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Background & Aims: Adverse muscle composition (MC) (i.e., low muscle volume and high muscle fat) has previously been
linked to poor functional performance and comorbidities in non-alcoholic fatty liver disease (NAFLD). In this study we aimed
to investigate associations of all-cause mortality with liver fat, NAFLD, and MC in the UK Biobank imaging study.
Methods: Magnetic resonance images of 40,174 participants were analyzed for liver proton density fat fraction (PDFF), thigh
fat-free muscle volume (FFMV) z-score, and muscle fat infiltration (MFI) using the AMRA® Researcher. Participants with
NAFLD were sex-, age-, and BMI-matched to participants without NAFLD with low alcohol consumption. Adverse MC was
identified using previously published cut-offs. All-cause mortality was investigated using Cox regression. Models within
NAFLD were crude and subsequently adjusted for sex, age, BMI (M1), hand grip strength, physical activity, smoking, alcohol
(M2), and previous cancer, coronary heart disease, type 2 diabetes (M3).
Results: A total of 5,069 participants had NAFLD. During a mean (±SD) follow-up of 3.9 (±1.4) years, 150 out of the 10,138
participants (53% men, age 64.4 [±7.6] years, BMI 29.7 [±4.4] kg/m2) died. In the matched dataset, neither NAFLD nor liver
PDFF were associated with all-cause mortality, while all MC variables achieved significance. Within NAFLD, adverse MC, MFI
and FFMV z-score were significantly associated with all-cause mortality and remained so in M1 and M2 (crude hazard ratios
[HRs] 2.84, 95% CI 1.70–4.75, p <0.001; 1.15, 95% CI 1.07–1.24, p <0.001; 0.70, 95% CI 0.55–0.88, p <0.001). In M3, the rela-
tionship was attenuated for adverse MC and FFMV z-score (adjusted HRs 1.72, 95% CI 1.00–2.98, p = 0.051; 0.77, 95% CI
0.58–1.02, p = 0.069) but remained significant for MFI (adjusted HR 1.13, 95% CI 1.01–1.26, p = 0.026).
Conclusions: Neither NAFLD nor liver PDFF was predictive of all-cause mortality. Adverse MC was a strong predictor of all-
cause mortality in individuals with NAFLD.
Impact and implications: Individuals with fatty liver disease and poor muscle health more often suffer from poor functional
performance and comorbidities. This study shows that they are also at a higher risk of dying. The study results indicate that
measuring muscle health (the patient’s muscle volume and how much fat they have in their muscles) could help in the early
detection of high-risk patients and enable targeted preventative care.
© 2022 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
The prevalence of non-alcoholic fatty liver disease (NAFLD) is
high and rising in parallel with the obesity and type 2 diabetes
mellitus (T2DM) epidemics.1 Although NAFLD is highly preva-
lent, it remains challenging to foresee who will progress towards
more advanced liver disease and consequently be at increased
risk of liver-related events (i.e., decompensation and/or hepato-
cellular carcinoma).2 A reason for this unpredictability is the high
heterogeneity and wide range of clinical phenotypes observed
within NAFLD. Most individuals with NAFLD do not progress to
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advanced liver disease, and there has been a recent rise in dis-
cussions on whether NAFLD should be redefined to include
criteria related to obesity and metabolic syndrome (e.g., meta-
bolic [dysfunction]-associated fatty liver disease [MAFLD]).3

Identifying clinically meaningful sub-phenotypes within NAFLD
could improve preventative care, aid in the development of
effective pharmacological treatments, and reduce healthcare
costs by separating high- and low-risk patients in the early
stages of liver disease.

Sarcopenia (a muscle disease characterized by progressive
loss of muscle mass and function) is intensified in individuals
with metabolic disorders and is highly prevalent in end-stage
diseases.4–9 Although sarcopenia and frailty are clear concerns
in later stages of liver disease, the importance of muscle health is
commonly overlooked in earlier disease states and more preva-
lent conditions like obesity, T2DM, or NAFLD.10,11 It is still unclear
if sarcopenia accelerates the progression of disease or the other
way around, but research has shown that poor muscle health is
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associated with higher mortality in patients with cirrhosis and
may affect the outcome of liver transplantation.10–13 Although
sarcopenia is recognized as a highly debilitating condition with
personal, social, and economic burdens when untreated, there is
no consensus on how to diagnose and quantitatively assess the
disease.14–17 This complicates the implementation of sarcopenia
assessment to support treatment decisions in late stages of liver
disease and hinders further understanding of whether early
knowledge of a patient’s muscle status could help guide treat-
ment plans.

Based on a rapid and standardized MRI protocol, muscle
composition can be quantified with high accuracy and preci-
sion.18–21 Measuring both thigh fat-free muscle volume (FFMV)
and muscle fat infiltration (MFI) allows for detection of a con-
dition called ’adverse muscle composition’. Adverse
muscle composition is prevalent within NAFLD and has been
linked to increased comorbidity (coronary heart disease and
T2DM) and poor functional performance in individuals with
NAFLD, and to all-cause mortality within a general adult
population.22,23

This work aimed to investigate the associations of NAFLD,
liver fat, and muscle composition with all-cause mortality in the
UK Biobank imaging study.
Patients and methods
Participants included in this study were stratified from the first
40,174 individuals scanned in the UK Biobank imaging study. The
UK Biobank is a long-term population study following 500,000
volunteers aged 40-69 years recruited between 2006-2010.24 As
a sub-study, 100,000 participants are being re-called for a
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Fig. 1. Inclusion of study participants and summary of analyses. MFI, muscle
liver disease; PDFF, proton density fat fraction.
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detailed imaging assessment, including a repeat of the baseline
assessments.

Inclusion
The inclusion of participants and analyses are summarized in
Fig. 1. For the muscle composition assessment, participants were
required to have known sex, age, weight, height, and a complete
description of muscle composition (FFMV and MFI of at least one
leg) (n = 374 with missing data). For investigations of NAFLD,
participants were also required to have non-missing values for
MRI liver proton density fat fraction (PDFF), known alcohol
consumption (n = 703 with missing data), and low alcohol con-
sumption (<14/21 units/week [females/males]26) (n = 17,112
excluded), resulting in 21,988 participants.

Based on the subset of participants with low alcohol con-
sumption, participants with NAFLD (n = 5,069) were matched 1:1
with controls using sex, age, and BMI, creating a matched dataset
of 10,138 individuals.

MRI measurements
The participants were scanned in a Siemens MAGNETOM Aera
1.5-T MRI scanner (Siemens Healthineers, Erlangen, Germany)
using a 6-10 min dual-echo Dixon Vibe protocol, providing a
water and fat separated volumetric neck-to-knee dataset. Body
composition analyses were performed using AMRA® Researcher
(AMRA Medical AB, Linköping, Sweden).18–21 Further details are
provided in the supplementary materials and methods. The MRI
measurements are publicly available from the UK Biobank
(Category 149, Abdominal composition):

� Liver proton density fat fraction (PDFF): The average PDFF of
nine regions of interest, placed while avoiding any
Analysis:

NAFLD & matched controls (n = 10,138)

•  Association of NAFLD (yes/no) and liver
PDFF (%) with all-cause mortality.
•  Association of adverse muscle composition
(yes/no), muscle volume z-score (SD) and
MFI (%) with all-cause
mortality.

NAFLD (n = 5,069)
•  Association of adverse muscle composition
(yes/no), muscle volume z-score and MFI with
all-cause mortality
•  Association of measures of functional
performance (hand grip strength, walking pace,
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inhomogeneities, major vessels, and bile ducts.21 Further
details are provided in the supplementary materials and
methods.

� Fat-free muscle volume (FFMV, referred to as ”muscle vol-
ume”): The volume of all voxels with fat fraction <50% (also
known as ”viable muscle tissue”) in the thighs.19,20 If data
were missing for one leg, the total thigh muscle volume was
estimated by multiplying the available measurement by two.

