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Abstract

Background Whether adiposity and muscle function are associated with mortality risk in patients with non-alcoholic
fatty liver disease (NAFLD) remains unknown. We examine the independent and combined associations of body mass
index (BMI) and muscle strength with overall mortality in individuals with NAFLD.
Methods We analysed data from 7083 participants with NAFLD in the Thai National Health Examination Survey and
their linked mortality. NAFLD was defined using a lipid accumulation product in participants without significant alcohol
intake. Poor muscle strength was defined by handgrip strength of <28 kg for men and <18 kg for women, according to
the Asian Working Group on Sarcopenia. The Cox proportional-hazards model was constructed to estimate the adjusted
hazard ratio (aHR) for overall mortality.
Results The mean age was 49.3 ± 13.2 years, and 69.4% of subjects were women. According to the Asian-specific
criteria, 1276 individuals (18.0%) were classified as lean NAFLD (BMI 18.5–22.9 kg/m2), 1465 (20.7%) were over-
weight NAFLD (BMI 23–24.9 kg/m2), and 4342 (61.3%) were obese NAFLD (BMI ≥ 25 kg/m2). Over 60 432 person-
years, 843 participants died. In Cox models adjusted for physiologic, lifestyle, and comorbid factors, individuals with
lean NAFLD [aHR 1.18, 95% confidence interval (CI): 0.95–1.48; P = 0.138] and subjects with overweight NAFLD
(aHR 1.28, 95% CI: 0.89–1.84; P= 0.158) had mortality risk estimates similar to their obese counterparts, whereas par-
ticipants with lower handgrip strength had significantly higher mortality risk than those with higher handgrip strength
in men and women. Compared with obese individuals with the highest handgrip strength, elevated mortality risk was
observed among men (aHR 3.21, 95% CI: 1.35–7.62, P = 0.011) and women (aHR 2.22, 95% CI, 1.25–3.93,
P=0.009) with poor muscle strength. Amongmen, poor muscle strength was associated with increased risk of mortality
with obese NAFLD (aHR 3.94, 95% CI, 1.38–11.3, P = 0.013), overweight NAFLD (aHR 2.93, 95% CI, 1.19–7.19,
P = 0.021), and lean NAFLD (aHR 2.78, 95% CI, 0.93–8.32, P = 0.065). Among women, poor muscle strength was as-
sociated with increased mortality risk with obese NAFLD (aHR 2.25, 95% CI, 1.06–4.76, P= 0.036), overweight NAFLD
(aHR 1.69, 95% CI, 0.81–3.51, P = 0.153), and lean NAFLD (aHR 2.47, 95% CI, 1.06–5.73, P = 0.037).
Conclusions In this nationwide cohort of individuals with NAFLD, muscle strength, but not BMI, was independently
associated with long-term overall mortality. Measuring handgrip strength can be a simple, non-invasive risk stratifica-
tion approach for overall mortality in patients with NAFLD.
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Introduction

Paralleling the increasing global prevalence of obesity and
metabolic syndrome, non-alcoholic fatty liver disease
(NAFLD) has been recognized as the most common liver dis-
ease worldwide.1 NAFLD has become a significant public
health concern because it is associated with increased
mortality.2 Obesity is a common clinical phenotype associ-
ated with NAFLD, which is linked to metabolic syndrome
and related comorbidities. However, a significant proportion
of patients with NAFLD have a normal body mass index
(BMI), denoted as lean NAFLD. This sub-phenotype of NAFLD
patients appears to be recognized more frequently in Asians,
even when strict ethnicity-specific criteria define obesity. Sev-
eral studies demonstrated that lean subjects with NAFLD
have milder features of metabolic syndrome when compared
with obese individuals.3–7 The available data on liver disease
progression and overall mortality between lean and obese
NAFLD are limited and contradictory. In a multi-ethnic NAFLD
cohort from the United States, the development of advanced
fibrosis was lower in non-obese individuals compared with
their obese counterparts.8 A Swedish cohort of patients with
lean NAFLD showed no increased mortality compared with
patients with a higher BMI.9 In contrast, an international co-
hort study reported increased mortality for patients with lean
NAFLD compared with those with higher BMI.10 The differ-
ences in clinical outcomes observed in these studies could
be due to residual confounding by only including patients
with biopsy-proven NAFLD. Consequently, the clinical
phenotype of NAFLD determined by BMI as the measure of
adiposity is still debatable.

The mechanisms underlying the development and progres-
sion of NAFLD are largely unknown. Emerging evidence
suggests that low skeletal muscle mass or pre-sarcopenia
contributes to the risk of developing NAFLD and advanced
fibrosis.11–14 Indeed, skeletal muscle is the primary tissue re-
sponsible for insulin-mediated glucose disposal and plays an
important role in glucose homeostasis and insulin resistance,
which are vital in the pathogenesis of NAFLD.15 Muscle
strength as a marker of muscle quality is closely related to
muscle mass, which is reduced with ageing. It has also been
demonstrated that muscle function is more important than
muscle mass when estimating mortality risk.16 Many epide-
miological studies highlight that lower muscle strength is as-
sociated with higher mortality.17–19 Resistance training has
been widely studied in NAFLD as an exercise intervention that
improves hepatic fat, insulin sensitivity, and muscle strength,
illustrating the significance of skeletal muscle in health.20

Nonetheless, we still do not know whether muscle strength
affects mortality varied by BMI status in individuals with
NAFLD. Therefore, this longitudinal study aimed to investi-
gate the independent and combined associations of BMI
and muscle strength on all-cause mortality in persons with
NAFLD using nationwide health examination cohort data.

