

Results: During the follow-up period (median, 4.9 years), PTDM occurred in 165 patients (33%). The muscle mass loss was
greater in patients who developed PTDM than in those without PTDM. Muscle depletion significantly increased risk of develop-
ing PTDM after adjustment for other confounding factors (hazard ratio, 1.50; 95% confidence interval, 1.23 to 1.84; P=0.001). Of
the 357 subjects who had muscle mass loss, 124 (34.7%) developed PTDM, whereas of the 143 patients in the muscle mass main-
tenance group, 41 (28.7%) developed PTDM. The cumulative incidence of PTDM was significantly higher in patients with muscle

loss than in patients without muscle loss (P=0.034).

Conclusion: Muscle depletion after liver transplantation is associated with increased risk of PTDM development.
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INTRODUCTION

Liver transplantation is an established treatment for end-stage
liver disease, and the number of liver allograft recipients has
increased with advances in surgical techniques or immuno-
suppressants [1]. As the life expectancy of the organ recipients
increases, the incidence of metabolic diseases (diabetes, dyslip-
idemia, obesity, and metabolic syndrome) after liver transplan-
tation is expected to increase [2]. Post-transplant diabetes mel-
litus (PTDM), which is one of the common complications after

organ transplantation, has gained recognition as an important
risk factor for mortality and allograft loss [3]. While there are
known predisposing factors for PTDM that are similar to type
2 diabetes mellitus, specific post-transplant risk factors, such as
adverse effects of immunosuppressive medications, may play a
role in PTDM development [4].

Sarcopenia, defined as significant loss of muscle strength
and mass, is a major adverse consequence in patients with liver
failure [5]. Patients with end-stage liver disease are vulnerable
to loss of muscle mass due to abnormal protein metabolism re-
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quired for muscle generation and increase in myostatin, which
inhibits muscle growth [6]. Recent meta-analyses have indicat-
ed that the prevalence of sarcopenia ranges from 10% to 40%
in healthy men and women aged 60 years and above, but it is
estimated at 70% in patients with liver cirrhosis [7,8]. Previous
studies have suggested that sarcopenia has a negative effect on
various health-related outcomes in adults with chronic comor-
bidities [9]. In view of the proven role of muscles in glucose
absorption and storage, a low muscle mass can lead to low glu-
cose disposal and decreased metabolic rate, which may in-
crease the risk of developing diabetes in patients with sarcope-
nia [10]. Because of its high prevalence and impact on measur-
able outcomes of sarcopenia in liver diseases, renewed interest
exists in examining the effect of reduced muscle mass on post-
operative survival after liver transplantation [11]. Sarcopenia
was reported in several studies as an independent predictor of
worse prognosis and reduced survival in patients with liver cir-
rhosis and liver transplant recipients [12-14]. As a curative
treatment for liver failure, liver transplantation is speculated to
reverse the clinical and metabolic abnormalities of the disease
and its complications after transplantation. However, unlike
other complications of end-stage liver diseases, sarcopenia
does not tend to recover and may worsen after liver transplan-
tation [15]. Reduction in muscle mass following liver trans-
plantation and pre-transplant sarcopenia may contribute to the
development of post-transplant metabolic diseases such as
PTDM [16].

Improved long-term outcomes after organ transplantation
lead to concerns about post-transplant metabolic complica-
tions, particularly PTDM, as well as patient survival. Consider-
ing that the predictive factors for the incidence of PTDM have
gained attention and that muscle mass loss is proven as a factor
that causes diabetes incidence, the association of sarcopenia
with PTDM can also be inferred. However, only few studies
have adequately evaluated the association of sarcopenia with
PTDM in organ transplant recipients.

Despite the compelling results of previous studies on sarco-
penia and PTDM as important prognostic factors, the associa-
tion between muscle mass loss and the incidence of PTDM has
not been highlighted. In this study, we hypothesized that pro-
gressive muscle depletion after liver transplantation is associat-
ed with increased risk of PTDM development. Therefore, the
current study aimed to investigate whether sarcopenia is asso-
ciated with PTDM development and to compare the incidence
of PTDM in liver allograft patients with or without muscle loss.
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METHODS

