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Abstract

Background Limited studies have explored the association between visceral adipose tissue (VAT) mass and fat-to-
muscle mass ratio (FMR) and mortality. We aimed to evaluate the sex-specific association of VAT and FMR with
all-cause and cause-specific mortality by age.
Methods A total of 438 896 participants (49.8% men, mean age ± standard deviation: 57 ± 8 years for men;
56 ± 8 years for women) were included from the UK Biobank cohort. The nature of VAT was predictive, as obtained
by sex-stratified, non-linear prediction models. Fat and muscle mass were estimated using a bioelectrical impedance as-
sessment device. FMR was calculated as the fat mass divided by the muscle mass in the whole body. VAT and FMRs
were divided into quintiles in ascending order, and the 3rd quintile was used as the reference. Cox regression analyses
were used to estimate the associations between VAT, FMR and mortality.
Results During a median of 12.4 years of follow-up, we documented 29 903 deaths. After adjusting for various covar-
iates, the individuals in the highest quintiles of VAT and FMR had the highest hazard ratios (HRs) of all-cause mortality
[1.24 (95% confidence interval: 1.17–1.33) for VAT and 1.24 (1.17–1.31) for FMR in men; and 1.11 (1.03–1.21) for VAT
in women], except that the 1st quintile of FMR in women had the greatest HR [1.18 (1.09–1.27)]. Significant interac-
tions were observed in both sexes according to age category (P for interaction < 0.05). Among men <50 years,
participants in the 1st and 5th quintiles of VAT and FMR had significantly higher risks of mortality [1.30 (1.02–1.66)
and 1.67 (1.27–2.19) in VAT; 1.25 (0.99–1.56) and 1.41 (1.11–1.79) in FMR, respectively]; in women, this phenomenon
was observed in the ≥60 age group [1.16 (1.06–1.27) and 1.19 (1.08–1.31) in VAT; 1.18 (1.08–1.29) and 1.11
(1.01–1.22) in FMR, respectively]. VAT showed a linear positive association with mortality in women <60 years and
a J-shaped association from respiratory disease in both sexes ≥60 years. FMR showed a linear positive association with
mortality from cancer in men <60 years and a J-shaped association with mortality from cause-specific mortality in both
sexes ≥60 years, except for mortality from cardiovascular disease in men.
Conclusions Most associations of VATand FMR with all-cause mortality were J-shaped and were significantly modified
by age status (<50, 50–59 and ≥60 years). The clinical implication is that regarding body composition and VAT mass,
different health strategies may be adopted for people of different sexes and ages.

Keywords Visceral adipose tissue; Fat-to-muscle mass ratio; All-cause mortality; UK Biobank

Received: 18 June 2022; Revised: 28 October 2022; Accepted: 3 November 2022
*Correspondence to: Ningjian Wang, MD, PhD, and Yingli Lu, MD, PhD, Institute and Department of Endocrinology and Metabolism, Shanghai Ninth People’s Hospital,
Shanghai JiaoTong University School of Medicine, Shanghai 200011, China. Email: wnj486@126.com and luyingli2008@126.com;
Zhongyi Yang, MD, PhD, Department of Nuclear Medicine, Fudan University Shanghai Cancer Center, Shanghai 200011 China. Email: yangzhongyi21@163.com
Bowei Yu, Ying Sun and Xinyue Du contributed equally to this manuscript.

ORIG INAL ART ICLE

© 2022 The Authors. Journal of Cachexia, Sarcopenia and Muscle published by John Wiley & Sons Ltd on behalf of Society on Sarcopenia, Cachexia and Wasting Disorders.
This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 406–417
Published online 29 November 2022 in Wiley Online Library (wileyonlinelibrary.com) DOI: 10.1002/jcsm.13142

https://orcid.org/0000-0001-9591-6991
mailto:wnj486@126.com
mailto:luyingli2008@126.com
mailto:yangzhongyi21@163.com
http://creativecommons.org/licenses/by-nc-nd/4.0/


Introduction

Obesity is associated with an increased risk of cardiovascular1

and metabolic2 diseases and even death.3 Anthropometric
measures of obesity, such as body mass index (BMI),4 waist
circumference and waist-to-hip ratio,5,6 have been used in
many studies. However, fat distribution and body composition
are highly variable even among individuals even with the
same BMI. These anthropometric measures may be too gen-
eral to recognize fat distribution7,8 and body composition.9