Methods

Study population

The Fourth Thai National Health Examination Survey is a
nationally representative survey that employs a complex
multistage, stratified strategy to monitor the general health
and nutrition status of the Thai civilian, non-institutionalized
population.21 Of 21 960 persons from the Fourth Thai
National Health Examination Survey during 2008–2009, we
initially selected 18 323 persons aged ≥ 18 years (Figure 1).
Subjects with BMI < 18.5 kg/m2 (n = 1689) and missing
data for handgrip strength, BMI, and alcohol use (n = 473)
were excluded. In addition, 3430 subjects who had weekly
alcohol consumption of >210 g/week for men and
>140 g/week for women or other possible causes of
chronic liver disease were excluded. Of 12 731 individuals
without significant alcohol intake, 7083 participants were
diagnosed with NAFLD, and 5648 subjects were classified
as non-NAFLD according to the lipid accumulation product
(LAP) (Figure 1).

Definition of non-alcoholic fatty liver disease

Lipid Accumulation Product was used as a parameter for
the diagnosis of NAFLD.22 LAP was calculated using
different formulae for women (waist circumference
(WC)[cm] � 58) × (triglyceride[mmol/L]) and men
(WC[cm] � 65) × (triglyceride[mmol/L]), which include the mini-
mum sex-specific WC values.22 This model is a validated
method for diagnosing NAFLD in the general population.22

Subjects were presumed to have NAFLD if their LAP score
was ≥30.5 in men and ≥23.0 in women.

Handgrip strength measurement

Handgrip strength, as a proxy for muscle strength, was mea-
sured by using a digital dynamometer (TKK 5401, GRIP-A;
Takei, Niigata, Japan). Isometric grip force was assessed
from a single 3 s maximal grip effort of the right-side and
left-side arms with participants seated upright with their el-
bow by their side and flexed at 90°. The average of the
right-side and left-side values, expressed in absolute units
(kilograms), was used for the analysis. To account for bio-
logical differences in handgrip strength within sex groups,
poor muscle strength was determined using the values of
handgrip strength < 28 kg for men and <18 kg for women,
according to the Asian Working Group on Sarcopenia 2019
consensus.23
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Data collection measurements

Face-to-face interviews with research nurses utilizing stan-
dardized questions were used to obtain all data. Never
smokers, former smokers, and current smokers were all cate-
gorized. Alcohol use was calculated based on self-reported
questionnaire items about the frequency and amount of alco-
hol consumed per day during the previous 12 months. Phys-
ical activity was assessed by using the Global Physical Activity
Questionnaire, and a high-leisure-time physical activity
(LTPA) level was defined as engaging in moderate or
vigorous-intensity activity for ≥20 min at a time and at least
three times weekly.

Blood pressure, weight, height, and WC were measured
using standard procedures. BMI was calculated as weight
(kg) divided by the square of the standing height (m2), and
subjects were categorized into lean (BMI 18.5–22.9 kg/m2),
overweight (BMI 23–24.9 kg/m2), and obese (BMI ≥ 25 kg/m2)
following the Asian-specific criteria.24 Metabolic syndrome
was diagnosed in individuals meeting three of the five follow-
ing criteria: (1) hyperglycaemia (fasting glucose ≥ 100 mg/dL)
or previously diagnosed type 2 diabetes mellitus
(fasting glucose ≥ 126 mg/dL or treatment with antidiabetic
medications), (2) hypertriglyceridemia (fasting triglycerides
≥ 150 mg/dL), (3) hypertension (systolic blood
pressure ≥ 130 and/or diastolic blood pressure ≥ 85 mmHg),
(4) low high-density lipoprotein cholesterol (HDL-C)
(<40 mg/dL in men & <50 mg/dL in women), and (5) central
obesity (WC ≥ 80 cm in women and ≥90 cm in men for
Asian).25 Charlson comorbidity index (CCI) score was com-
puted for each patient to measure comorbidity.26

Blood samples were obtained from an antecubital vein
after an overnight fast. The samples were transferred for

the determination of fasting plasma glucose using the
hexokinase method. Total cholesterol, low-density lipopro-
tein cholesterol, HDL-C, and triglyceride were measured by
homogeneous enzymatic colorimetric methods.

Mortality status

The mortality status was determined by linking the NHES data
to the Ministry of Interior’s National Civil Registration and
Vital Statistics System, which systematically gathers data on
the death of all Thai residents. Time to death was counted
from the date of the NHES survey participation to the date
of death or 31 December 2019, whichever came first. All par-
ticipants provided written informed consent during the initial
assessment. The study was carried out following the Declara-
tion of Helsinki and was approved by the Institutional Review
Board.