Study design and population

We performed a retrospective, observational cohort study to
analyze the association between muscle mass loss and the inci-
dence of diabetes in liver allograft recipients. A total of 1,121
individuals who underwent liver transplantation at a tertiary
care hospital from January 2005 to March 2020 were included.
Among these individuals, 842 patients had both accessible pre-
operative and 1-year postoperative abdominal computed to-
mography (CT) scans. Patients who had already been diag-
nosed with diabetes before the transplantation (n=190) or
who died within 1 year after the surgery (n=94) were exclud-
ed. We also excluded patients aged <18 years as well as those
who were lost to follow-up (n=>58). Finally, 500 individuals
were eligible for the study. The following data were collected by
reviewing the patients’ electronic medical records: demo-
graphic data including a recipient’s age and sex; comorbidities
including pre-transplant diabetes; and concomitant medical
therapies such as antidiabetic drugs and immunosuppressants.
In addition, the height, weight, body mass index (BMI) as a
measure of the weight (kg) divided by the square of the height
(m?), and the baseline laboratory results including liver func-
tion, kidney function and lipid profile at admission for the
transplantation were recorded. The renal function was assessed
using the chronic kidney disease epidemiology collaboration
(CKD-EPI) formula for creatinine to calculate the estimated
glomerular filtration rate (eGFR). In addition, the Model for
End-stage Liver Disease (MELD), which is a predictor of mor-
tality among patients with liver disease and the severity of the
underlying liver disease, was calculated using an equation that
considers serum bilirubin, creatinine, the international nor-
malized ratio, and the need for dialysis. One of the well-known
transplant-related causes of PTDM including hypomagnese-
mia, Underlying hepatitis C virus (HCV) infection and cyto-
megalovirus (CMV) disease after transplantation were evalu-
ated by serum magnesium level, International Classification of
Diseases-10 code and antiviral drug prescription [17]. PTDM
was defined according to the American Diabetes Association
criteria [18], when one of the following criteria was met: (1)
symptoms of diabetes plus random plasma glucose >11.1
mmol/L (200 mg/dL); (2) fasting plasma glucose >7.0 mmol/L
(126 mg/dL); (3) plasma glycosylated hemoglobin >6.5%; (4)
initiate treatment for diabetes and continue the drug at least 3
months after transplantation, when patients are stable on their
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maintenance immunosuppression to exclude transient post-
transplantation hyperglycemia [19]. Informed consent was
waived because of the retrospective nature of the study. This-
study was approved by the Institutional Review Board of Sev-
erance Hospital, Seoul, Korea (IRB No. 4-2020-0548).

Muscle mass analyses

Currently, several tools are available to measure muscle mass.
The quantification of the area on CT images to evaluate the
body composition has been developed as an objective gold
standard approach to diagnose sarcopenia [20]. CT-measured
muscle cross-sectional area at the level of the lumbar vertebra,
normalized to the height squared, as a skeletal muscle index,
has emerged as an indicator of whole-body muscle mass [21].
Skeletal muscles can be quantified on a single-slice CT scan us-
ing pre-established radio density ranges of -29 to 150 Houn-
sfield units (HU) [22].

We assessed the muscle mass by measuring the skeletal mus-
cle area on cross-sectional abdominal CT scans and normaliz-
ing it to the height squared (m?), as the muscle area index (cm?/
m?). The muscles that were analyzed included the psoas, para-
spinal (erector spinae and quadratus lumborum), and abdomi-
nal wall muscles (rectus abdominis, transversus abdominis,
external oblique, and internal oblique). In total, three cross-
sectional slices were obtained at the endplate of the third to
fifth lumbar vertebral levels (L3-L5) in both preoperative and
1-year postoperative CT scans. The baseline muscle area was
defined as the sum of the muscle area index from L3 to L5
measured on preoperative CT. Additionally, muscle mass loss
(Amuscle area) was measured by the change in the muscle area
index, obtained by subtracting the post-transplant value from
the pre-transplant one (preoperative value — year 1 postopera-
tive value). All images were analyzed by a single trained ob-
server using Aquarius iNtuition Viewer V4.4.13 (TeraRecon,
Durham, NC, USA), a semi-automated measuring tool that
enables specific tissue demarcation using HU thresholds. An
attenuation between -29 and 150 HU was defined as indicat-
ing skeletal muscle tissue, and muscle area was calculated by
summing up the area of the selected muscle pixels.