Visceral adipose tissue (VAT) is an important part of fat
distribution and an independent predictor of health
outcomes.10,11 Notably, direct measurements of VAT are not
usually feasible in large epidemiological studies because
sophisticated devices are needed, such as dual-energy X-ray
absorptiometry (DEXA). Some studies (three using devices
and two using a prediction model) have measured the associ-
ations between VAT mass and mortality,12–16 and the studies
that used devices to measure VAT showed inconsistent
results.13–15 Moreover, these studies had some shortcomings,
including a relatively short time of follow-up time, relatively
small sample size, specific populations (e.g. very old people),
lack of an age-specific association analysis and/or unadjusted
common confounding factors. Considering age-related
changes in body composition and VAT and their effects on
health outcomes,17 the age-dependent and sex-dependent as-
sociations between VAT and mortality remain largely unclear.

To improve the feasibility of VAT-associated studies,
investigators have recently developed equations to predict
VAT, including various anthropometric dimensions that are
more easily measured than VAT itself, using sex-stratified
and non-linear prediction models.18 One study used DEXA
to measure the VAT data of 4198 participants and then
modelled and predicted the VAT data of 325 153 participants
in the UK Biobank (UKB) database. In-sample validation of the
models was performed by calculating the coefficients of de-
termination [R2 = 0.76; 95% confidence interval (CI):
0.74–0.78]. To the best of our knowledge, this is the largest
study to date validating the algorithm for estimating VAT
against VAT derived from gold-standard body composition
measurements. No study has ever used this predicted VAT
to explore its association with mortality.

An interesting hypothesis is that metabolic capacity and
metabolic load interact to determine metabolic risk.19

Developed by Jonathan CK Wells, ‘metabolic capacity’ is rep-
resented by lean tissue development that occurs in early life,
promoting glucose homoeostasis, whereas ‘metabolic load’ is
represented by fat mass imposed by subsequent growth, thus
challenging glucose homoeostasis.20 We previously found
that a higher fat-to-muscle mass ratio (FMR) was associated
with a higher risk of developing type 2 diabetes.21 However,
although a number of studies have linked body composition
to mortality,22 few studies have considered the ratio of fat
and muscle mass in the general population.

Therefore, in this prospective cohort of the UKB, we
tested the hypothesis that VAT predicted using anthropo-
metric regression equations and FMR were associated with
all-cause and cause-specific [cardiovascular disease (CVD),
cancer and respiratory disease] mortality. We explored
age-specific (<50, 50–59 and ≥60 years) and sex-specific
associations.

Materials and methods

Study design and participants

The UKB is a prospective cohort study that included more
than 500 000 community-dwelling adults aged 38–73 years
between 2006 and 2010 (https://www.ukbiobank.ac.uk/).
Detailed information about the UKB has been provided in
a previous study.23 We declare that all data are publicly
available in the UKB repository.23 The North West
Multi-centre Research Ethics Committee approved the UKB
study, and all participants provided written informed
consent. A total of 502 461 participants were recruited.
We excluded participants with missing values on the param-
eters required to predict VAT (n = 53 414) or missing data on
fat mass and muscle mass (n = 1196), as well as those with-
out follow-up time related to death (n = 1). Additionally, to
avoid the effect of extreme values of predicted VAT, we ex-
cluded individuals whose VAT mass was under the 1st
percentile or over the 99th percentile (n = 8954) among all
participants. The final sample was 438 896 (218 425 men
and 220 471 women).

Exposure

At baseline, data on body size and composition were
collected by trained healthcare technicians or nurses using a
standard protocol. Height (cm) was measured using a Seca
240 cm height measure (SECA, Hamburg, Germany). Weight
(kg), BMI (weight in kg divided by the square of the height
in meters) and body composition data (fat mass and muscle
mass) were estimated using an eight-contact electrode
Tanita BC418MA segmental body composition analyser
(Tanita, Japan). This device estimates body composition by
bioimpedance analysis (BIA). When a participant was wheel-
chair-bound, an amputee, unable to grip the handles of the
Tanita analyser, unable to stand, unwilling to remove their
shoes, wearing a plaster cast, pregnant or using a pacemaker,
bioelectrical impedance was impossible. Segmental BIA is an
appropriate way to assess body composition in people of dif-
ferent sexes, ages and body shapes.24,25

We used sex-stratified and non-linear prediction models
for VAT mass based on the UKB cohort.18 In-sample valida-
tion of the models was performed by calculating the R2
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among the white-British population (2010 and 2188 women
and men, respectively). None of the models showed a
predicted R2 that was significantly lower than its correspond-
ing R2 [predicted R2: 0.75 (0.73–0.77) in women and 0.76
(0.74–0.77) in men; corresponding R2: 0.76 (0.74–0.78) in
women and 0.77 (0.75–0.78) in men], which referred to a
mean bias of 0.00004 kg in women and 0.00054 kg in men
between estimated and DEXA-determined VATs. Thus, the
models we used in the present study for estimating VAT were
not overfitted.