Statistical analysis

STATA Version 14.0 was used for all analyses (StataCorp LP,
College Station, Texas, USA). The statistical analyses were
weighted to account for the complex survey design. Baseline
characteristics of participants with NAFLD across the BMI cat-
egory and handgrip strength quartile were compared by
one-way analysis of variance or Kruskal–Wallis tests or by χ2

tests, when appropriate. Post hoc multiple comparison analy-
sis was performed with Bonferroni correction. The survival
analysis of subjects with NAFLD stratified by BMI category
and muscle strength quartile was performed using the

Figure 1 Flow diagram of the study population. LAP, lipid accumulation product; NAFLD, non-alcoholic fatty liver disease; NHES-IV, National Health
Examination Survey IV.
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Kaplan–Meier method, and the log-rank test was used to
compare survival distribution between groups.

The rates of overall mortality were calculated and
expressed as deaths per 1000 person-years at risk. Cox
proportional-hazards regression models were used to esti-
mate multivariable-adjusted hazard ratios (aHRs) for overall
mortality. Models were adjusted for age and then further ad-
justed for sex, smoking status, alcohol use, physical activity,
and handgrip strength (for models related to BMI) or BMI
(for models related to handgrip strength). Because it has
been suggested that insulin resistance and comorbid diseases
are in the causal pathway between low muscle strength
and death, the second model was then adjusted for
hyperglycaemia/diabetes and CCI. Furthermore, the relation-
ship between handgrip strength and all-cause mortality was
examined using the penalized spline smoothing method with
multivariate adjustment. To investigate the relationship be-
tween BMI and handgrip strength on overall mortality, the
P value for interaction was calculated. Finally, we analysed
the combined effects of handgrip strength and BMI on overall
mortality for both men and women.

In sensitivity analyses, individuals who died within
12 months of enrolment were excluded from the multivariate

analysis to reduce the possibility of reverse causation. Sub-
jects with serious illness at the time of the survey may have
reduced grip strength due to the disease being more likely
to die. To address the possibility that NAFLD per se
confounded the effect of BMI and handgrip strength on
mortality, multivariate Cox proportional hazard models were
constructed for a cohort of 12 731 participants who did not
consume significant amounts of alcohol in which full models
were finally adjusted for NAFLD status.

Results

Population characteristics

A total of 7083 participants met the definition of NAFLD.
Mean age at baseline was 49.3 ± 13.2 years, and mean BMI
was 26.8 ± 4.04 kg/m2. A total of 1276 individuals (18.0%)
were classified as lean NAFLD, 1465 (20.7%) were overweight
NAFLD, and 4342 (61.3%) were obese NAFLD. The baseline
characteristics of the study population according to the BMI
category are in Table 1.

Table 1 Baseline characteristics of patients with NAFLD stratified by BMI category

Characteristics

BMI category

P value ComparisonOverall
Lean(a)

(<23 kg/m2)
Overweight(b)

(23–24.9 kg/m2)
Obese(c)

(≥25 kg/m2)

Number (%) 7083 1276 (18.0) 1465 (20.7) 4342 (61.3)
Male gender, n (%) 2165 (30.6) 351 (26.6) 546 (36.1) 1268 (28.8) 0.003 a ≠ b, b ≠ c
Age, years 49.5 ± 13.2 53.2 ± 15.2 50.4 ± 13.4 48.3 ± 12.4 <0.001 a ≠ b ≠ c
Waist circumference, cm 87.3 ± 9.5 78.2 ± 5.4 82.4 ± 5.4 91.2 ± 9.0 <0.001 a ≠ b ≠ c
Alcohol intake, n (%) 1334 (18.8) 233 (24.7) 314 (25.9) 787 (22.3) 0.118
Current smoking, n (%) 804 (11.4) 178 (14.1) 201 (16.2) 425 (11.5) <0.001 a ≠ c, b ≠ c
High LTPA, n (%) 5187 (74.2) 869 (77.8) 1072 (78.6) 3246 (82.2) 0.055
Charlson comorbidity index 1.33 ± 0.66 1.39 ± 0.75 1.33 ± 0.67 1.31 ± 0.63 0.003 a ≠ c
Metabolic syndrome, n (%) 3557 (50.2) 501 (26.9) 604 (31.1) 2452 (51.8) <0.001 a ≠ c, b ≠ c
Hyperglycaemia/diabetes 2398 (33.9) 368 (21.8) 483 (24.4) 1547 (28.1) 0.039 a ≠ c
Hypertension 4279 (60.4) 682 (37.1) 847 (44.2) 2750 (52.7) <0.001 a ≠ b ≠ c
Hypertriglyceridemia 4279 (60.4) 920 (72.7) 932 (64.8) 2,427 (57.4) <0.001 a ≠ b ≠ c
Low HDL-C 4613 (65.1) 873 (68.2) 959 (64.4) 2781 (67.2) 0.282
Central obesity 5638 (70.8) 551(38.9) 1035 (67.4) 4052 (92.8) <0.001 a ≠ b ≠ c