Statistical analyses

Normally distributed continuous variables were described as
means and standard deviations; non-normal continuous vari-
ables, as medians and interquartile ranges; and categorical
variables, as numbers and percentages. The Mann-Whitney U
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test was used to compare non-normally distributed variables,
and the Student’s ¢-test was performed to compare normally
distributed variables. Categorical variables were compared us-
ing a chi-square test or Fisher’s exact test, as appropriate. The
cumulative incidences of PTDM were calculated using the Ka-
plan-Meier method, and the differences between the patients
with muscle loss and those without muscle loss were assessed
using the log-rank test. The time frame for PTDM incidence
was defined as the time from the date of operation to the date
of PTDM diagnosis. Several clinical risk factors for developing
PTDM have been reported in the literature [23,24] and the
prognostic markers indicated by the univariate analysis were
subjected to a multivariable Cox proportional hazards analysis;
the association between muscle mass loss and the incidence of
PTDM was assessed using a multivariable analysis. The find-
ings were expressed as hazard ratio (HR) with 95% confidence
interval (CI). The predictive performance of Amuscle area was
assessed using the receiver operating characteristic (ROC)
analyses, and the areas under the ROC curves (AUCs) were
calculated. All statistical analyses were performed with the R
software version 3.6.3 (R Project for Statistical Computing, Vi-
enna, Austria). A two-sided P value <0.05 was considered sig-
nificant for all statistical tests.

RESULTS

Baseline characteristics of the enrolled patients

Of the 500 patients, 360 were men (72%) and 140, women
(28%). The mean age was 52.9+9.0 years (range, 19 to 72), and
the median follow-up period was 4.9 years. Table 1 shows the
descriptive characteristics of the participants with and without
PTDM. A total of 165 (33%) individuals developed diabetes
mellitus. Compared with those without PTDM, those with
PTDM were older and had a lower eGFR. Serum magnesium
levels and the rates of HCV infection, CMV disease were not
statistically different between the two groups, and the follow-
up period was significantly longer in the PTDM group. The
median Amuscle area was a positive value in both groups,
which indicates that the muscle mass had decreased after the
surgery. The Amuscle area was greater in patients with PTDM
than in those without PTDM, which indicates that the loss of
muscle mass was greater in those who developed PTDM
among the liver allograft recipients. The study population re-
ceived dual immunosuppressive therapy for 1 year after sur-
gery, which included a steroid (prednisolone or deflazacort)
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Table 1. Patient baseline characteristics
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Characteristic No PTDM (n=335) PTDM (n=165) Pvalue
Age, yr 52.3£9.5 54+7.8 0.026
Male sex 235 (70.1) 125 (75.8) 0227
BML, kg/m’ 242+33 24.0+3.4 0.598
Fasting glucose, mg/dL 84.1£13.5 82.6+18.7 0.380
Total cholesterol, mg/dL 77.7+27.2 79.8+19.8 0.325
Triglyceride, mg/dL 63.6+34.2 64.9+32.9 0.686
HDL-C, mg/dL 26.4+11.0 28.4+9.9 0.055
LDL-C, mg/dL 39.6+20.8 36.7+13.3 0.058
Total bilirubin, mg/dL 3.6 (2.4-6.0) 3.9 (2.6-5.5) 0.437
AST, TU/L 148.0 (57.0-268.0) 154 (55.0-319.0) 0.626
ALT, IU/L 131.0 (38.5-270.0) 170.0 (37.0-322.0) 0.133
rGTP, U/L 28.0 (18.0-44.5) 30.0 (18.0-47.0) 0.448
Albumin, g/dL 3.2(2.9-3.5) 3.2(2.8-3.4) 0.172
eGFR, mL/min/1.73 m? 85.2+£28.6 76.5£28.8 0.001
PT (INR) 1.9+0.7 1.9+0.6 0.925
Magnesium, mmol/L 1.3(1.2-14) 1.2(1.1-1.4) 0.068
MELD score 18.7 (16.4-22.6) 19.6 (17.2-23.7) 0.043
Immunosuppressive agent 0.109

Steroid+CNI 262 (78.2) 142 (86.1)

Steroid+MMF 62 (18.5) 20 (12.1)