The specific formulas of VAT are shown below:
Male:-17.02*age+8.335*wst + 10.34*hip-50.71*hgt +

71.21*wgt + 106.4*lrm-35.20*rrm + 160.5*llg-50.25*rlg-
85.24*wlb + 0.3914*age*wgt + 0.3042*wst*wgt-0.5459*-
hip*wgt-0.7007*lrm*hgt + 0.2020*rrm*hgt-1.006*llg*hgt +
0.2949*rlg*hgt + 0.5900*wlb*hgt + 2,286;

Female:-5.531*age+34.84*hmp-24.67*wst + 26.24*hip-
13.83*hgt + 26.30*wgt + 83.11*lrm-1.599*rrm + 89.01*llg +
24.24*rlg-89.59*wlb + 0.2111*age*wgt + 0.7424*wst*wgt-
0.6694*hip*wgt-0.5454*lrm*hgt + 0.005128*rrm*hgt-
0.5817*llg*hgt-0.1415*rlg*hgt + 0.5903*wlb*hgt-281.6

(hmp, menopausal status; wst, waist circumference; hip,
hip circumference; hgt, height; wgt, weight; lrm, impedance
of the left arm; rrm, impedance of the right arm; llg, imped-
ance of the left leg; rlg, impedance of the right leg; wlb, im-
pedance of the whole body).

FMR was calculated as fat mass divided by muscle mass in
the whole body.

All-cause mortality and cause-specific mortality

The primary outcome in the present study was all-cause re-
lated death obtained through linkage to death certificates
held within the NHS Central Register through 30 July 2021.
Detailed codes were according to the International Classifica-
tion of Diseases, 10th revision (ICD10). We further identified
three specific causes of mortality (both primary and contrib-
utory causes of death), including CVD with codes I20–25
and I60–69; cancer with codes C00–99, D37–39 and D40–
48; and respiratory disease with codes J00-J99, for the sec-
ondary analysis.

Covariates

The following potential confounders were included in the
analysis: age, sex, ethnicity (white/others), education (uni-
versity or college degree/others), Townsend index reflecting
socio-economic status (continuous), current smoking (yes,
no), drinking status (drinks per week, continuous variable),
physical activity at goal or not (≥150 min/week of moder-
ate intensity, ≥75 min/week of vigorous intensity or an
equivalent combination), BMI (continuous), systolic blood

pressure (continuous), total cholesterol (continuous), diabe-
tes (yes/no), cholesterol-lowering medication (yes/no),
blood pressure medication (yes/no), insulin (yes/no) and
dietary score ≥4 [vegetable intake ≥4 tablespoons each
day (median); fresh fruit intake ≥2 pieces each day (me-
dian); oily and non-oily fish intake at least twice each week
(median); urinary sodium <68.45 mmol/L (median); and
processed meat intake no more than twice each week (me-
dian)]. Each favourable diet factor received one point, with
a total score ranging from 0 to 5; this method has been
used in previous studies.26 If the covariate information
was missing, we imputed median values for continuous var-
iables or used a missing-indicator approach for categorical
variables.

Statistical analysis

IBM SPSS Statistics, version 25 (IBM Corporation, Armonk,
NY, USA) and R software, version 4.0.2 (R Project for Statis-
tical Computing), were used to perform the data analyses.
The P value was two-sided, and P < 0.05 was considered
significant in all-cause mortality. We also used Bonferroni
correction for the P value in the cause-specific mortality
and P < 0.017 (0.05/3) was considered significant. The
analyses were intended to be performed by sex and age
(<50, 50–59 and ≥60 years) categories in all-cause mortality.
However, in cause-specific analyses, the outcome sample
was too small in the <50 age group, which would lead to
fluctuating results; thus, <60 and ≥60 years categorization
was used. Baseline characteristics were reported as the
means ± standard deviations or percentages by quintiles of
VAT and FMR.