Glucose, mg/dL 91 (83–104) 89 (82–100) 91 (82–103) 92 (84–105) 0.001 a ≠ b ≠ c
Total cholesterol, mg/dL 221 (192–251) 220 (187–253) 221 (192–253) 221 (193–250) 0.643
LDL-C, mg/dL 140 (112–168) 135 (107–166) 140 (109–167) 141 (115–168) 0.001 a ≠ c
HDL-C, mg/dL 43 (37–50) 42 (36–49) 42 (36–49) 43 (37–50) 0.001 a ≠ c, b ≠ c
Triglycerides, mg/dL 168 (127–226) 183 (145–243) 174 (135–241) 160 (120–214) <0.001 a ≠ b ≠ c
Handgrip strength, kg 25.1 (20.2–31.1) 22.6 (18.2–27.4) 25.1 (20.1–31.8) 25.9 (21–32.1) <0.001 a ≠ b ≠ c

BMI, body mass index; BP, blood pressure; LDL-C, low-density lipoprotein cholesterol; LTPA; leisure-time physical activity; HDL-C,
high-density lipoprotein cholesterol.
Data are presented as the mean ± standard deviation or number (percentage). Characteristics of participants with NAFLD across the BMI
category were compared by one-way analysis of variance or Kruskal–Wallis tests or by χ2 tests, when appropriate. Post hoc multiple com-
parison analysis was performed with Bonferroni correction. a ≠ b ≠ c: There is statistical difference among BMI < 23 kg/m2 (a), BMI
23–24.9 kg/m2 (b), and BMI ≥ 25 kg/m2 (c). a ≠ b, a ≠ c: There is statistical difference between BMI < 23 kg/m2 (a) and BMI
23–24.9 kg/m2 (b) and between BMI < 23 kg/m2 (a) and BMI ≥ 25 kg/m2 (c), while there is no statistical difference between BMI
23–24.9 kg/m2 (b) and BMI ≥ 25 kg/m2 (c). b ≠ c: There is statistical difference between BMI 23–24.9 kg/m2 (b) and BMI ≥ 25 kg/m2

(c). a ≠ b, b ≠ c: There is statistical difference between BMI < 23 kg/m2 (a) and BMI 23–24.9 kg/m2 (b) and between BMI 23–24.9 kg/
m2 (b) and BMI ≥ 25 kg/m2 (c), while there is no statistical difference between BMI < 23 kg/m2 (a) and BMI ≥ 25 kg/m2 (c). a ≠ b,
b ≠ c: There is statistical difference between BMI < 23 kg/m2 (a) and BMI 23–24.9 kg/m2 (b) and between BMI 23–24.9 kg/m2 (b) and
BMI ≥ 25 kg/m2 (c), while there is no statistical difference between BMI < 23 kg/m2 (a) and BMI ≥ 25 kg/m2 (c).
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Participants with lean NAFLD were more likely to be older,
current smokers, and had higher CCI scores but had lower
low-density lipoprotein cholesterol and handgrip strength
values than those with obese NAFLD. Overweight subjects
with NAFLD were also likely to be older, male gender, current
smokers, and had lower handgrip strength than obese
counterparts. The features of metabolic syndrome except
hypertriglyceridemia were present less commonly among
lean and overweight subjects compared with obese subjects.
Conversely, lean and overweight subjects had higher triglycer-
ide concentrations but lower HDL-C values than obese individ-
uals. The proportion of subjects with central obesity was
significantly lower in the lean group than the overweight
and obese groups.

All NAFLD phenotypes were of similar modest alcohol in-
take. LTPA was not substantially different in the lean and
overweight groups compared with the obese group (77.8%
vs. 78.6% vs. 82.2%, respectively), but there was a trend
towards higher LTPA in the obese group (P = 0.055).

All-cause mortality among non-alcoholic fatty liver
disease individuals stratified by body mass index
categories

The mean follow-up period for the study cohort was
8.52 ± 1.43 years (range: 0.76–8.96). During the 60 432
person-years of follow-up, 843 participants with NAFLD died,
and the cumulative all-cause mortality was 13.9 per 1000
person-years. Overall mortality was higher among subjects
with lean NAFLD than those with obese NAFLD [20.7 vs.

11.7 per 1000 person-years, HR 1.32, 95% confidence interval
(CI), 1.17–1.48; P < 0.001] (Figure 2). Compared with sub-
jects with obese NAFLD, subjects with overweight NAFLD
had significantly higher overall mortality (HR 1.53, 95% CI,
1.07–2.19; P = 0.022). However, after adjusting for age,
sex, current smoking, alcohol use, high LTPA, CCI,
hyperglycaemia/diabetes, and handgrip strength, participants
with lean NAFLD (aHR 1.18, 95% CI, 0.95–1.48, P = 0.138) and
subjects with overweight NAFLD (aHR 1.28, 95% CI:
0.89–1.84, P = 0.158) have non-significantly higher overall
mortality than persons with obese NAFLD.

In the multivariable-adjusted model for mortality risk, we
found significant effects of age (aHR 1.04 per 1 year increase,
95% CI, 1.01–1.07, P = 0.005), male gender (aHR 2.24, 95% CI,
1.61–3.40, P < 0.001), current smoking (aHR 1.37, 95% CI,
1.05–1.80, P = 0.024), CCI (aHR 1.42 per 1 score increase,
95% CI, 1.28–1.58, P < 0.001), hyperglycaemia/diabetes
(aHR 1.30, 95% CI, 1.08–1.56, P = 0.009), and handgrip
strength (aHR 0.96 per 1 kg increase, 95% CI, 0.93–0.98,
P = 0.002) on all-cause death among participants with NAFLD
(Supporting Information, Figure S1).