Steroid+mTORi 11(3.3) 3(1.8)
HCV infection 20 (6.0) 8 (4.8) 0.760
CMYV disease 57 (17.0) 24 (14.5) 0.565
Follow-up period, yr 4.7 (2.8-7.6) 5.9(3.1-9.4) 0.001
Baseline muscle area, cm?/m?> 170.3 (150.4-188.9) 175.0 (156.7-200.9) 0.092
Post-transplant muscle area, cm?/m?* 154.2 (135.9-170.3) 150.3 (130.3-169.5) 0.240
AMuscle area, cm?/m? 16.1 (2.5-28.5) 24.4(13.6-41.3) <0.001

Values are presented as mean + standard deviation, number (%), or median (interquartile range).
PTDM, post-transplant diabetes mellitus; BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein
cholesterol; AST, aspartate aminotransferase; ALT, alanine aminotransferase; rGT, gamma glutamyl transferase; eGFR, estimated glomerular fil-
tration rate; PT, prothrombin time; INR, international normalized ratio; MELD, Model for End-stage Liver Disease; CNI, calcineurin inhibitor;
MME, mycophenolate mofetil; mTORi, mammalian target of rapamycin inhibitor; HCV, hepatitis C virus; CMV, cytomegalovirus.

plus one other immunosuppressive drug such as, calcineurin
inhibitor (CNI), mycophenolate mofetil (MMF), and mamma-
lian target of rapamycin inhibitor (mTORi). No significant dif-
ference was found in the immunosuppressive regimen be-
tween the two groups. The baseline muscle area, which is the
total skeletal muscle index of the L3-L5 cross-sectional area,
was greater in patients with PTDM, but the difference between
the two groups was not statistically significant.

https://e-dmj.org  Diabetes Metab J 2024;48:146-156

Muscle mass loss as an independent risk factor for PTDM

The results of univariate and adjusted multivariable Cox re-
gression are shown in Table 2. The univariate analysis revealed
that age (HR, 1.02; 95% CI, 1.00 to 1.04; P=0.02), eGFR (HR,
0.99; 95% CI, 0.98 to 0.99; P=0.004), hypomagnesemia (HR,
2.93; 95% CI, 1.19 to 7.19; P=0.019), and Amuscle area (HR,
1.51; 95% CI, 1.28 to 1.79; P<0.001) were significantly associ-
ated with the development of PTDM. With regard to the po-
tential confounding factors, we selected variables to be cor-
rected by referring to previous studies on risk factors for devel-
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Table 2. Cox regression analysis for risk factors associated with post-transplant diabetes mellitus
S Univariable analysis Multivariable analysis*
HR (95% CI) Pvalue HR (95% CI) Pvalue

Age, yr 1.02 (1.00-1.04) 0.020 1.03 (0.99-1.05) 0.136
Sex (ref. male) 0.79 (0.55-1.13) 0.200 1.19 (0.68-2.09) 0.457
BMI, kg/m’ 0.99 (0.95-1.04) 0.700 0.99 (0.92-1.06) 0.564
Fasting glucose 0.99 (0.98-1.00) 0.200 1.01 (0.99-1.02) 0.521
eGFR, mL/min/1.73 m? 0.99 (0.98-0.99) 0.004 0.99 (0.99-1.01) 0.455
MELD score 1.02 (0.99-1.05) 0.060 1.04 (0.99-1.09) 0.183
Hypomagnesemia 2.93(1.19-7.19) 0.019 2.57(0.58-11.47) 0.252
HCV infection (ref. No) 0.56 (0.24-1.29) 0.621 0.53 (0.19-1.47) 0.162
CMV disease (ref. No) 0.83 (0.31-1.95) 0.534 0.57 (0.31-1.05) 0.073
Immunosuppressive agent

Steroid+CNI (ref) 1.00 1.000 1.00 >0.999

Steroid+MMF 0.66 (0.41-1.05) 0.078 0.41 (0.18-1.02) 0.065

Steroid+mTORi 0.63 (0.20-1.99) 0.434 0.43 (0.06-3.17) 0.406
Follow-up duration, yr 1.04 (0.99-1.08) 0.080 1.06 (0.68-1.33) 0.235
Baseline muscle index 1.00 (1.00-1.01) 0.050 1.00 (0.99-1.01) 0.443
AMuscle area, cm?*/m? 1.51 (1.28-1.79) <0.001 1.30(1.10-1.57) 0.004

HR, hazard ratio; CI, confidence interval; BMI, body mass index; eGFR, estimated glomerular filtration rate; MELD, Model for End-stage Liver
Disease; HCV, hepatitis C virus; CMV, cytomegalovirus; CNI, calcineurin inhibitor; MME mycophenolate mofetil; mMTORi, mammalian target

of rapamycin inhibitor.