� Fat-free muscle volume z-score (referred to as “muscle volume
z-score”): For each participant, a matched virtual control
group (VCG) including at least 150 individuals of the same
sex and similar BMI was stratified from the study partici-
pants with complete muscle composition data. Based on
each VCG, a personalized muscle volume z-score was
calculated, measuring how many standard deviations each
participant was from the mean thigh FFMV/height2 of their
VCG.25 This variable is sex-, weight-, and height-invariant
and has been associated with poor function and increased
hospitalization.22,25

� Muscle fat infiltration (MFI): The mean fat fraction in the
“viable muscle tissue” (i.e., FFMV) of the right and left
anterior thighs.19,20 If data were missing for one leg, the
mean MFI was estimated by the MFI of the other leg. A sex-
adjusted MFI was calculated by subtracting the sex-specific
population median from each participant’s MFI value.
Definitions
NAFLD: Defined by MRI liver PDFF >5% and lack of excess alcohol
consumption (<14/21 units/week [females/males]).26,27 NAFLD
stratification was made directly from the UK Biobank imaging
participants (community volunteers, not selected owing to
abnormal liver function tests). No exclusions were made based
on rarer forms of liver disease or medications.

High MFI: As the magnitude of MFI differs between female
and male participants,18,23 ”high MFI” was defined as >75th
percentile of the whole cohort (N = 40,177) for female/male
participants separately (>8.82/7.69%).22,23

Low muscle volume z-score: As the muscle volume z-score is
sex invariant,25 “low muscle volume z-score” was defined as
<25th percentile of the whole cohort (N = 40,174) for both female
and male participants (<−0.68 SD).22,23

Adverse muscle composition: Defined by low muscle volume z-
score and high MFI according to the previously published
definition.22,23

Data collection – UK biobank
Mortality data were obtained through the UK Biobank’s linkage
to national death registries. Height was recorded using a Seca
stadiometer and weight with a Tanita BC418ma. Previous di-
agnoses of cancer, coronary heart disease, and T2DM were based
on electronic healthcare records (accessed September 2021,
available from April 1992 to September 2021) and/or self-
reported information collected via interviews with trained
nurses. Hand grip strength was measured using a Jamar J00105
hydraulic hand dynamometer (protocol provided in
supplementary sections 1-3). The data recorded for the domi-
nant hand were used. If information on handedness was missing
or a participant reported using both hands, the mean of the right
and left hand was used. Low hand grip strength was defined
using the sex-specific cut-offs recommended by the European
Working Group on Sarcopenia in Older People (EWGSOP2) (16/
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27 kg for female participants/male participants).16 Information
on walking pace, number of falls last year, stairs climbed,
smoking, alcohol consumption, and physical activity were ac-
quired through touchscreen questionnaires. The Townsend
deprivation index was calculated by the UK Biobank immediately
before each participant joined. Further details on variable defi-
nitions are provided in the supplementary materials and
methods.

Statistical analysis
Population characteristics
Population characteristics were described using mean (SD) for
continuous variables and percentages for binary/categorical
variables. Statistical testing for differences between groups was
linear/logistic regression or Pearson’s chi-squared test unad-
justed and adjusted for sex, age, and BMI. Due to the skewed
distribution of liver PDFF, its distribution was described using the
median (IQR).

Associations of NAFLD and muscle composition with all-cause
mortality
Investigations were performed using Kaplan-Meier survival
curves and Cox regression with years after imaging as the
timescale. Both categorical representations (NAFLD=yes/no, ’high
MFI’=yes/no, ‘low muscle volume’=yes/no and ’adverse muscle
composition’=yes/no) and continuous representations (liver
PDFF [%], MFI [%], and muscle volume z-score [SD]) were used as
predictors. As sensitivity analyses, models were also imple-
mented using the whole cohort (N = 40,174), the whole cohort
excluding participants with a previous cancer diagnosis, in men
and women separately, and for younger and older participants
(using the median age as the cut-off point), crude and adjusted
for sex, age, and BMI.

Associations between muscle composition and all-cause mortality
within NAFLD
Investigations were performed using Kaplan-Meier survival
curves and Cox regression with adverse muscle composition as
well as continuous representations of MFI (%) and muscle vol-
ume z-score (SD) as predictors. An unadjusted model (M0) was
implemented, followed by models subsequently adjusted for sex,
age, and BMI (M1), hand grip strength, physical activity, alcohol
consumption and smoking status (M2), and diagnosis of cancer,
coronary heart disease, and T2DM before imaging (M3).

Adverse muscle composition and functional performance within
NAFLD
The associations of muscle composition (i.e., adverse muscle
composition, low muscle volume z-score and high MFI) and
functional performance (i.e., hand grip strength, walking pace,
falls and stair climbing) with all-cause mortality within NAFLD
were investigated using separate crude and combined Cox re-
gressions (including each muscle composition variable with all
measures of functional performance as predictors in the same
model).

Adverse muscle composition and liver-related outcomes within
NAFLD
Liver-related events were identified through electronic health-
care records (accessed September 2021, available from April 1992
to September 2021) and grouped according to the study by
Hagström et al..28 For this specific investigation, participants
3vol. 5 j 100663
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with NAFLD and other liver diseases at/before imaging, alcohol/
drug use disorder at/before imaging, and recorded liver-related
events at/before imaging were additionally excluded. Details
can be found in Table S1. Logistic regressions of a composite
variable including all new liver-related events were performed
for sex-adjusted MFI and muscle volume z-score.

This research was conducted using the UK Biobank resource,
project ID 6569. The study was approved by the North West
Multicenter Research Ethics Committee, UK. Written informed
consent was obtained before study entry.
Results
Population characteristics
When adjusted for sex, age, and BMI, participants with NAFLD
had lower muscle volume z-scores but similar MFI and preva-
lence of low functional performance compared to their matched
controls. The prevalence of T2DM was higher within NAFLD
compared to matched controls (14.7% vs. 6.5%), while the prev-
alence of coronary heart disease was lower (6.5% vs. 7.7%).
Further details on population characteristics are presented in
Table 1.
Table 1. Population characteristics.

NAFLD

N 5,069
Sex (female/male) 46.9%/53.1%
Age (years) 64.33 (7.47)
BMI (kg/m2) 30.26 (4.83)
Waist circumference (cm) 98.40 (11.92)
Liver PDFF (%) 8.42 (6.24-12.30)
Muscle composition
Muscle volume z-score (SD) -0.06 (0.97)
FFMV, total thigh (L) 10.75 (2.56)
FFMV, left anterior thigh (L) 1.79 (0.49)
FFMV, right anterior thigh (L) 1.80 (0.50)
FFMV, left posterior thigh (L) 3.54 (0.80)
FFMV, right posterior thigh (L) 3.59 (0.82)
MFI, mean anterior thigh (%) 8.03 (2.16)
MFI, sex-adjusted (%) 1.02 (2.03)
MFI, left anterior thigh (%) 8.16 (2.18)
MFI, right anterior thigh (%) 7.91 (2.19)
MFI, left posterior thigh (%) 11.94 (2.63)
MFI, right posterior thigh (%) 11.74 (2.66)
Adverse muscle composition (yes/no) 15.2%/84.8%
Low muscle volume (yes/no) 26.2%/73.8%
High MFI (yes/no) 38.8%/61.2%
Functional performance
Hand grip strength (kg) 31.31 (10.97)
Low hand grip strength (yes/no/missing) 8.9%/88.2%/2.9%
Slow walking pace (yes/no/missing) 9.3%/90.4%/0.3%
>1 fall last year (yes/no/missing) 5.5%/94.3%/0.2%
No stair climbing (yes/no/missing) 10.9%/88.6%/0.5%
Comorbidity
Cancer (yes/no/missing) 11.0%/88.5%/0.4%
Type 2 diabetes (yes/no/missing) 14.7%/84.4%/0.9%
Coronary heart disease (yes/no/missing) 6.5%/93.1%/0.4%
Lifestyle factors
Smoking (no/previous/current/missing) 65.7%/31.1%/2.8%/0.4%
Alcohol consumption (g/day) 6.83 (6.91)
Physical activity IPAQ
(moderate/low/high/missing)

45.5%/28.2%/26.1%/0.2%

Townsend deprivation index -1.61 (2.87)

Values are mean (SD) for continuous variables and percentages for binary/categorical va
adjusted for sex, age, BMI. Liver PDFF is given in median (IQR).
FFMV, fat-free muscle volume; IPAQ, international physical activity questionnaire; MFI, m
fraction.
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During a mean follow-up of 3.9 (SD ±1.4) years, representing
39,450 person-years at risk, 150 out of the 10,138 participants
died. Specific causes of death are visualized in Fig. 2. The most
common causes of death were from neoplasms (51%) and dis-
eases of the circulatory system (27%). The numbers of death were
similar between NAFLD and matched controls across ICD-10 code
chapters, and the breakdown in ICD-10 code blocks also showed
similar distributions. A complete breakdown can be found in
Table S2-S3.