Handgrip strength and the risk of all-cause
mortality

We further explored characteristics of the study population
by handgrip strength quartile among each gender
(Tables S1 and S2). In both men and women with NAFLD,
subjects in the lowest quartile for strength (Q1) were
older and had higher CCI scores and more frequently

Figure 2 Kaplan–Meier survival curves for participants with non-alcoholic fatty liver disease according to body mass index category.
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hyperglycaemia/diabetes and hypertension than those in the
highest handgrip strength group (Q4). Subjects in the highest
quartile for strength were younger, more likely to be obese,
and often had modest alcohol consumption and higher levels
of LTPA in comparison with those in the lowest handgrip
strength group. Men with high handgrip strength and women
with low handgrip strength had significantly higher total
cholesterol and triglyceride levels. Current smoking was ob-
served in a more significant proportion of men among the
higher quartile of strength and women among the lower
quartile of strength.

When handgrip strength was treated as an ordinal variable
using quartile, participants with lower handgrip strength had
significantly lower survival than those with higher handgrip
strength in men and women (Figure 3). Adjusting for age,
BMI category, alcohol use, current smoking, high LTPA, CCI,
and hyperglycaemia/diabetes did not markedly change these
associations. Among men, adjusted HRs for all-cause mortal-
ity were 3.21 (95% CI, 1.35–7.62, P = 0.011) for the lowest
handgrip strength quartile (Q1), 2.78 (95% CI, 1.39–5.58,
P = 0.006) for the Q2, and 2.76 (95% CI, 1.41–5.41,

P = 0.005) for the Q3 in comparison with the highest handgrip
strength quartile (Q4). For women, the Q1 (aHR 2.22, 95% CI,
1.25–3.93, P = 0.009) and the Q2 (aHR 1.95, 95% CI,
1.12–3.38, P = 0.021) was associated significantly with higher
mortality risk in comparison with the Q4, whereas the Q3 did
not exhibit a significant association with increased mortality
(aHR 1.64, 95% CI, 0.77–3.51, P = 0.190).

Furthermore, the association between the continuous
measure of handgrip strength at baseline and all-cause death
demonstrated an inverse association between handgrip
strength and risk of death after adjusting for all potential con-
founders both in men and women (Figure 4). The curve
showed a significantly increased risk of mortality in persons
with poor muscle strength defined by handgrip strength of
<28 kg for men and <18 kg for women compared with those
with the strongest handgrip strength in the fully adjusted
model.

Figure 3 Kaplan–Meier survival curves for men (A) and women (B) with
non-alcoholic fatty liver disease according to quartile of handgrip
strength.

Figure 4 The relationship between handgrip strength at baseline and
all-cause mortality in (A) men and (B) women using the penalized spline
smoothing method with multivariate adjustment. Models are adjusted
for age, BMI category, current smoking, alcohol use, leisure-time physical
activity, Charlson comorbidity index, and hyperglycaemia/diabetes. The
coloured area represents 95% confidence intervals to the relative risk
(adjusted hazards ratio) estimate.
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All-cause mortality of non-alcoholic fatty liver
disease according to combinations of body mass
index and handgrip strength

To determine whether BMI was a significant factor in the as-
sociation between handgrip strength and overall mortality,
tests for interactions between the BMI category and the
handgrip strength quartile in full models did not show evi-
dence of interactions between BMI and handgrip strength
on mortality among men and women (P values for interac-
tion = 0.693 and 0.615, respectively). We further investigated
the combined associations of muscle strength and BMI with
mortality in persons with NAFLD and performed the stratified
analysis of mortality risk for each BMI category according to
the handgrip strength quartile (Table 2). Obese subjects with
the highest handgrip strength quartile were the reference
group. Among male participants, weaker handgrip strength
was associated with higher mortality risk across the BMI cat-
egory after adjusting for age, smoking status, alcohol use, and
high LTPA. Additional adjustment for pre-existing comorbidi-
ties using CCI and hyperglycaemia/diabetes underscored the
significant associations between low handgrip strength and
high mortality risk for obese and overweight NAFLD. The
highest mortality risk was among overweight participants
with the handgrip strength between 35 and 40 kg (Q3) (aHR
4.89, 95% CI, 2.10–11.4, P = 0.001) relative to obese partici-
pants with the highest handgrip strength. Poor muscle
strength defined by a handgrip strength of <28 kg (Q1) was
associated significantly with overall mortality among men
with obese NAFLD (aHR 3.94, 95% CI, 1.38–11.3, P = 0.013)
and overweight NAFLD (aHR 2.93, 95% CI, 1.19–7.19,
P = 0.021) after full adjustment (Table 2). Men with lean
NAFLD and poor muscle strength had a significantly higher
mortality risk (aHR 3.02, 95% CI, 1.05–8.73, P = 0.042) in com-
parison with obese NAFLD men with the highest grip strength
in Model 1 but did not exhibit a significant association (aHR
2.78, 95% CI, 0.93–8.32, P = 0.065) in the fully adjusted
model.