*Model adjusted for age, sex, BMI, eGFR, hypomagnesemia, HCV infection, CMV disease, and immunosuppressive agents.

oping PTDM, such as the recipient’s age, sex, BMI, hypomag-
nesemia, HCV infection, CMV disease, and immunosuppres-
sive agents [17]. In addition, variables that had significant as-
sociation (P<0.05) with the dependent variable in the univari-
ate analysis were also included in the multivariable analysis. In
the multivariable Cox regression analysis, adjusted by age, sex,
BMI, eGFR, fasting glucose, MELD score, HCV infection,
CMV disease immunosuppressive agents, follow-up duration,
and baseline muscle area, the Amuscle area remained indepen-
dently associated with a higher incidence of PTDM (HR, 1.30;
95% CI, 1.10 to 1.57; P<0.004).

We performed subgroup analyses for developing diabetes to
turther verify whether the effect of muscle mass loss was con-
sistent among different clinical situations (Fig. 1). In the sub-
group analyses, the pooled HR of most subtotal estimates sug-
gested that the risk of developing PTDM associated with mus-
cle mass loss after surgery was not affected by age, sex, BMI,
fasting blood glucose, MELD score, hypomagnesemia, HCV
infection, CMV disease, or immunosuppressive regimens (all
interactions showed P>0.05) and did not show heterogeneity
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across subgroups (all HRs >1.0).

Muscle mass loss as a complementary prognostic predictive
factor

To determine the predictive accuracy of muscle mass loss for
developing diabetes, an ROC curve analysis was performed for
logistic regression models (Fig. 2). Model 1 was generated with
the established factors for the prevalence of PTDM, i.e., age,
sex, BMI, MELD score, fasting glucose, hypomagnesemia,
HCV infection, CMV disease, and immunosuppressive agents.
Adding the Amuscle area as a continuous variable to model 1,
the AUC of model 1+ Amuscle area (0.71; 95% CI, 0.65 to 0.76)
was significantly greater than that of model 1 alone (0.63; 95%
CI, 0.57 to 0.69). From these results, we suggested that the de-
gree of muscle loss may enhance the significant predictive val-
ues for the incidence of PTDM.

Comparison of the development of diabetes between the
recipients with and without muscle mass loss

The study subjects were divided into two groups based on the
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Pvalue for
Variable No. of patients (%) HR (95% CI) interaction
Age (yr)
>60 94 (18.1) ———————i 1.42 (0.94-2.13) 0.499
<60 406 (81.2) p—— 1.53 (1.26-1.84)
Sex
Male 360 (72) —— 1.49 (1.22-1.83) 0.968
Female 140 (28) S 1.57 (1.14-2.17)
BMI (kg/m’)
>25 182 (36.4) —— 1.45 (01.12-1.87) 0.589
<25 318 (63.6) + - J 1.60 (0.26-2.02)
Fasting blood glucose (mg/dL)
> 10! 49 (9.8) —_— 1.56 (1.07-2.26) 0.988
<100 451 (90.2) 1.15 (0.57-2.29)
MELD score
>25 80 (16) — 1.54 (1.29-1.83) 0.360
<25 240 (84) [ — 1.42 (1.14-1.74)
Hypomagnesemia
No 311(95.3) " 1.02(1.01-1.03) 0.581
Yes 15 (4.7) ! - 1.26 (0.89-5.21)
Hepatitis C infection
No 472 (94.4) —— 1.51 (1.22-1.79) 0.55
Yes 28 (5.6) ' - - 1.72 (0.73-4.15)
CMV disease
No 419 (83.8) " 1.02 (1.01-1.03) 0.625
Yes 81(16.2) " 1.00 (0.98-1.03)
Immunusuppressive agent
Steroid+CNI 404 (80.8) —a— 1.51 (1.25-1.82) 0417
Steroid+MMF 82 (16.4) ! - ) 1.66 (1.07-2.57) .
Steroid+mTORI 14 (2.8) ' - - 1.56 (0.46-5.11)
M T 1
0 1 2 3
Hazard ratio

Fig. 1. Forest plots of hazard ratios (HRs) for post-transplant diabetes mellitus (PTDM) associated with muscle mass loss in the
subgroup analysis. Subgroup analysis was performed according to age, sex, body mass index (BMI), fasting blood glucose, Model
for End-stage Liver Disease (MELD) score, hypomagnesemia, hepatitis C virus (HCV) infection, cytomegalovirus (CMV) dis-
ease, and immunosuppressive agents. The association between muscle mass loss and PTDM development did not show heteroge-
neity across subgroups. CI, confidence interval; CNI, calcineurin inhibitor; MME mycophenolate mofetil; mTORi, mammalian
target of rapamycin inhibitor.