Associations of NAFLD and muscle composition with all-cause
mortality
The rate of all-cause mortality was similar comparing NAFLD and
matched controls (Fig. 3; number at risk in Fig. S1). Accordingly,
the Cox regression showed that neither NAFLD nor liver PDFF
were predictive of all-cause mortality (crude hazard ratios [HRs]
0.86, 95% CI 0.62–1.18, p = 0.350 and 1.01, 95% CI 0.98–1.04,
p = 0.550, respectively) (Fig. 3). However, a lower muscle volume
z-score was significantly associated with all-cause mortality in
both categorical (low compared to normal muscle volume) and
continuous representation, as was a higher MFI. Adverse muscle
composition showed the strongest association with all-cause
mortality (crude HR 3.05, 95% CI 2.16–4.30, p <0.001).
Matched controls p value p value (adjusted)

5,069 — —

46.9%/53.1% 1.000 —

64.54 (7.69) 0.152 —

29.19 (3.75) <0.001 —

94.48 (10.53) <0.001 <0.001
2.70 (1.99-3.62) <0.001 <0.001

-0.03 (1.01) 0.103 0.022
10.69 (2.62) 0.243 0.003
1.79 (0.51) 0.744 <0.001
1.80 (0.51) 0.680 <0.001
3.52 (0.82) 0.129 0.013
3.56 (0.83) 0.087 0.022
7.82 (2.07) <0.001 0.938
0.81 (1.93) <0.001 0.938
7.95 (2.11) <0.001 0.786
7.71 (2.11) <0.001 0.758

11.61 (2.53) <0.001 0.044
11.41 (2.54) <0.001 0.069
14.7%/85.3% 0.486 0.487
26.2%/73.8% 1.000 0.751
35.2%/64.8% <0.001 0.566

31.78 (10.95) 0.032 <0.001
8.0%/89.2%/2.7% 0.102 0.093
7.8%/92.0%/0.3% 0.006 0.576
5.8%/94.1%/0.1% 0.496 0.163

10.4%/89.1%/0.6% 0.373 0.702

10.5%/89.4%/0.1% 0.311 0.227
6.5%/92.9%/0.6% <0.001 <0.001
7.7%/91.9%/0.4% 0.030 0.010

64.9%/31.2%/3.5%/0.3% 0.092 0.056
7.43 (7.09) <0.001 <0.001

43.5%/23.8%/32.6%/0.2% <0.001 0.024

-1.71 (2.77) 0.074 0.581

riables. p values are from linear/logistic regression or chi-squared test, unadjusted and

uscle fat infiltration; NAFLD, non-alcoholic fatty liver disease; PDFF, proton density fat
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C00-C14 Malignant neoplasms of lip, oral cavity and pharynx 
C15-C26 Malignant neoplasms of digestive organs
C30-C39 Malignant neoplasms of respiratory and
intrathoracic organs
C43-C44 Melanoma and other malignant neoplasms of skin 
C45-C49 Malignant neoplasms of mesothelial and soft tissue 
C50-C50 Malignant neoplasm of breast
C51-C58 Malignant neoplasms of female genital organs 
C60-C63 Malignant neoplasms of male genital organs

C64-C68 Malignant neoplasms of urinary tract
C69-C72 Malignant neoplasms of eye, brain and other parts
of central nervous system
C76-C80 Malignant neoplasms of ill-defined, secondary and
unspecified sites
C81-C96 Malignant neoplasms, stated or presumed to be
primary, of lymphoid, haematopoietic and related tissue
I05-I09 Chronic rheumatic heart diseases

I10-I15 Hypertensive diseases
I20-I25 Ischaemic heart diseases
I26-I28 Pulmonary heart disease and diseases of pulmonary
circulation
I30-I52 Other forms of heart disease
I60-I69 Cerebrovascular diseases
I80-I89 Diseases of veins, lymphatic vessels and lymph
nodes, not elsewhere classified

II Neoplasms

IX Diseases of the circulatory system

COVID-19

Other

n = 36 n = 40

n = 18 n = 23

n = 8 n = 8

n = 7 n = 10
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Fig. 2. Breakdown of primary causes of death within NAFLD and sex-, age-, and BMI-matched controls. Middle panel shows distribution of counts between
NAFLD and matched controls in ICD-10 chapters with more than 10 deaths recorded. Pie charts show breakdown of ICD-10 blocks within each ICD-10 chapter for
NAFLD (left) and matched controls (right) separately. NAFLD, non-alcoholic fatty liver disease.
Sensitivity analysis showed similar results: NAFLD had a non-
significant relationship with all-cause mortality in all stratified
groups (whole cohort, whole cohort without cancer, women
only, men only, younger participants, and older participants)
both in crude and sex-, age-, and BMI-adjusted models. Liver
PDFF was significant in crude modeling for the whole cohort
excluding cancer, and in younger participants (crude HR 1.02,
95% CI 1.00–1.05, p = 0.024 and 1.05, 95% CI 1.02-1.08, p = 0.002,
respectively), but not in adjusted modeling (adjusted HR 1.01,
95% CI 0.98–1.03, p = 0.559 and 1.03, 95% CI 0.99–1.07, p = 0.140,
respectively). All muscle composition variables showed signifi-
cant associations both in crude and adjusted models except for
muscle volume z-score in the adjusted model for younger par-
ticipants (aHR 0.84, 95% CI 0.70–1.02, p = 0.073). Table S4-5
include full reporting of modeling results.

Associations between muscle composition and all-cause
mortality within NAFLD
In participants with NAFLD, adverse muscle composition, high
MFI, and low muscle volume z-score were significantly associ-
ated with all-cause mortality (Fig. 4, Table 2). After adjustment
for sex, age, BMI, low hand grip strength, physical activity,
smoking status, and alcohol, the association remained significant
JHEP Reports 2023
for all muscle composition variables. When additionally adjust-
ing for relevant comorbidities (previous cancer, coronary heart
disease, and T2DM), adverse muscle composition and muscle
volume z-score were attenuated to non-significance (p = 0.051
and 0.069, respectively), while MFI remained significantly asso-
ciated with all-cause mortality (p = 0.026). Table S6-S8 include
full reporting of modeling results.
Adverse muscle composition and functional performance
within NAFLD
Adverse muscle composition showed the strongest association
with all-cause mortality (crude HR 2.84, 95% CI 0.35–4.75, p
<0.001), including when compared to measures of functional
performance (low hand grip strength, slow walking pace, >1 fall
last year, and no stair climbing) (Table 3). The only functional
tests that reached significance in the crude modeling were low
hand grip strength (p = 0.035) and slow walking pace (p = 0.035).
Interestingly, when muscle composition was combined with the
functional tests, muscle composition remained significant while
associations with the functional tests were attenuated below
significance.
5vol. 5 j 100663
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Fig. 3. Associations of all-cause mortality with NAFLD, liver fat, and muscle composition in the matched cohort. Left: Kaplan-Meier survival curves for all-
cause mortality comparing NAFLD (purple) and sex-, age- and BMI-matched controls (green). Right: Unadjusted hazard ratios from Cox regression in the matched
cohort (NAFLD and matched controls [n = 10,138]) for categorical (yes/no) variables: NAFLD, low muscle volume z-score, high muscle fat infiltration and adverse
muscle, and for continuous variables: liver PDFF (%), muscle volume z-score (SD), and muscle fat infiltration (%). NAFLD, non-alcoholic fatty liver disease; PDFF,
proton density fat fraction.
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Table 2. Cox proportional HRs of all-cause mortality within NAFLD for adverse muscle composition, muscle fat infiltration and muscle volume z-score.