Among female participants, the risk of death increased
with decreasing handgrip strength across all BMI categories.
Overweight women with handgrip strength between 23.1
and 27 kg (Q3) had the most substantial effect on death
(aHR 3.46, 95% CI, 1.09–11.0, P = 0.036) after total
adjustment. The excess mortality risk of poor muscle strength
defined by a handgrip strength of <18 kg (Q1) was signifi-
cantly high among women with obese NAFLD (aHR 2.25,
95% CI, 1.06–4.76, P = 0.036) and lean NAFLD (aHR 2.47,
95% CI, 1.06–5.73, P = 0.037) in the fully adjusted model.
Overweight women with poor muscle strength had a signifi-
cantly higher mortality risk (aHR 2.20, 95% CI, 1.08–4.50,
P = 0.032) in comparison with obese women with the highest
grip strength in Model 1 but did not exhibit a significant asso-
ciation with all-cause mortality (aHR 1.69, 95% CI, 0.81–3.51,
P = 0.153) in the fully adjusted model.

We performed sensitivity analyses by excluding partici-
pants who died during the first year of their follow-up (Table
S3). Excluding these subjects had no discernible impact on
the associations between handgrip strength and mortality
among both genders of all BMI levels.

Combinations of body mass index and handgrip
strength on mortality among persons without
significant alcohol consumption

We conducted analyses to determine the possibility that the
combined effects of BMI and handgrip strength on mortality
might be confounded by NAFLD status (Table 3). Among sub-
jects without significant alcohol use, the risk of death
increased with decreasing handgrip strength across all BMI
categories in men after adjusting for age, smoking status,
alcohol use, high LTPA, CCI, and hyperglycaemia/diabetes.
Further adjustment with NAFLD status had little effect on
the association between handgrip strength and mortality in
men for all BMI categories. The detrimental effect of low
handgrip strength on mortality was weaker and did not reach
statistical significance among obese and overweight women.
Poor muscle strength was associated significantly with
all-cause mortality among lean women (aHR 2.55, 95% CI,
1.17–5.55, P = 0.021) after adjusting for age, lifestyle, comor-
bidities, and NAFLD.

Discussion

The major finding from this nationwide, population-based co-
hort study was the observation that subjects with lean or
overweight NAFLD had a comparable risk of overall mortality
as those with obese NAFLD when controlling for relevant con-
founders. This study also discovered that reduced muscle
strength is linked to an increased risk of all-cause mortality
in subjects with NAFLD, even after adjusting for physiologic,
lifestyle, and comorbid determinants. Low muscle strength
predicts mortality in both men and women with NAFLD
across BMI categories.

Our study shows that 18% of the NAFLD population were
lean even using the conservative lower BMI for Asian popula-
tions. This finding is similar to a global prevalence of 19.2%
(95% CI, 15.9–23.0) reported in a meta-analysis.27 About a
quarter (26.9%) of lean individuals and one-third (31.1%) of
overweight subjects had metabolic syndrome as compared
with a half (51.8%) of obese participants. This finding sug-
gests that in a proportion of individuals with NAFLD, other
pathophysiological factors may exist that link to NAFLD but
are independent of the traditional insulin resistance-related
comorbidities. Sarcopenia or a loss of skeletal muscle mass
and function seems to be associated with NAFLD among
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individuals with normal BMI. Growing evidence has shown
that low skeletal muscle mass (pre-sarcopenia) is associated
with increased risks of NAFLD and advanced fibrosis, inde-
pendent of obesity or metabolic control.12,28–31 In a large
Asian cohort, handgrip strength was used as a proxy for
skeletal muscle function, and the results revealed an inverse
relationship between handgrip strength and NAFLD.32 In line
with this finding, our study showed that muscle strength dec-
rements were consistently associated with a higher preva-
lence of lean NAFLD. The association between weak muscle
strength and lean NAFLD was shown to be more pronounced
in men than in women. This might partly be explained by dif-
ferences in lifestyle behaviours between men and women (e.
g. modest alcohol intake, current smoking, and LTPA), which
could affect the observed association. Several studies have
uncovered associations between several genetic variants
and the natural history of NAFLD, independent of insulin
resistance33; however, genetic analysis was not performed
in our cohort. Further studies are needed to explore how en-
vironmental factors, including physical activity, diet composi-

tion, and drinking habits, interact with genetic variations
among these individuals.

The prognosis of lean or non-obese individuals with NAFLD
continues to be debated. Liver disease progression, especially
the development of advanced fibrosis, was less rapid in
non-obese patients with NAFLD from the Hong Kong cohort
than their obese counterparts.8 Furthermore, clinically rele-
vant outcomes such as liver failure, hepatocellular carcinoma,
and overall mortality were lower in non-obese patients than
those with obese NAFLD.8 These findings are supported by
data from a Swedish cohort demonstrating that patients with
lean NAFLD had no increased risk of mortality throughout a
20 year follow-up.9 A Caucasian cohort from four counties re-
ported no difference in survival between lean and non-lean
individuals.34 In contrast, a multi-ethnic and international
cohort showed that lean patients with NAFLD had a consider-
ably lower cumulative survival than their obese counterparts
over an 11 year follow-up period.10 However, the results of
these studies might be hampered by recruiting only individ-
uals undergoing liver biopsies in academic centres, implying

Table 3 The overall mortality of all participants who did not use significant amounts of alcohol stratified by BMI category and handgrip strength