The follow-up time was calculated from the baseline date
(date of attending the assessment centre) to the date of
death or censoring (30 July 2021). Cox proportional hazards
models were used to estimate hazard ratios (HRs) and 95%
CIs for the associations between quintiles (ascending order)
of VAT and FMR and the risk of all-cause mortality and
cause-specific mortality, which included death from cardio-
vascular disease, cancer and respiratory disease, using
mid-quintile as the reference. The multivariable model was
adjusted for age, ethnicity, education, Townsend index,
smoking status, drinking, physical activity at goal, healthy diet
score ≥4, BMI, total cholesterol, systolic blood pressure, dia-
betes, cholesterol-lowering medication, blood pressure med-
ication and insulin. The interaction analysis between VAT,
FMR and age categories was performed using the likelihood
ratio test comparing models with and without a
cross-product term. We also used restricted cubic splines
with five knots at the 5th, 27.5th, 50th, 72.5th and 95th per-
centiles to reveal the non-linear associations of VAT and FMR
with all-cause mortality.
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Results

A total of 438 896 participants (49.8% men, mean
age ± standard deviation: 57 ± 8 years for men; 56 ± 8 years
for women) were included. Tables 1 and 2 show the baseline
characteristics of the participants according to the quintiles
of VAT and FMR, respectively. Both men and women with
greater VAT mass and FMR were more likely to be older, have
a higher socio-economic level, have a higher prevalence of di-
abetes and hypertension and have a greater BMI. Moreover,
they tended to have an unhealthy diet and lower physical ac-
tivity levels.

During a median of 12.4 years of follow-up, we identified
10 976 and 18 927 deaths in men and women, respectively.
Table 3 shows the associations of VAT and FMR with
all-cause mortality in multivariable-adjusted models in differ-
ent age groups. Men and women in the highest quintile of
VAT had the greatest risk of death [HR 1.24 (95% CI 1.17–
1.33) and 1.11 (1.03–1.21) vs. 3rd quintile, respectively]. For
FMR, HRs in the 5th and 1st quintiles were significantly
greater than those in the 3rd quintile in men [1.24 (1.17–
1.31) and 1.07 (1.01–1.14), respectively]; however, only the
HR in the 1st quintile was significantly greater than that in
the 3rd quintile in women [1.18 (1.09–1.27)].

In the stratified analysis according to age category, signif-
icant interactions were observed in both sexes (P for inter-
action < 0.05). In the <50 age group among men, VAT in
both the 5th and 1st quintiles was significantly associated
with a high risk of mortality [1.67 (1.27–2.19) and 1.30
(1.02–1.66), respectively]; in the older groups, however,
the associations were linearly positive [HR in the 5th quin-
tile: 1.32 (1.14–1.53) among the 50–59 age group and 1.22
(1.13–1.32) among the ≥60 age group]. In women, the con-
dition was rather different. In the younger groups, the as-
sociations were more prone to be linearly positive; how-
ever, in the ≥60 age group, VAT in both the 5th and 1st
quintiles had a significantly higher risk [1.19 (1.09–1.31)
and 1.16 (1.06–1.27), respectively]. Regarding the FMR,
the trends were rather similar to those for VAT in both
men and women. In the <50 age group among men, both
very low (quintile 1) and very high (quintile 5) FMRs in-
creased the risk of mortality compared with the FMR in
quintile 3, whereas this phenomenon was observed in the
≥60 age group in women.

In Figure 1, we used restricted cubic splines to further
present the non-linear associations of VAT and FMR with
all-cause mortality. For men, the relationships between VAT
and FMR and all-cause mortality were J-shaped (P for non-lin-
ear < 0.001) in the three age groups. The trends in women
were different from those in men. In the <50 and 50–59
age groups, VAT showed a linear positive association,
whereas there was a J-shaped association in the ≥60 age
group. The non-linear relationship between FMR and
all-cause mortality was non-significant in the <50 and 50–

59 age groups. However, in the ≥60 age group, there was a
U-shaped association.