1.0 =
AUC: 0.706 (0.652-0.759) _ =" ~  ----- Model 1
‘_:" —— Model 1+Amuscle mass
0.8 - -
=
'_J
v
‘E 0.6 SUCE
D ‘r
% -y C:0.628 (0.570-0.685)
[97] &
04 J--
‘.
r
0.2 e
i
0 1 1 1 1 J

0.2 0.4 0.6 0.8 1.0
1-Specificity

Fig. 2. Receiver operating characteristic (ROC) curve analysis with variables for post-transplant diabetes mellitus (PTDM) devel-
opment. ROC curve of the two models. Model 1 (indicated by a dotted line) represents the ROC curve by risk factors associated
with PTDM including age, sex, body mass index, Model for End-stage Liver Disease score, fasting blood glucose, hypomagnese-
mia, hepatitis C virus infection, cytomegalovirus disease, and immunosuppressive agents. The solid line ROC curve represents
model 1 plus Amuscle area. The area under the ROC curve (AUC) of model 1 and model 1+ Amuscle area was 0.63 (95% confi-
dence interval [CI], 0.57 to 0.69) and 0.71 (95% CI, 0.65 to 0.76), respectively.
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Table 3. HRs for PTDM associated with muscle loss
No. of patients (%) Events Crude HR (95% CI) Pvalue Adjusted* HR (95% CI) Pvalue
PTDM
With muscle loss 357 (71.4) 124 1.52 (1.05-2.20) 0.020 1.46 (1.01-2.12) 0.046
Without muscle loss 143 (28.6) 41 1.0 (reference) 1.0 (reference)

HR, hazard ratio; PTDM, post-transplant diabetes mellitus; CI, confidence interval.
*Model adjusted for age, sex, body mass index, estimated glomerular filtration rate, hypomagnesemia, hepatitis C virus infection, cytomegalovi-

rus disease, and immunosuppressive agents.

Muscle loss & PTDM-free survival

Strata —+— Without muscle loss With muscle loss
1.00
HR=1.46
=
& 075 F .
g ettt
2
(9]
£ 050 b
=
=
e 025 p_go2s
0 1 1 1 1
4 8 12 16
Time post-liver transplantation (yr)
No. at risk
£ Without muscle loss 143 72 33 7 0
& 357 183 95 24 0

Fig. 3. Kaplan-Meier survival curve for post-transplant diabetes mellitus (PTDM)-free survival stratified by Amuscle area. HR,

hazard ratio.

Amuscle area=0 (with muscle loss and without muscle loss).
Of the 500 subjects in the study, 357 were in the group with
muscle mass loss and 143 were in the group without muscle
loss. The overall crude HR for PTDM development was signifi-
cantly higher in the group with muscle loss than in that with-
out muscle loss (HR, 1.52; 95% CI, 1.05 to 2.20; P=0.020), and
the adjusted HR was still statistically significant (HR, 1.46; 95%
CI, 1.01 to 2.12; P=0.046) after adjusting for the confounding
factors (Table 3).

In addition, the Kaplan-Meier curve and log-rank test were
used to compare the incidence of PTDM in both groups over
time. The Kaplan-Meier curves of the incidence of PTDM in
patients with and without muscle mass loss are shown in Fig. 3.
The development of PTDM was significantly higher in the re-
cipients with muscle loss than in those without; the P value for
the log-rank test was 0.025. During the total follow-up period,
PTDM developed in 124 individuals with muscle loss (34.7%)
and in 41 individuals without muscle loss (28.7%). Majority of
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the PTDM cases (72%) occurred within 1 year after transplan-
tation.