Crude M1 M2 M3

HR p value HR p value HR p value HR p value

Adverse muscle
composition

2.84 (1.70–4.75) <0.001 1.83 (1.08–3.12) 0.0251 1.82 (1.06–3.14) 0.0302 1.72 (1.00–2.98) 0.0514

Muscle fat infiltration 1.15 (1.07–1.24) <0.001 1.13 (1.03–1.24) 0.0097 1.14 (1.02–1.26) 0.0171 1.13 (1.01–1.26) 0.0263
Muscle volume z-score 0.70 (0.55–0.88) 0.0028 0.74 (0.56–0.96) 0.0248 0.75 (0.57–0.99) 0.0442 0.77 (0.58–1.02) 0.0688

HRs for adverse muscle composition (yes/no), muscle fat infiltration (%), and muscle volume z-score (SD) including crude HRs and subsequent adjustments for sex, age, BMI
(M1); low hand grip strength, smoking status, alcohol (M2); previous cancer, coronary heart disease, type 2 diabetes diagnosis (M3).

Table 3. Cox proportional HRs of all-cause mortality within NAFLD for categorical variables of muscle composition and functional performance.

Crude M1 M2 M3

HR p value HR p value HR p value HR p value

Adverse muscle composition
(n = 724 [15%])

2.84 (1.70–4.75) <0.001 2.72 (1.60–4.63) <0.001

High muscle fat infiltration
(n = 1,910 [39%])

2.10 (1.30–3.38) 0.002 1.83 (1.11–3.00) 0.017

Low muscle volume z-score
(n = 1,289 [26%])

2.02 (1.24–3.29) 0.005 1.95 (1.18–3.22) 0.009

Low hand grip strength
(n = 437 [9%])

2.06 (1.05–4.04) 0.035 1.67 (0.83–3.33) 0.148 1.79 (0.90–3.56) 0.097 1.69 (0.84–3.38) 0.141

Slow walking pace
(n = 454 [9%])

2.00 (1.05–3.82) 0.035 1.55 (0.78–3.09) 0.208 1.54 (0.77–3.06) 0.22 1.68 (0.85–3.33) 0.136

>1 fall last year
(n = 266 [5%])

1.57 (0.68–3.62) 0.294 1.22 (0.51–2.90) 0.660 1.28 (0.54–3.05) 0.576 1.26 (0.52–3.02) 0.607

No stair climbing
(n = 540 [11%])

1.13 (0.54–2.36) 0.745 0.97 (0.46–2.06) 0.942 1.01 (0.48–2.12) 0.987 1.02 (0.48–2.14) 0.969

HRs for categorical muscle composition variables (adverse muscle composition, high muscle fat infiltration, low muscle volume z-score) and measures of functional per-
formance including crude HRs and results from multivariable modeling (MV1-MV3) that includes each respective muscle composition variable and all measures of functional
performance.
Adverse muscle composition and liver-related outcomes
within NAFLD
After excluding participants with NAFLD and other liver diseases
at/before imaging or alcohol/drug use disorder at/before imag-
ing, 4,923 participants with NAFLD remained. Of the remaining
participants, eight had at least one liver-related event at/before
imaging and were excluded. Of the 4,915 remaining participants
with NAFLD, 13 (0.26%) had at least one liver-related event post
imaging (Table S1). Participants with a liver-related event post
imaging showed a higher sex-adjusted MFI (1.01 [2.02] vs. 2.14
[2.58] %, p = 0.039). No other significant associations related to
muscle composition were observed.
Discussion
In this study, we investigated the relationship of NAFLD and
muscle composition with all-cause mortality in the UK Biobank
imaging study. The main findings include (1) neither NAFLD nor
liver fat was associated with all-cause mortality, and (2) adverse
muscle composition was predictive of all-cause mortality in in-
dividuals with NAFLD.

Several studies have shown strong associations between
fibrosis stage and increased mortality within NAFLD.29–31 Simi-
larly, a recent study on >10,000 individuals with biopsy-proven
NAFLD showed increased mortality risk by histological stage.32

The study also concluded that simple steatosis significantly
increased the risk of death. However, the design of biopsy-based
studies is not optimal for investigating if simple steatosis alone
drives an increased risk of death as they commonly include
controls where there is no indication for biopsy, or where there
is no matching on (or adjustment for differences in) overall
JHEP Reports 2023
adiposity or BMI. Although NAFLD was not confirmed by biopsy,
but through MRI (liver PDFF) in our study, the results indicate the
opposite conclusion. The link between NAFLD (as identified by
elevated alanine aminotransferases) and all-cause mortality has
also been investigated in the NHANES III study: An early study
showed a significant association with all-cause mortality
(adjusted HR 1.038, 95% CI 1.036–1.041).33 This was however
challenged by another study, on the same dataset, published at
about the same time.34 In that study, no significant association
was observed (adjusted HR 1.20, 95% CI 0.88–1.60) and the au-
thors claimed that the main difference between their studies was
statistical approach.34,35 A more recent study using the NHANES
III data also showed a non-significant association with all-cause
mortality.36 In fact, there was a trend towards a negative asso-
ciation with all-cause mortality, and a significant negative as-
sociation with cardiovascular mortality with full adjustment. In
the presence of visceral obesity, low liver fat has also recently
been shown to increase the risk of cardiovascular disease in both
the Dallas Heart Study and UK Biobank.37 These are important
facts to consider as an increasing number of pharmacological
therapies are aiming to attenuate histopathological surrogates
associated with hepatic fibrosis deposition and progression,
including the presence of steatosis. Clearly, there are differences
in results when investigating the association between NAFLD
and all-cause mortality. Several studies show increased mortal-
ity30,32,33 while others do not.34,36,38 The differences probably lie
in selection bias within the NAFLD population studied. In our
study, NAFLD stratification was made directly from the UK Bio-
bank imaging participants (community volunteers, not selected
owing to abnormal liver function tests), hence, although un-
known, the low prevalence of liver disease in our cohort
7vol. 5 j 100663
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indicates it mostly constitutes participants with NAFLD without
the presence of advanced fibrosis.

Recent literature highlights an increased awareness of the
importance of assessing muscle health in earlier stages of liver
disease.6,39 Further research within NAFLD (or early metabolic/
liver disease) investigating the link between muscle health and
disease progression and related outcomes is important in eval-
uating muscle measurements as potential prognostic bio-
markers. Multiple studies have reported an association between
sarcopenia and NAFLD.40–42 However, it has also been shown
that common ways of adjusting muscle mass for body size (i.e.,
through division by height2, weight or BMI) do not achieve
proper normalization, and that different adjustments result in
completely different conclusions about the association between
NAFLD and sarcopenia.25,43 The use of muscle volume z-score has
been shown to effectively remove the association to body size
(height, weight, and BMI).25 This is especially important to
consider for patient populations, like those with NAFLD, where
obesity is more prevalent. In line with our results, a significant
association between low muscle mass and all-cause mortality
was observed in a recent study investigating the relationship
between physical inactivity, NAFLD and sarcopenia.44 Our study
showed that muscle composition was predictive of all-cause
mortality within NAFLD independent of functional performance
(measured by hand grip strength) and physical activity level. It is
also important to note that MFI was a strong predictor across all
models. A combined assessment of both muscle volume and fat
infiltration has been shown to effectively stratify the most
vulnerable within a wide range of individuals – from the general
population to those with NAFLD, chronic kidney disease, the
critically ill, and patients with pancreatic cancer22,23,45,46 – and
recent literature has started to indicate the potential of myo-
steatosis as a prognostic biomarker for NASH and fibrosis pro-
gression.47,48 Although too few NAFLD participants in our study
had a liver-related event post imaging to draw any conclusions,
the significant association with MFI is in line with previous
research. Further research, with longer observation times or in
higher risk populations, is needed to confirm the potential
relationship between MFI and liver disease progression.