We further examined the association between VAT and
FMR and cause-specific mortality (Table 4). Among the <60
age group in men and women, we found a J-shaped associa-
tion between VAT and mortality from cancer and respiratory
disease in men and a positive linear association in women
from three specific causes. Compared with participants in
the 3rd quintile of VAT, those within the highest quintile
had the highest risk of mortality from CVD [1.31 (1.02–1.67)
for men; 1.32 (0.86–2.03) for women], cancer [1.35 (1.13–
1.60) for men; 1.34 (1.12–1.62) for women] and respiratory
disease [1.78 (1.35–2.35) for men; 1.78 (1.23–2.57) for
women]. The FMR quintiles showed a linear positive associa-
tion with mortality from cancer, whereas there was a
J-shaped association with mortality from respiratory disease
in men aged <60 years. Participants in the 5th quintile of
FMR had the greatest HRs of risk mortality from CVD [1.30
(1.04–1.63)] and respiratory disease [1.63 (1.28–2.07)] for
men and cancer [1.17 (1.00–1.35) for men; 1.16 (0.96–1.41)
for women]. The results were quite different in the ≥60 age
group. VAT quintiles were not significantly associated with
CVD-associated death but were positively associated with
cancer and respiratory diseases (P < 0.017) in men; mean-
while, in women, VAT showed a J-shaped association with re-
spiratory disease. Except for CVD in women who had the
highest HR in the 1st quintile [1.31 (1.04–1.64)], the other
groups all had the highest HR in the 5th quintile. We found
a J-shaped association between FMR and mortality from all
three diseases in both sexes among the ≥60 age group, ex-
cept for mortality from CVD in men. Participants within the
highest FMR quintile had the highest risk of mortality from
CVD [1.29 (1.14–1.45) for men], cancer [1.16 (1.06–1.27) for
men; 1.17 (1.04–1.33) for women] and respiratory disease
[1.57 (1.37–1.77) for men; 1.28 (1.05–1.56) for women],
whereas the 1st quintile of FMR in women had the highest
HR in mortality from CVD [1.27 (1.03–1.58)].

Discussion

In this large-scale prospective cohort study with an approxi-
mately 12-year follow-up time, the linear and non-linear asso-
ciation of VAT mass and FMR with all-cause and
cause-specific mortality in the general population was ex-
plored. Among all men and women, VAT and FMR had
J-shaped associations with all-cause mortality, except that
FMR showed an anti-J-shaped association with all-cause mor-
tality in women. The age category (<50, 50–59 and
≥60 years) significantly modified the associations of VAT mass
and FMR with all-cause mortality. We also found different
trends in VAT and FMR in different age groups with respect
to cause-specific mortality in men and women.
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Most previous studies found that higher VAT is associated
with increased all-cause mortality.12,27,28 However, one study
did not find an association between VAT and all-cause
mortality,14 which might be due to differences in adjusted co-
variates. In our study, multiple covariates were adjusted, and
stratified analyses based on age category were performed. In
addition to the fact that large VAT mass was associated with
greater mortality risk, we found that men with very small
amounts of VAT also had a higher risk of all-cause mortality,
especially in the <50 age group; in women, this association
was observed in the ≥60 age group. Differences in age groups
were also shown in the results of a study by Jared et al. There
was a J-shaped trend between waist circumference and all-
cause mortality among men aged 30–64 years, with those
in the lowest waist circumference quintile having a higher risk
of mortality than those in the third quintile, as well as a neg-
ative association in those aged ≥65 years.29 A 6-year Korean
cohort study examining the association between visceral fat
area and all-cause mortality found that the association was
U-shaped in older women.30 Another study involving women
aged 30–55 found that low levels of increased waist circum-
ference were not significantly associated with all-cause mor-

tality, and a significant and positive association was observed
only in the highest quintile of waist circumference.31 Further-
more, compared with subcutaneous adipose tissue, VAT in
most obese patients has more macrophages expressing cyto-
kines/chemokines,32 leading to a more complex and intense
inflammatory response. Interleukin-6 is one of the markers,
and its expression is significantly reduced in subcutaneous
adipose tissue.33 Subcutaneous adipose tissue is also less as-
sociated with markers of systemic inflammation than VAT.34

Excess VAT can affect health through abnormal haemody-
namics and activation of cholesterol crystals.35 However, we
consider an appropriate amount of VAT to be necessary to
support, stabilize and protect the viscera and play an impor-
tant role in metabolic processes, such as insulin resistance, li-
polysis, and glucose uptake.36

The fat-to-muscle mass ratio has been used in past studies
to discuss the relationship with metabolic diseases21,37 and
has become a new indicator for cardiometabolic risk.38 How-
ever, few studies have considered FMR as a risk factor for
all-cause and cause-specific mortality. Only one study found
that the fat-to-lean mass ratio was an independent predictor
of cardiac events and all-cause mortality in 131 patients un-

Table 3 Hazard ratios of all-cause mortality according to visceral adipose tissue and fat-to-muscle mass ratio quintiles by age