Considering that the majority of PTDM cases occurred
within 1 year, additional analysis was performed by setting
only 1 year after PTDM diagnosis as the outcome. Among 357
patients in the with muscle loss group, 40 cases of PTDM oc-
curred after 1 year, and seven out of 143 patients in the without
group. The results of Cox regression were also statistically sig-
nificant. Amuscle area (HR, 1.03; 95% CI, 1.01 to 1.05;
P<0.001) was significantly associated with the development of
PTDM diagnosed after 1 year (Supplementary Table 1). The
overall crude HR and the adjusted HR for PTDM occurring
after 1 year was also significantly higher in the group with
muscle loss (Supplementary Table 2). In the Kaplan-Meier
curve and log-rank test, the P value was 0.058, which was not
statistically significant, but the similar tendency was observed.
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DISCUSSION

The present long-term retrospective cohort study investigated
the association of sarcopenia with the development of diabetes
after liver transplantation in allograft recipients. Our results
demonstrated that loss of muscle mass was associated with in-
creased risks of PTDM incidence in liver allograft recipients.
Moreover, the association between muscle mass loss and the
prevalence of PTDM was not affected by other potential con-
founding risk factors for PTDM such as recipient’s age, sex,
BMI, MELD score, hypomagnesemia, HCV infection, CMV
disease and immunosuppressive agents, follow-up duration,
and baseline muscle area. That is, post-transplant muscle mass
loss was significantly associated with the occurrence of PTDM
rather than pre-transplant muscle mass. From these results, we
suggested that progressive muscle mass loss after transplanta-
tion may have an independent effect on the development of
PTDM.

Sarcopenia was first described as an age-related process in
older people, but it has become a rising concern associated
with various chronic diseases including end-stage liver disease
[20,25]. In 2019, a North American expert’s opinion on sarco-
penia in liver transplantation was published to present the ne-
cessity of including sarcopenia as a factor to consider in the
management and treatment of liver transplantation candidates
[26]. Similarly, PTDM is a common complication of transplan-
tation and contributes significantly to mortality and morbidity
in organ transplant recipients [27,28]. Despite of the clinical
significance of sarcopenia has been increasingly reported, the
lack of a standardized definition of sarcopenia and defined cut-
offs for different measurement tools makes sarcopenia diagno-
sis difficult. Although validated the skeletal muscle index cut-
points in 400 patients listed for liver transplantation from a
North American multicenter cohort has been used to predict
mortality [29], numerous questions remain including the opti-
mal cut-off values for diagnosing sarcopenia, particularly in
certain populations, such as terminally ill patients, because
they have different susceptibilities to sarcopenia from those of
the general population [26]. Additionally, sarcopenia in pa-
tients with liver diseases is known to continue even after liver
transplantation, a definitive treatment for the diseases [16].
Several studies have suggested that a significant loss of body
mass occurs after liver transplantation [30,31]. Consistent sar-
copenia in liver allograft recipients is a poorly recognized
problem, and the mechanisms that contribute to post-trans-
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plant sarcopenia have not been evaluated sufliciently. The rec-
ognized causes of failure to regain skeletal muscle mass after
transplantation are multi-factorial and the possible explana-
tions are as follows: persistent hypermetabolism, use of immu-
nosuppressive agents, complications after transplantation, and
lifestyle with little exercise. Portal hypertension and collateral
circulation are reversed partially after transplantation [32], re-
sulting in persistent malnutrition, and many transplant recipi-
ents often lack exercise because they remain sedentary [33].
Immunosuppressive agents, including corticosteroids, CNI,
MME, and mTORY, contribute to progressive muscle loss by in-
creasing proteolysis and delaying regeneration mediated by
myostatin, a potent inhibitor of muscle proteostasis [34,35].

Considering the continued muscle loss after surgery, we
measured both pre-transplant and post-transplant muscle
mass, and the difference between the two values was used for
analysis. From our results, along with the results of the previ-
ously mentioned studies, the muscle area index after the sur-
gery decreased in most of the study population as compared
with the pre-transplant area: from 170.3 to 154.2 (cm*/m?) in
patients without PTDM versus from 175.0 to 150.3 (cm*/m?)
in patients with PTDM. Although other complications of end-
stage liver disease are resolved after liver transplantation, mus-
cle depletion can remain a persistent concern for liver trans-
plant recipients.