Deaths per 1000 person-years Adjusted HR (95% CI)

Total population
(n = 12 731)

NAFLD
(n = 7083)

Non-NAFLD
(5648)

Multivariable
model P value Full model P value

Men (n = 5070)
BMI ≥ 25 kg/m2 (n = 1617)
Quartile 4 (>40 kg) 4.09 4.58 2.15 Reference Reference
Quartile 3 (35–40 kg) 9.14 10.4 4.39 2.66 (1.47–4.84) 0.003 2.65 (1.46–4.81) 0.003
Quartile 2 (28–34.9 kg) 18.2 19.7 12.5 3.01 (1.10–8.28) 0.035 2.97 (1.08–8.18) 0.037
Quartile 1 (<28 kg) 45.4 48.0 38.3 5.68 (2.26–14.3) 0.001 5.50 (2.23–13.6) 0.001

BMI 23–24.9 kg/m2 (n = 1104)
Quartile 4 (>40 kg) 3.69 3.91 3.50 1.62 (0.39–6.62) 0.486 1.53 (0.38–6.21) 0.536
Quartile 3 (35–40 kg) 11.4 13.0 9.76 4.15 (1.72–10.0) 0.003 3.96 (1.69–9.31) 0.003
Quartile 2 (28–34.9 kg) 16.4 21.8 11.0 3.32 (1.89–5.85) <0.001 3.12 (1.76–5.51) <0.001
Quartile 1 (<28 kg) 39.2 41.8 36.8 4.32 (1.82–10.3) 0.002 4.03 (1.73–9.38) 0.003

BMI < 23 kg/m2 (n = 2349)
Quartile 4 (>40 kg) 2.68 9.74 2.04 0.98 (0.31–3.12) 0.966 0.85 (0.27–2.75) 0.785
Quartile 3 (35–40 kg) 8.94 10.4 8.73 3.33 (1.37–8.13) 0.011 2.97 (1.23–7.16) 0.018
Quartile 2 (28–34.9 kg) 19.7 23.7 19.0 3.84 (1.72–8.57) 0.002 3.40 (1.56–7.40) 0.004
Quartile 1 (<28 kg) 45.1 46.1 44.9 6.60 (2.50–17.4) 0.001 5.80 (2.30–14.6) 0.001

Women (n = 7661)
BMI ≥ 25 kg/m2 (n = 3547)
Quartile 4 (>27 kg) 2.38 2.22 3.31 Reference Reference
Quartile 3 (23.1–27 kg) 5.46 5.93 3.00 0.80 (0.41–1.52) 0.463 0.78 (0.40–1.53) 0.449
Quartile 2 (18–23 kg) 11.7 12.4 6.73 1.54 (0.90–2.64) 0.108 1.50 (0.85–2.65) 0.151
Quartile 1 (<18 kg) 22.8 24.1 11.1 1.81 (0.93–3.53) 0.079 1.72 (0.85–3.51) 0.125

BMI 23–24.9 kg/m2 (n = 1443)
Quartile 4 (>27 kg) 2.45 3.54 1.38 1.08 (0.35–3.27) 0.891 1.01 (0.33–3.10) 0.981
Quartile 3 (23.1–27 kg) 5.63 7.39 2.98 2.41 (0.81–7.12) 0.107 2.28 (0.71–7.33) 0.157
Quartile 2 (18–23 kg) 10.0 12.3 5.76 0.88 (0.46–1.68) 0.686 0.84 (0.42–1.67) 0.598
Quartile 1 (<18 kg) 24.6 25.8 20.6 1.59 (0.99–2.54) 0.051 1.46 (0.84–2.55) 0.166

BMI < 23 kg/m2 (n = 2671)
Quartile 4 (>27 kg) 2.28 1.02 2.65 1.44 (0.52–3.96) 0.465 1.28 (0.47–3.48) 0.617
Quartile 3 (23.1–27 kg) 3.98 7.77 2.36 1.57 (0.83–2.98) 0.159 1.42 (0.69–2.93) 0.328
Quartile 2 (18–23 kg) 13.7 19.6 10.3 2.31 (1.21–4.40) 0.014 2.04 (0.90–4.62) 0.086
Quartile 1 (<18 kg) 32.5 31.5 33.3 2.87 (1.51–5.46) 0.003 2.55 (1.17–5.55) 0.021

BMI, body mass index; HR, hazards ratio.
The multivariable model was adjusted for age, current smoking, alcohol intake, high-leisure-time physical activity, Charlson comorbidity
index, and hyperglycaemia/diabetes. The full multivariable model was Model 1 plus an adjustment for NAFLD.
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that there could be selection bias. In our nationwide,
population-based cohort of NAFLD, lean or overweight sub-
jects with NAFLD had a higher incidence of all-cause mortality
despite having a more favourable metabolic profile than
obese individuals with NAFLD. However, the prognostic signif-
icance of lean NAFLD and overweight NAFLD did not exist af-
ter adjusting for health, lifestyle, and comorbid factors. This
suggests that pathophysiologic drivers of the disease may
be variables other than adiposity as evaluated by BMI.
Handgrip strength was revealed to be an independent risk
factor for mortality in our Cox regression analysis, indicating
that muscle quality is a significant prognostic marker for
NAFLD.