All <50 years 50–59 years ≥60 years P for interaction

Men
N 218 425 50 742 69 793 97 890
Quintile of VAT
1 (lowest) 1.02(0.95–1.08) 1.30(1.02–1.66) 0.93(0.82–1.06) 1.01(0.95–1.09) <0.001
2 0.94(0.89–0.99) 1.02(0.81–1.28) 0.81(0.72–0.90) 0.96(0.90–1.02)
3 (reference) 1 1 1 1
4 1.00(0.95–1.06) 1.22(0.98–1.53) 0.94(0.84–1.05) 1.04(0.97–1.10)
5 (highest) 1.24(1.17–1.33) 1.67(1.27–2.19) 1.32(1.14–1.52) 1.22(1.13–1.32)
P for trend 0.001 0.38 0.006 0.005

Quintile of FMR
1 (lowest) 1.07(1.01–1.14) 1.25(0.99–1.56) 1.02(0.91–1.16) 1.05(0.99–1.12) 0.004
2 0.97(0.92–1.02) 1.00(0.80–1.25) 0.97(0.86–1.09) 0.95(0.90–1.01)
3 (reference) 1 1 1 1
4 1.03(0.98–1.08) 1.12(0.90–1.39) 1.06(0.95–1.18) 1.04(0.98–1.10)
5 (highest) 1.24(1.17–1.31) 1.41(1.11–1.79) 1.35(1.19–1.53) 1.23(1.16–1.32)
P for trend <0.001 0.48 0.002 <0.001

Women
N 220 471 52 983 73 037 94 451
Quintile of VAT
1 (lowest) 1.06(0.98–1.15) 0.98(0.73–1.32) 0.96(0.82–1.13) 1.16(1.06–1.27) <0.001
2 1.03(0.96–1.11) 1.21(0.92–1.58) 0.97(0.84–1.12) 1.05(0.96–1.14)
3 (reference) 1 1 1 1
4 0.98(0.92–1.05) 1.12(0.86–1.47) 1.12(0.97–1.29) 1.01(0.93–1.09)
5 (highest) 1.11(1.03–1.21) 1.24(0.90–1.72) 1.32(1.11–1.57) 1.19(1.08–1.31)
P for trend 0.913 0.50 0.009 0.51

Quintile of FMR
1 (lowest) 1.18(1.09–1.27) 0.99(0.75–1.32) 1.15(0.98–1.34) 1.18(1.08–1.29) 0.001
2 1.07(1.00–1.15) 1.01(0.78–1.32) 1.12(0.97–1.29) 1.02(0.94–1.11)
3 (reference) 1 1 1 1
4 1.01(0.95–1.08) 0.94(0.73–1.23) 1.08(0.94–1.25) 1.02(0.94–1.11)
5 (highest) 1.07(0.99–1.16) 1.11(0.80–1.53) 1.16(0.97–1.38) 1.11(1.01–1.22)
P for trend 0.016 0.94 0.68 0.17

FMR, fat-to-muscle mass ratio; VAT, visceral adipose tissue.
Data are hazard ratios (95% confidence intervals). The model was adjusted for age, ethnicity (white/others), education (university or col-
lege degree/others), Townsend index (continuous), smoking status (current, ever, or never), drinking (continuous), physical activity at goal
(yes/no), healthy diet score>= 4 (yes/no), BMI (continuous), total cholesterol (continuous), systolic blood pressure (continuous), diabetes
(yes/no), cholesterol-lowering medication (yes/no), blood pressure medication (yes/no) and insulin (yes/no).
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dergoing haemodialysis.39 In our study, the FMR results were
similar to those of VAT. The highest quintile of FMR increased
the risk of mortality in both men and women of all ages. In-
terestingly, the risk of mortality was also significantly in-
creased in the lowest quintile of FMR in the <50 age group

of men and the ≥60 age group of women. Janne et al. found
that body fat showed a J-shaped association and that fat-free
mass showed an anti-J-shaped association with mortality in
people aged 50–64 years in both sexes,S1(Data S1) which means
that the relationship between FMR and mortality depends on

Figure 1 Association of visceral adipose tissue and fat-to-muscle mass ratio with all-cause mortality in men and women. Hazard ratios are indicated by
solid lines, and 95% confidence intervals are indicated by shaded areas. The reference points for VAT and FMR are the lowest values for each, with
knots placed at the 5th, 27.5th, 50th, 72.5th and 95th percentiles of each distribution. The model was adjusted for age, ethnicity (white/others), ed-
ucation (university or college degree/others), Townsend index (continuous), smoking status (current, ever, or never), drinking (continuous), physical
activity at goal (yes/no), healthy diet score> = 4 (yes/no), BMI (continuous), total cholesterol (continuous), systolic blood pressure (continuous), dia-
betes (yes/no), cholesterol-lowering medication (yes/no), blood pressure medication (yes/no) and insulin (yes/no). FMR, fat-to-muscle mass ratio; VAT,
visceral adipose tissue.
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which one was more influential. The results of a study by
Dong Hoon Lee on people aged 40–75 years emphasized a
greater role of lean body mass in the observed J-shaped asso-
ciation between BMI and mortality.S2 However, Matteo et al.