The lack of consensus around diagnosis, and how to detect
and track sarcopenia, hinders further understanding of how
assessment of muscle health could guide preventative care in
early liver disease. A wide range of tests for muscle strength and
functional performance are used as well as several techniques to
measure (and normalize) muscle quantity.16,17,49 Due to the
modest performance of muscle mass compared to strength or
function in predicting adverse outcomes, the sarcopenia field has
moved from definitions based on muscle mass alone towards a
more pronounced focus on muscle strength and/or functional
performance.16,50 However, use of measures for muscle strength
and/or function alone is not sufficient to diagnose sarcopenia as
low muscle strength/function can be caused by, or associated
with, a variety of factors besides sarcopenia. This study shows
that assessing muscle composition could be relevant in the early
stages of liver disease and that measures of muscle strength,
JHEP Reports 2023
function and frailty do not attenuate the association between
muscle composition and all-cause mortality. Quantitative muscle
biomarkers with high precision and a strong link to functional
performance and outcomes are important for tracking sarcope-
nia during therapeutic development and allow for rapid detec-
tion of disease progression and shortening of trial durations.

The main strengths of this study are the sample size, enabling
analysis of a large number of participants fulfilling the NAFLD
criteria with sex-, age-, and BMI-matched controls, and the
detailed characterization of muscle composition through volu-
metric MRI. It is, however, important to point out that the NAFLD
population studied is likely not the same as the NAFLD popu-
lation seen in clinical care. The application of the NAFLD criteria
to the population volunteering for the UK Biobank imaging
study is like screening for NAFLD in this group – they were not
biopsied or imaged due to a referral in clinical care. However,
measuring liver PDFF in a large population study like the UK
Biobank enables investigation of the independent risk of
elevated liver fat content, avoiding confounders associated with
the strata of patients in clinical care with an indication for bi-
opsy or imaging. In addition, the participants were not followed
for an extensive number of years and although previous diseases
(cancer, coronary heart disease and T2DM) were included in the
analysis, it is unknown whether these diseases preceded muscle
composition changes or the other way around. It is important to
further explore interactions between metabolic diseases and
muscle composition in the pursuit of validating muscle mea-
surements as potential prognostic biomarkers for liver disease.
Additionally, as the serum biomarker panel is not yet released
for the UK Biobank imaging visit, such data was not included in
this study. The biomarker panel data from the baseline assess-
ment (collected years 2006-2010) for adverse muscle composi-
tion in NAFLD has been published before.22 Those data showed
that adverse muscle composition was associated with a higher
Fibrosis-4 and hemoglobin A1c when adjusted for sex, age, liver
PDFF, and BMI. Lastly, although hand grip strength was
measured according to gold-standard methods, the other vari-
ables describing functional performance were self-reported, and
the categories for low function (slow walking pace, no stair
climbing and >1 fall last year) stratified relatively few partici-
pants. Further research is needed to understand how adverse
muscle composition assessed by MRI can be introduced into
clinical care and if the workflow could benefit from screening
with functional tests.
Conclusion
Neither NAFLD nor liver fat content was predictive of all-cause
mortality in the UK Biobank imaging study. Adverse muscle
composition (the combination of low muscle volume z-score
with high muscle fat infiltration) was a strong predictor of all-
cause mortality within NAFLD, independent of functional per-
formance. This research further supports the potential of muscle
measurements as prognostic biomarkers for liver disease
progression.
vol. 5 j 100663
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Supplementary materials and methods  
 
Section S1. MRI scanning protocol, image analysis and UK Biobank field 
information 
The subjects were scanned in supine position in a Siemens MAGNETOM Aera 1.5 T 
MRI scanner (Siemens, Erlangen, Germany) using the dual-echo Dixon Vibe protocol 
covering neck to knees. Common parameters for all slabs were: flip angle=10°, 
TR=6.69 ms, TE=2.39/4.77 ms, and bandwidth=440 Hz. The first slab, over the neck, 
consisted of 64 slices, voxel size 2.23×2.23×3 mm3, and 224×168 matrix; slabs two 
to four were acquired during 17-second expiration breath-holds with 44 slices, voxel 
size 2.23×2.23×4.5 mm3, and 224×174 matrix; slab five consisted of 72 slices, voxel 
size 2.23×2.23×3.5 mm3, and 224×162 matrix; slab six of 64 slices, voxel size 
2.23×2.23×4 mm3, and 224×156 matrix.  
 
For liver proton density fat fraction 
(PDFF) quantification, nine regions 
of interest (ROI) were placed while 
avoiding major vessels and bile 
ducts (see figure to the right). The 
liver water, fat and T2* of each ROI 
were computed by magnitude-based 
chemical shift technique1 with a 6-
peak lipid model2. To correct for T1-
bias, caused by differences in water 
and fat T1, a correction factor was 
applied to the water signal. The 
correction factor was computed 
using the body Dixon images of the 
first 3,000 scanned UK Biobank 
participants as reference. The liver 
ROIs were transferred to, and compared with, the fat Dixon images intensities, which 
were calibrated using the adipose tissue as an intensity reference3,4 and corrected 
using the liver T2*, a process which results in T1 insensitive fat measurements5. 
 
For whole body measurements, the image analysis consisted of (1) image calibration, 
(2) fusion of image stacks, (3) image segmentation, and (4) quantification of fat and 
muscle volumes4,6-9 and included manual quality control by an analysis engineer. 
Muscle volumes were calculated as fat-tissue free muscle volumes4. MFI was 
calculated as the average T2*-corrected fat value and converted to proton density fat 
fraction (PDFF)2. 
 
UK Biobank field information 
 
Liver PDFF, using data from UK Biobank field ID's 22436 ('10P Liver PDFF (proton 
density fat fraction)') and 24352 (FR liver PDFF mean). Data from field 22436 was 
used where data was missing for field 24352. 
 



Fat-free muscle volume, using data from UK Biobank field ID's 22409 ('Total thigh fat-
free muscle volume'), 22403 ('Anterior thigh fat-free muscle volume (right)'), 22404 
('Posterior thigh fat-free muscle volume (right)'), 22405 ('Anterior thigh fat-free muscle 
volume (left)'), and 22406 ('Posterior thigh fat-free muscle volume (left)'). 
 
Muscle fat infiltration, using data from UK Biobank field ID's 24353 ('Anterior thigh 
muscle fat infiltration (MFI) (left)') and 24353 ('Anterior thigh muscle fat infiltration 
(MFI) (right)'). 
 
Section S2. Variable definitions 
 
Cancer, any type of cancer reported in an interview with a trained nurse. 
 
Coronary heart disease (CHD), defined by ICD-10 codes I20–I25, Z95.1. Controls 
excluded participants with these codes and those with self-reported history of heart 
attack, angina, or other heart/cardiac problems (N = 82 excluded).  
 
Type 2 diabetes (T2D), diagnosed by a doctor and with age at diagnosis above 30 
years. Controls excluded type 1 diabetes and/or gestational diabetes (N = 39 
excluded). 
 
Smoking, assessed through touchscreen questionnaire categorized into 'Prefer not to 
answer', 'Never', 'Previous', and 'Current'. Data-Field: 20116 
 
Alcohol consumption, assessed through touchscreen questionnaires about frequency 
of intake and average intake of specific beverages ('red wine', 'champagne plus white 
wine', 'beer plus cider', 'spirits', 'fortified wines', and 'other alcoholic drinks'). Number 
of alcohol units per week was calculated using the Drinkaware definition (Drinkaware: 
https://www.drinkaware.co.uk/facts/alcoholic-drinks-and-units/what-is-an-alcohol-unit, 
Accessed April 2022). 
 