Muscle area measurements can be assessed using dual-ener-
gy X-ray absorptiometry, CT, magnetic resonance imaging,
and bioimpedance analysis to identify sarcopenia [36]. Among
these methods, cross-sectional imaging techniques, including
CT scans, have been considered the gold standard modalities
because of their accuracy and reliability [37]. The liver allograft
recipients who were the subjects of our study were recom-
mended to undergo three-phase intravenous contrast CT as a
preoperative work-up for anatomical evaluation [38] and usu-
ally underwent regular follow-up imaging and laboratory ex-
amination. With advances in technology, software that can au-
tomatically calculate muscle areas on CT images makes the as-
sessment for sarcopenia more accessible [39]. In this regard,
the secondary analysis of CT images in this organ transplanta-
tion population could be useful to estimate sarcopenia and
provide perspective on the predicting outcomes after organ
transplantation such as PTDM and mortality.

The present study has several limitations. First, this was a ret-
rospective study, and we could not determine the causality be-
tween sarcopenia and the occurrence of PTDM. In addition,
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the diagnosis of sarcopenia should be based on both functional
damage and loss of muscle mass, but since this study is a retro-
spective study that functional evaluation was not performed.
Second, reverse causality could exist between muscle mass loss
and PTDM development. Sarcopenia has been implicated as
both a cause and a consequence of diabetes mellitus with regard
to their bidirectional relationship [9]. Despite the exclusion of
pre-transplant diabetes, the sequence of the two events may be
unclear since both diseases develop gradually and it is difficult
to determine the exact time of diagnosis due to the follow-up
interval. Third, another limitation of the current study is insuf-
ficient donor information. Several donor factors affect recipient
outcomes including whether the graft is from a living donor or
a cadaveric donor, the age of the donor, hepatic steatosis of the
graft, and donor-recipient mismatch such as ABO incompati-
bility. These graft factors may have been potential confounders
in this study. Additionally, the lack of data including the previ-
ous history of patients, medications known to affect diabetes
development (i.e., statin), and lifestyle factors, such as smoking
and alcohol drinking, could have prevented the control of con-
founding factors. Since the liver is associated with insulin resis-
tance, the inability to perform dynamic tests of glucose toler-
ance or insulin sensitivity for comprehensive diabetes risk as-
sessment may be a limitation of this retrospective study.

As the incidence and importance of post-transplant diabetes
have evolved in accordance with other developments in trans-
plantation, discussing approaches to reduce complications that
affect the quality of life after transplantation is necessary. To
the best of our knowledge, this is the first large-scale cohort
study to investigate the association of muscle loss with diabetes
development after transplantation. Similarly, a prospective
study conducted in 53 patients who underwent orthotopic liv-
er transplantation reported that sarcopenia has adverse effects
on several clinical consequences including new-onset diabetes
during follow-up [16]. Other than that, the relationship be-
tween muscle mass loss and PTDM development has not been
sufficiently studied, and the association between the two com-
ponents has remained inconclusive. While most previous stud-
ies investigated the association between pre-transplant muscle
mass and post-transplant outcome, the present study focused
on a progressive muscle mass loss in transplant recipient. Since
sarcopenia of liver transplant recipients often progresses after
transplantation, it is important to manage the liver transplant
recipients to maintain sufficient muscle mass after the trans-
plantation. In the same context, the results of this study will
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contribute to suggesting additional care for organ allograft re-
cipients; prevent progression of sarcopenia by correcting mod-
ifiable factors such as insufficient nutrient intake or physical
inactivity and avoid occurrence of metabolic complications af-
ter transplantation. Further prospective studies with larger
populations and longitudinal studies are warranted to con-
clude a causal association between muscle mass loss and the
incidence of diabetes after transplantation.

In conclusion, in this study, we found that muscle depletion
after liver transplantation is associated with increased risk of
PTDM development in liver allograft patients. The association
remained statistically significant after adjusting for several
confounding factors. Compared with the incidence of diabetes
in recipients with muscle mass loss, patients without muscle
mass loss had a significantly lower incidence of diabetes. The
results of this study suggest that CT can be used to measure
muscle mass to predict diabetes occurrence in transplant pa-
tients. Sarcopenia may be considered as a factor in the assess-
ment of the risk of developing PTDM. Assessing the risk of
PTDM can help to predict PTDM incidence in clinical practice
and develop PTDM prevention strategies.
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