suggested that calf skeletal muscle and fat mass were not im-
portant risk factors for mortality in elderly individuals.S3 We
think that the difference is due to age and sex differences
in body composition, high-density lipoprotein cholesterol, tri-

Table 4 Hazard ratio (95% CI) of cause-specific mortality according to visceral adipose tissue quintiles and fat-to-muscle ratio

VAT FMR

<60 years ≥60 years <60 years ≥60 years

Cardiovascular disease death
Men
No. of deaths (%) 1.10 3.90 1.10 3.90
1 (lowest) 1.08(0.85–1.38) 1.02(0.89–1.16) 1.23(0.97–1.55) 1.04(0.91–1.18)
2 1.01(0.81–1.26) 0.94(0.84–1.06) 1.02(0.82–1.28) 1.03(0.92–1.16)
3 (reference) 1 1 1 1
4 0.98(0.80–1.21) 0.94(0.84–1.05) 1.17(0.95–1.43) 1.04(0.93–1.17)
5 (highest) 1.31(1.02–1.67) 1.09(0.94–1.25) 1.30(1.04–1.63) 1.29(1.14–1.45)
P for linear/nonlinear trend 0.58/0.03 0.78/0.61 0.38/0.04 0.02/0.08

Women
No. of deaths (%) 0.30 1.40 0.30 1.40
1 (lowest) 0.64(0.38–1.06) 1.31(1.04–1.64) 0.83(0.53–1.29) 1.27(1.03–1.58)
2 0.76(0.49–1.16) 1.06(0.86–1.31) 0.93(0.63–1.36) 0.96(0.78–1.18)
3 (reference) 1 1 1 1
4 1.15(0.81–1.63) 1.07(0.88–1.31) 0.84(0.59–1.19) 0.98(0.81–1.20)
5 (highest) 1.32(0.86–2.03) 1.21(0.96–1.54) 0.76(0.49–1.17) 1.11(0.89–1.39)
P for linear/nonlinear trend 0.01/0.46 0.57/0.02 0.70/0.44 0.35/<0.001

Cancer death
Men
No. of deaths (%) 2.10 7.20 2.10 7.20
1 (lowest) 0.90(0.76–1.05) 0.89(0.81–0.98) 0.92(0.79–1.07) 0.98(0.90–1.08)
2 0.81(0.70–0.94) 0.97(0.89–1.06) 0.94(0.81–1.08) 0.92(0.85–1.00)
3 (reference) 1 1 1 1
4 1.02(0.89–1.17) 1.11(1.02–1.21) 1.05(0.92–1.20) 1.05(0.97–1.14)
5 (highest) 1.35(1.13–1.60) 1.29(1.16–1.44) 1.17(1.00–1.35) 1.16(1.06–1.27)
P for linear/nonlinear trend 0.001/<0.001 <0.001/0.03 0.01/0.02 0.001/0.01

Women
No. of deaths (%) 1.80 4.80 1.80 4.80
1 (lowest) 0.93(0.78–1.11) 1.01(0.89–1.13) 1.10(0.93–1.31) 1.06(0.95–1.19)
2 0.98(0.84–1.14) 1.03(0.92–1.14) 1.12(0.96–1.30) 1.00(0.90–1.11)
3(reference) 1 1 1 1
4 1.15(0.99–1.33) 1.01(0.91–1.13) 1.16(1.00–1.35) 1.08(0.97–1.20)
5 (highest) 1.34(1.12–1.62) 1.21(1.07–1.38) 1.16(0.96–1.41) 1.17(1.04–1.33)
P for linear/nonlinear trend 0.004/0.38 0.22/0.05 0.69/0.21 0.22/0.01

Respiratory death
Men
No. of deaths (%) 0.90 4.10 0.90 4.10
1 (lowest) 1.05(0.81–1.35) 1.00(0.88–1.14) 0.93(0.73–1.18) 0.99(0.88–1.12)
2 0.93(0.74–1.18) 0.95(0.85–1.07) 0.94(0.74–1.18) 0.92(0.82–1.03)
3 (reference) 1 1 1 1
4 1.08(0.85–1.36) 1.06(0.95–1.19) 1.07(0.86–1.34) 1.08(0.97–1.21)
5 (highest) 1.78(1.35–2.35) 1.36(1.18–1.56) 1.63(1.28–2.07) 1.57(1.39–1.77)
P for linear/nonlinear trend 0.05/<0.001 0.01/<0.001 0.001/<0.001 <0.001/<0.001