Sarcopenia has been recognized as a comorbidity associ-
ated with poor prognosis in patients with liver cirrhosis.35

The majority of studies assessing the relationship between
sarcopenia and NAFLD rely only on objective measurements
of skeletal muscle mass.11–14,36 Low skeletal muscle index, a
proxy for the loss of muscle mass, has been associated with
an increased risk of overall mortality in individuals with
NAFLD.37 However, sarcopenia must be diagnosed by a de-
cline in skeletal muscle strength or performance. Thus, the
prognostic relevance of sarcopenia in patients with NAFLD
is yet unknown. To our knowledge, this is the first study
exploring the relationship between handgrip strength and
mortality among patients with NAFLD. We found an inversed
relationship between muscle strength and all-cause mortality,
with the substantial risk at the lowest handgrip strength
quartile in the fully adjusted model incorporating age, BMI,
lifestyle behaviours, and comorbidities. As defined by weak
handgrip strength using the Asian Working Group on Sarco-
penia definition, poor muscle strength was consistently asso-
ciated with an increased risk of all-cause death among NAFLD
individuals across BMI categories. Surprisingly, the highest
mortality risk was observed in overweight subjects at the
third quartile of handgrip strength. This finding might be at-
tributable to residual confounding from unmeasured factors,
such as weight changes over time, which could cause esti-
mates in our data to be non-linearity. It was shown that
weight loss or gain was associated with increased mortality
risk in overweight people.38

There are several potential mechanisms by which low mus-
cle strength predispose to death. A progressive decline in
muscle strength is often a consequence of subclinical illnesses
and other unfavourable physiological processes in the body.
Insulin resistance and chronic inflammation have also been
demonstrated as pathophysiological pathways linked to
sarcopenia.39 In this regard, the adjustment for CCI and
hyperglycaemia/diabetes attenuated the unfavourable effects
of low muscle strength on mortality, suggesting an essential
role of chronic conditions and insulin resistance in the
pathway towards decreasing muscle strength. We performed
sensitivity analyses by excluding subjects who died within the
first year of follow-up in order to account for other unmea-

sured confounders. The exclusion did not change the mortal-
ity risk associated with low muscle strength.

To ensure the prognostic significance of handgrip strength
on overall mortality, we examined data from the cohort of
participants who did not consume significant amounts of al-
cohol. The analyses revealed that decreasing handgrip
strength significantly impacted overall mortality in men for
all BMI categories after adjusting for age, lifestyle habits,
and comorbidities. It has been shown that NAFLD is associ-
ated with low skeletal muscle mass.11–14 Therefore, NAFLD
can distort the studied association. In our full models, the ad-
justment of NAFLD had a minimal influence on the associa-
tion of handgrip strength and BMI on mortality. These data
support the notion that muscle strength is a physiologic activ-
ity marker related to mortality risk. However, only lean
women with poor muscle strength had a considerably higher
risk of death. No significant associations were found between
handgrip strength and overall mortality among obese and
overweight women. The obesity paradox, which refers to ev-
idence showing that obesity in subjects with several chronic
diseases may be protective and associated with decreased
mortality, might be a possible explanation for this finding.40

The strength of our study is the use of a large-scale popu-
lation with standardized measures for collecting covariates.
In addition, the mortality risk with muscle strength was calcu-
lated after accounting for a number of known confounders to
strengthen the validity of the results. Finally, sensitivity
analyses were performed to ensure that the findings were re-
liable. However, this study has some limitations. First, we uti-
lized LAP as a non-invasive diagnostic tool for NAFLD. Using
LAP score based on anthropometric and laboratory data
allowed us to examine a large, population-based sample
and minimize ascertainment bias, which is common in studies
using convenience samples. Second, we were unable to in-
vestigate the association between handgrip strength and
disease-specific mortality because the NHES database did
not capture causes of death. Finally, the severity of liver fibro-
sis may influence the prognosis of muscle strength on mortal-
ity in individuals with NAFLD. However, this NHES did not col-
lect variables for calculating non-invasive fibrosis scores to
identify persons with NAFLD at risk for advanced fibrosis. This
could be mitigated by accounting for metabolic factors that
impact liver fibrogenesis in multivariable-adjusted analysis.

In conclusion, this nationally representative cohort pro-
vides crucial information on the mortality risk of adiposity
as evaluated by BMI and muscle function determined by
handgrip strength among individuals with NAFLD. We found
that while overall survival of lean and overweight participants
was lower than that of obese counterparts, the mortality risk
was not significantly different between individuals with lean,
overweight, and obese NAFLD when age, sex, lifestyle habits,
comorbidities, hyperglycaemia/diabetes, and handgrip
strength were taken into account. Our analysis also revealed
a significant inverse relationship between handgrip strength
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and mortality risk among men and women with NAFLD.
Substantial relationships exist, even when accounting for
physiologic, lifestyle, and comorbid factors. Thus, it is impor-
tant to classify this population according to muscle strength
and reconsider a BMI-based strategy for determining the
prognosis of NAFLD. Measuring handgrip strength can be a
simple, non-invasive risk stratification approach for overall
mortality in patients with NAFLD. Further research is required
to determine its clinical value and explore whether improving
muscle strength can reduce mortality in this population.
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