Physical activity calculated according to the guidelines for data processing and 
analysis of IPAQ. The categorical score was calculated based on the protocol for 
IPAQ Short Form. 
Touchscreen questionnaire screenshot for falls, walking pace, and stair climbing: 
 
 



 
 



Section S3. Protocol description for recording of hand grip strength in UK 
Biobank (UK Biobank Field IDs 46, 47) 
(Cited. https://biobank.ctsu.ox.ac.uk/crystal/crystal/docs/Gripstrength.pdf, Accessed 
June 2022) 
1. The staff member explains that the first measure will be of grip strength 
(indicating the Jamar dynamometer device to be used) and that strength in both 
hands will be measured in turn.  
2. The participant is asked to sit upright in a chair and place their forearms 
on armrests. With dynamometer handle set to the second incremental slot the 
participant is asked to hold it first in their right hand. For participants with very large 
hands the handle is moved to the third slot.  
3. The participant's elbow of the arm holding the dynamometer is against 
their side and bent to a 90° angle so that their forearm is pointing forwards with their 
thumb uppermost. Their wrist is straight so that their hand is either pointing forwards 
or bent slightly outwards. 
4. The staff member supports the dynamometer lightly with one hand and 
rotates the red peak-hold needle anti-clockwise to zero. They explain to the 
participant that the adjustable handle of the dynamometer does not move while they 
are gripping it, but it will measure the strength of their grip. The participant is asked to 
squeeze the handle of the dynamometer as strongly as they can for about 3 seconds. 
They are given encouragement while doing so.  
5. After 3 seconds the participant is asked to stop, the dynamometer is 
taken from them and the maximum hand grip strength is read in whole kilogram force 
units as indicated on the outer aspect of the dial by the red peak-hold needle. This 
value is entered into the computer (see below).  
 
Section S4. R packages used for statistical analysis and visualizations 
survival 
survimer 
forestmodel 
ggplot2 
table1 
rtf



Supplementary tables 
 

Category Diagnosis ICD-10_codes 
Excluded 
at/before 
imaging 

Liver-
related 
events 
post 
imaging 

Other liver 
diseases 
at/before 
baseline 

ALD K70 

YES Not 
included 

Viral hepatitis B16, B17, B18, B19 
Autoimmune liver disease 
(AIH, PBC, PSC) K830, K743, K754 

Hemochromatosis E831 
Wilson's disease E830 
Alpha-1-antitrypsin 
deficiency E880 

Budd-Chiari syndrome I820, K765 
Chronic hepatitis, 
unspecified K739, K732 

Secondary or unspecified 
biliary cirrhosis K744, K745 

Alcohol/drug 
use disorder 
at/before 
baseline 

Codes associated with 
alcohol use disorder F10 

YES Not 
included 

Codes associated with 
somatic consequences of 
alcohol (except ALD) 

E244, G621, I426, 
K292, G312, G721, 
K852, K860, T510, 
T519, Y573, X65, 
Z502, Z714, Z721 

Codes associated with 
drug use disorders except 
nicotine/caffeine 

F11, F12, F13, F14, 
F16, F18, F19 

Compensated 
cirrhosis 

Cirrhosis, compensated K746 

YES  

4 
Esophageal varices, not 
bleeding I859, I982 3 

Gastric varices, not 
bleeding I864 0 

Esophageal varices, 
bleeding I850, I983 0 

Ascites R18 4 
HE K746+lactulose 0 
Hepatorenal syndrome K767 0 
Portal hypertension K766 3 

Liver 
transplantation LT status Z944 YES 1 

Liver cancer 
outcomes 

HCC C220 YES 3 
Liver cancer, unspecified C229 1 

Unspecified 
codes that 
might be 
relevant for 
some studies 

Chronic or unspecified 
liver failure K721, K729 

YES 

1 

Acute or subacute liver 
failure K720 0 

Portal vein thrombosis I819, K751 0 
Hepatic fibrosis or 
sclerosis or fibrosis with 
sclerosis 

K740, K741, K742 2 

Total number of unique participants with liver related events post imaging: 13 



Table S1 Description of ICD-10 codes used to investigate liver related outcomes in 
participants with non-alcoholic fatty liver disease (NAFLD). 
 

ICD-10 code chapter Total  NAFLD Matched 
controls 

II Neoplasms 76 36 40 
IX Diseases of the circulatory system 41 18 23 
Covid-19 16 8 8 
X Diseases of the respiratory system 6 1 5 
XX External causes of morbidity and mortality 4 1 3 
VI Diseases of the nervous system 2 1 1 
XI Diseases of the digestive system 2 1 1 
I Certain infectious and parasitic diseases 1 1 0 
III Diseases of the blood and blood-forming organs and certain 
disorders involving the immune mechanism 1 1 0 

IV Endocrine, nutritional, and metabolic diseases 1 1 0 
Total 150  69 81 

Table S2 Specific primary causes of death in the matched dataset (N=10,138) broken down 
between NAFLD and sex-, age-, and BMI-matched controls on ICD-10 code chapter level. 
 
ICD-10 code block Total  NAFLD Matched 

controls 
C15-C26 Malignant neoplasms of digestive organs 30 13 17 
I20-I25 Ischaemic heart diseases 24 11 13 
Covid-19 16 8 8 
C30- C39 Malignant neoplasms of respiratory and intrathoracic 
organs 10 5 5 

I60-I69 Cerebrovascular diseases 10 2 8 
C69-C72 Malignant neoplasms of eye, brain, and other parts of 
central nervous system 9 6 3 

C81-C96 Malignant neoplasms, stated or presumed to be 
primary, of lymphoid, haematopoietic, and related tissue 8 3 5 

C43-C44 Melanoma and other malignant neoplasms of skin 4 2 2 
C50-C50 Malignant neoplasm of breast 3 1 2 
C76-C80 Malignant neoplasms of ill-defined, secondary, and 
unspecified sites 3 1 2 

J40-J47 Chronic lower respiratory diseases 3 0 3 
J80-J84 Other respiratory diseases principally affecting the 
interstitium 3 1 2 

C00-C14 Malignant neoplasms of lip, oral cavity, and pharynx 2 1 1 
C51-C58 Malignant neoplasms of female genital organs 2 0 2 
C60-C63 Malignant neoplasms of male genital organs 2 1 1 
C64-C68 Malignant neoplasms of urinary tract 2 2 0 
I10-I15 Hypertensive diseases 2 1 1 
I26-I28 Pulmonary heart disease and diseases of pulmonary 
circulation 2 2 0 

K70-K77 Diseases of liver 2 1 1 
X60-X84 Intentional self-harm 2 0 2 
A30-A49 Other bacterial diseases 1 1 0 
C45-C49 Malignant neoplasms of mesothelial and soft tissue 1 1 0 
D80-D89 Certain disorders involving the immune mechanism 1 1 0 
E70-E90 Metabolic disorders 1 1 0 
G10-G14 Systemic atrophies primarily affecting the central 
nervous system 1 1 0 

G70-G73 Diseases of myoneural junction and muscle 1 0 1 



I05-I09 Chronic rheumatic heart diseases 1 0 1 
I30-I52 Other forms of heart disease 1 1 0 
I80-I89 Diseases of veins, lymphatic vessels, and lymph nodes, 
not elsewhere classified 1 1 0 

W00-W19 Falls 1 1 0 
Y83-Y84 Surgical and other medical procedures as the cause 
of abnormal reaction of the patient, or of later complication, 
without mention of misadventure at the time of the procedure 

1 0 1 

Table S3 Specific primary causes of death in the matched dataset (N=10,138) broken down 
between NAFLD and sex-, age-, and BMI-matched controls on ICD-10 code block level. 
 



Variable Unit 
Whole cohort 
(N=40,174) 

Excluding cancer 
(N=35,628) 

Women 
(N=20,823) 

Men 
(N=19,351) 

Younger 
participants 
(N=20,084) 

Older participants 
(N=20,090) 

cHR 95% 
CI 

p-
value cHR 95% 

CI 
p-
value cHR 95% 

CI 
p-
value cHR 95% 

CI 
p-
value cHR 95% 

CI 
p-
value cHR 95% 

CI 
p-
value 

NAFLD 
no Ref   Ref   Ref   Ref   Ref   Ref   

yes 1.07 [0.83; 
1.37]   0.621 1.08 [0.81; 

1.43]   0.609 0.94 [0.59; 
1.50]   0.796 1.05 [0.78; 

1.42]   0.728 0.95 [0.56; 
1.64]   0.864 1.08 [0.81; 

1.43]   0.590 

Low muscle 
volume  
z-score 

no Ref   Ref   Ref   Ref   Ref   Ref   

yes 2.14 [1.80; 
2.55] <0.001 2.11 [1.73; 

2.58] <0.001 1.88 [1.40; 
2.54] <0.001 2.30 [1.85; 

2.86] <0.001 1.64 [1.09; 
2.46]   0.017 1.79 [1.47; 

2.18] <0.001 

High muscle 
fat infiltration 
(MFI) 

no Ref   Ref   Ref   Ref   Ref   Ref   

yes 2.14 [1.80; 
2.55] <0.001 2.60 [2.13; 

3.16] <0.001 2.01 [1.50; 
2.69] <0.001 2.62 [2.11; 

3.24] <0.001 2.11 [1.44; 
3.09] <0.001 1.83 [1.50; 

2.22] <0.001 

Adverse 
muscle 
composition 

no Ref   Ref   Ref   Ref   Ref   Ref   

yes 3.11 [2.55; 
3.80] <0.001 3.14 [2.50; 

3.95] <0.001 2.80 [1.98; 
3.96] <0.001 3.21 [2.52; 

4.09] <0.001 2.98 [1.78; 
4.96] <0.001 2.30 [1.85; 

2.85] <0.001 

Liver PDFF % 1.02 [1.00; 
1.03]   0.098 1.02 [1.00; 

1.04]   0.024 1.02 [0.99; 
1.05]   0.122 1.00 [0.97; 

1.02]   0.908 1.05 [1.02; 
1.08]   0.002 1.00 [0.98; 

1.02]   0.980 

Muscle 
volum z-
score 

SD 0.63 [0.58; 
0.69] <0.001 0.63 [0.57; 

0.70] <0.001 0.71 [0.61; 
0.83] <0.001 0.60 [0.54; 

0.67] <0.001 0.79 [0.66; 
0.95]   0.012 0.69 [0.62; 

0.77] <0.001 

Muscle fat 
infiltration % 1.18 [1.14; 

1.22] <0.001 1.19 [1.15; 
1.24] <0.001 1.21 [1.14; 

1.27] <0.001 1.23 [1.19; 
1.28] <0.001 1.20 [1.11; 

1.29] <0.001 1.11 [1.07; 
1.16] <0.001 

Table S4 Cox proportional-hazard ratios (crude) of all-cause mortality for different strata of the UK Biobank data: (1) whole cohort, (2) whole 
cohort excluding participants with a previous cancer 1diagnosis at imaging, (3) women only, (4) men only, (5) younger participants (below 
median age of 64.7 years), and (6) older participants (above median age of 64.7 years). For categorical variables: non-alcoholic fatty liver 
disease (NAFLD) [yes/no], low muscle volume z-score [yes/no], high muscle fat infiltration [yes/no], adverse muscle composition (MC) and 
continuous variables: liver proton density fat fraction (PDFF) [%], muscle volume z-score [SD], muscle fat infiltration (MFI) [%]. CI, confidence 
interval; Ref, reference.



Variable Unit 

Whole cohort 
(N=40,174) 
Adjusted: sex, age, BMI 

Excluding cancer 
(N=35,628) 
Adjusted: sex, age, BMI 

Women 
(N=20,823) 
Adjusted: age, BMI 

Men 
(N=19,351) 
Adjusted: age, BMI 

Younger participants 
(N=20,084) 
Adjusted: sex, age, BMI 

Older participants 
(N=20,090) 
Adjusted: sex, age, BMI 

aHR 95% 
CI 

p-
value aHR 95% 

CI 
p-
value aHR 95% 

CI p-value aHR 95% 
CI p-value aHR 95% 

CI p-value aHR 95% 
CI 

p-
value 

NAFLD 
no Ref   Ref   Ref   Ref   Ref   Ref   

yes 0.93 [0.71; 
1.21]   0.567 0.89 [0.66; 

1.21]   0.461 0.81 [0.49; 
1.32]   0.397 0.99 [0.72; 

1.35]   0.938 0.73 [0.41; 
1.29]   0.277 1.00 [0.74; 

1.35]   0.988 

Low muscle 
volume  
z-score 

no Ref   Ref   Ref   Ref   Ref   Ref   

yes 1.54 [1.29; 
1.84] <0.001 1.52 [1.24; 

1.87] <0.001 1.50 [1.10; 
2.03]   0.009 1.55 [1.24; 

1.93] <0.001 1.51 [1.00; 
2.27]   0.048 1.53 [1.25; 

1.87] <0.001 

High muscle 
fat infiltration 
(MFI) 

no Ref   Ref   Ref   Ref   Ref   Ref   

yes 1.63 [1.35; 
1.99] <0.001 1.72 [1.38; 

2.15] <0.001 1.57 [1.12; 
2.19]   0.008 1.65 [1.29; 

2.10] <0.001 1.56 [1.01; 
2.41]   0.045 1.66 [1.33; 

2.06] <0.001 

Adverse 
muscle 
composition 

no Ref   Ref   Ref   Ref   Ref   Ref   

yes 1.94 [1.57; 
2.39] <0.001 1.88 [1.48; 

2.39] <0.001 2.02 [1.41; 
2.91] <0.001 1.86 [1.44; 

2.41] <0.001 2.23 [1.32; 
3.77]  0.003 1.89 [1.50; 

2.37] <0.001 

Liver PDFF % 1.00 [0.98; 
1.02]   0.864 1.01 [0.98; 

1.03]   0.559 1.02 [0.99; 
1.06]   0.232 0.99 [0.96; 

1.02]   0.548 1.03 [0.99; 
1.07]   0.140 0.99 [0.96; 

1.02]   0.458 

Muscle 
volum z-
score 

SD 0.78 [0.70; 
0.85] <0.001 0.77 [0.69; 

0.86] <0.001 0.83 [0.71; 
0.98]   0.025 0.75 [0.66; 

0.85] <0.001 0.84 [0.70; 
1.02]   0.073 0.76 [0.68; 

0.85] <0.001 

Muscle fat 
infiltration % 1.16 [1.11; 

1.21] <0.001 1.15 [1.10; 
1.22] <0.001 1.21 [1.14; 

1.27] <0.001 1.14 [1.08; 
1.21] <0.001 1.20 [1.11; 

1.29] <0.001 1.15 [1.10; 
1.21] <0.001 

Table S5 Cox proportional-hazard ratios (adjusted for sex and/or age, and BMI) of all-cause mortality for different strata of the UK Biobank 
data: (1) whole cohort, (2) whole cohort excluding participants with a previous cancer diagnosis at imaging, (3) women only, (4) men only, (5) 
younger participants (below median age of 64.7 years), and (6) older participants (above median age of 64.7 years). For categorical variables: 
non-alcoholic fatty liver disease (NAFLD) [yes/no], low muscle volume z-score [yes/no], high muscle fat infiltration [yes/no], adverse muscle 
composition (MC) and continuous variables: liver proton density fat fraction (PDFF) [%], muscle volume z-score [SD], muscle fat infiltration 
(MFI) [%]. CI, confidence interval; Ref, reference.



 

Variable Unit 
Unadjusted Model 1 

(+ sex, age, BMI) 
Model 2 
(+ low hand grip strength, 
smoking, alcohol)  

Model 3 
(+ previous cancer, coronary heart 
disease, type 2 diabetes) 

HR 95 % CI p-value HR 95 % CI p-value HR 95 % CI p-value HR 95 % CI p-value 
Adverse 
muscle 
composition 

no Ref   Ref   Ref   Ref   

yes 2.84 [1.70;4.75] <0.001 1.83 [1.08;3.12]   0.0251 1.82 [1.06;3.14]   0.0302 1.72 [1.00;2.98]   0.0514 

Sex female    Ref   Ref   Ref   
male    2.07 [1.22;3.50]   0.0067 2.31 [1.31;4.05]   0.0036 2.31 [1.31;4.08]   0.0039 

Age years    1.11 [1.07;1.16] <0.001 1.11 [1.06;1.16] <0.001 1.10 [1.06;1.15] <0.001 
BMI kg/m2    1.05 [1.00;1.10]   0.0721 1.04 [0.99;1.09]   0.1411 1.04 [0.99;1.09]   0.1546 
Low hand 
grip strength 

no       Ref   Ref   
yes       1.33 [0.67;2.66]   0.4171 1.41 [0.71;2.81]   0.3294 

Physical 
activity 

moderate       Ref   Ref   
low       1.40 [0.81;2.43]   0.2308 1.39 [0.80;2.41]   0.2411 
high       1.16 [0.62;2.15]   0.6445 1.17 [0.63;2.17]   0.6199 

Smoking 
status 

no       Ref   Ref   
previous       1.18 [0.72;1.93]   0.5192 1.17 [0.71;1.92]   0.5368 
current       0.66 [0.09;4.81]   0.6781 0.65 [0.09;4.80]   0.6749 

Alcohol 
consumption g/day       0.99 [0.95;1.02]   0.4206 0.99 [0.95;1.02]   0.4468 

Cancer no          Ref   
yes          1.90 [1.08;3.37]   0.0267 

Coronary 
heart 
disease 

no          Ref   

yes          1.14 [0.56;2.36]   0.7133 

Type 2 
diabetes 

no          Ref   
yes          1.20 [0.67;2.16]   0.5345 

Table S6 Cox proportional-hazard ratios of all-cause mortality within NAFLD (N=5,069) for adverse muscle composition (MC) [yes/no] 
including unadjusted hazard ratios (HRs) and subsequent adjustments for sex, age, BMI (Model 1); low hand grip strength, smoking status, 
alcohol consumption (Model 2); previous cancer, coronary heart disease, type 2 diabetes diagnosis (Model 3). BMI, body mass index; CI, 
confidence interval; Ref, reference. 
 



 

Variable Unit 
Unadjusted Model 1 

(+ sex, age, BMI) 
Model 2 
(+ low hand grip strength, 
smoking, alcohol)  

Model 3 
(+ previous cancer, coronary heart 
disease, type 2 diabetes) 

HR 95 % CI p-value HR 95 % CI p-value HR 95 % CI p-value HR 95 % CI p-value 
Muscle fat 
infiltration % 1.15 [1.07;1.24] <0.001 1.13 [1.03;1.24]   0.0097 1.14 [1.02;1.26]   0.0171 1.13 [1.01;1.26]   0.0263 

Sex female    Ref   Ref   Ref   
male    2.52 [1.46;4.35] <0.001 2.83 [1.57;5.10] <0.001 2.82 [1.55;5.12] <0.001 

Age years    1.11 [1.07;1.16] <0.001 1.10 [1.06;1.15] <0.001 1.10 [1.05;1.14] <0.001 
BMI kg/m2    1.02 [0.97;1.08]   0.4518 1.01 [0.95;1.07]   0.7091 1.01 [0.96;1.07]   0.6631 
Low hand 
grip strength 

no       Ref   Ref   
yes       1.39 [0.70;2.75]   0.3479 1.45 [0.73;2.87]   0.2914 

Physical 
activity 

moderate       Ref   Ref   
low       1.38 [0.80;2.39]   0.2523 1.36 [0.79;2.37]   0.2687 
high       1.15 [0.62;2.14]   0.6546 1.16 [0.62;2.15]   0.6388 

Smoking 
status 

no       Ref   Ref   
previous       1.19 [0.73;1.96]   0.4837 1.19 [0.72;1.95]   0.4975 
current       0.64 [0.09;4.72]   0.6642 0.63 [0.09;4.67]   0.6551 

Alcohol 
consumption g/day       0.99 [0.95;1.02]   0.4460 0.99 [0.95;1.02]   0.4742 

Cancer no          Ref   
yes          1.95 [1.10;3.44]   0.0214 

Coronary 
heart 
disease 

no          Ref   

yes          1.18 [0.57;2.41]   0.6571 

Type 2 
diabetes 

no          Ref   
yes          1.15 [0.64;2.08]   0.6394 

Table S7 Cox proportional-hazard ratios of all-cause mortality within NAFLD (N=5,069) for adverse muscle fat infiltration (MFI) [%] including 
unadjusted hazard ratios (HRs) and subsequent adjustments for sex, age, BMI (Model 1); low hand grip strength, smoking status, alcohol 
consumption (Model 2); previous cancer, coronary heart disease, type 2 diabetes diagnosis (Model 3). BMI, body mass index; CI, confidence 
interval; Ref, reference.



 

Variable Unit 
Unadjusted Model 1 

(+ sex, age, BMI) 
Model 2 
(+ low hand grip strength, 
smoking, alcohol)  

Model 3 
(+ previous cancer, coronary heart 
disease, type 2 diabetes) 

HR 95 % CI p-value HR 95 % CI p-value HR 95 % CI p-value HR 95 % CI p-value 
Muscle 
volume  
z-score 

% 0.70 [0.55;0.88]   0.0028 0.74 [0.56;0.96]   0.0248 0.75 [0.57;0.99]   0.0442 0.77 [0.58;1.02]   0.0688 

Sex female    Ref   Ref   Ref   
male    2.01 [1.18;3.40]   0.0098 2.24 [1.27;3.94]   0.0054 2.24 [1.26;3.98]   0.0058 

Age years    1.11 [1.07;1.16] <0.001 1.11 [1.06;1.15] <0.001 1.10 [1.06;1.15] <0.001 
BMI kg/m2    1.09 [1.03;1.14]   0.0021 1.08 [1.02;1.14]   0.0091 1.07 [1.01;1.14]   0.0151 
Low hand 
grip strength  

no       Ref   Ref   
yes       1.35 [0.68;2.69]   0.3880 1.41 [0.71;2.80]   0.3264 

Physical 
activity 

moderate       Ref   Ref   
low       1.19 [0.72;1.95]   0.5005 1.37 [0.79;2.37]   0.2674 
high       0.67 [0.09;4.91]   0.6927 1.17 [0.63;2.17]   0.6171 

Smoking 
status 

no       Ref   Ref   
previous       1.37 [0.79;2.38]   0.2628 1.18 [0.72;1.93]   0.5221 
current       1.16 [0.63;2.15]   0.6384 0.66 [0.09;4.85]   0.6829 

Alcohol 
consumption g/day       0.99 [0.95;1.02]   0.4491 0.99 [0.95;1.02]   0.4623 

Cancer  no          Ref   
yes          1.92 [1.09;3.40]   0.0242 

Coronary 
heart 
disease 

no          Ref   

yes          1.18 [0.58;2.42]   0.6526 

Type 2 
diabetes 

no          Ref   
yes          1.19 [0.66;2.13]   0.5691 

Table S8 Cox proportional-hazard ratios of all-cause mortality within NAFLD (N=5,069) for muscle volume z-score [SD] including unadjusted 
hazard ratios (HRs) and subsequent adjustments for sex, age, BMI (Model 1); low hand grip strength, smoking status, alcohol consumption 
(Model 2); previous cancer, coronary heart disease, type 2 diabetes diagnosis (Model 3). BMI, body mass index; CI, confidence interval; Ref, 
reference.



Supplementary figures 

 
Figure S1 Kaplan-Meier survival curves for all-cause mortality comparing NAFLD (blue) 
[N=5,069] and sex-, age- and BMI-matched controls (grey) [N=5,069] including counts 
participants at risk over time. Corresponding to the left panel in Figure 3.



 
Figure S2 Kaplan-Meier survival curves comparing NAFLD participants with adverse muscle composition (low muscle volume and high muscle 
fat) [yes/no], low muscle volume (muscle volume z-score < -0.68 SD) [yes/no], high muscle fat (muscle fat infiltration (MFI) > 8.82% for female 
participants and 7.69% for male participants, respectively) [yes/no]including counts of participants at risk over time. Corresponding to Figure 4.
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