Women
No. of deaths (%) 0.40 1.90 0.40 1.90
1 (lowest) 0.95(0.64–1.41) 1.16(0.96–1.40) 1.13(0.79–1.62) 1.19(0.99–1.43)
2 0.92(0.64–1.32) 0.94(0.79–1.13) 1.04(0.74–1.45) 1.06(0.89–1.26)
3 (reference) 1 1 1 1
4 1.30(0.95–1.78) 0.92(0.78–1.10) 1.12(0.82–1.52) 1.04(0.88–1.24)
5 (highest) 1.78(1.23–2.57) 1.27(1.03–1.55) 1.10(0.76–1.61) 1.28(1.05–1.56)
P for linear/nonlinear trend 0.01/0.86 0.97/<0.001 0.96/0.04 0.99/<0.001

FMR, fat-to-muscle mass ratio; VAT, visceral adipose tissue.
Data are hazard ratios (95% confidence intervals). Bonferroni correction was used and P < 0.017 (0.05/3) was considered statistically sig-
nificant. Linear trend was quantified with Wald test for linear trend by assigning median value to each category and modelling this var-
iable as continuous variable. Potential non-linear relation was tested using restricted cubic spline model. The model was adjusted for age,
ethnicity (white/others), education (university or college degree/others), Townsend index (continuous), smoking status (current, ever, or
never), drinking (continuous), physical activity at goal (yes/no), healthy diet score> = 4 (yes/no), BMI (continuous), total cholesterol (con-
tinuous), systolic blood pressure (continuous), diabetes (yes/no), cholesterol-lowering medication (yes/no), blood pressure medication
(yes/no), and insulin (yes/no).
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glycerides, insulin resistance, adiponectin concentrations and
inflammatory cytokines.S4, S5

When further exploring the associations of VAT and FMR
with death from specific causes, we found that the associa-
tions with CVD in our study were only significant for VAT in
women <60 years old and FMR in women ≥60 years old.
AkiS6 and EunS7 suggested that VAT and FMR were associated
with CVD, respectively. However, in research by Marcel,
greater VAT was only significantly associated with stroke or
myocardial infarction in men, and lower muscle density did
not show a relationship with CVD.13 According to an integra-
tive review, visceral obesity and CVD risk are controversial.
Despite the risk of visceral obesity being consistently associ-
ated with CVD in adults, this association disappears in
sex-specific analyses and analyses of older adults.S8 VAT syn-
thesizes and secretes a number of bioactive mediators known
as adipokines. On the one hand, adiponectin and omentin
prevent atherosclerosis. On the other hand, leptin and
resistin induce inflammation and endothelial dysfunction, in-
creasing the risk of atherosclerotic plaque vulnerability and
rupture.S9 In addition, there were sex differences in the asso-
ciations between FMR and CVD. We consider women to a
higher FMR and men to a higher VAT, and this difference
may be related to sex-related body fat distribution and sex
hormone differences. Chen also found sex differences in
FMR as an indicator of cardiometabolic risk.38

There are contradictions between obesity and cancer.
Some studies suggest that weight gain increases the risk of
endometrial, kidney and pancreatic cancer,S10 but others
have found that weight gain reduces the risk of premeno-
pausal breast cancer, non-small cell lung cancer and head
and neck cancers.S11 These studies suggest that FMR may also
be associated with cancer. Only a 2009 case–control study di-
rectly discussed FMR and cancer, and it found that women
with a higher FMR had an increased risk of breast cancer.S12

Our study showed that individuals with lower VAT and FMR
had lower HRs of mortality from cancer, although the 1st
and 2nd quintiles of FMR in men had a non-significantly
higher risk of mortality from cancer than the 3rd quintile.
The explanation for the obesity paradox in cancer remains
unclear.S13 Potential explanations of the obesity paradox in
cancer patients may include methodological issues and clini-
cal aspects.S14, S15 BMI as a measure of obesity cannot fully
represent the level of individual obesity. Confounding factors
and reverse causality can also affect conclusions. In addition,
some studies posit that excess fat tissue can provide a nutri-
ent reserve in the face of surgical intervention and anticancer
treatments. The paradox may also be explained in part by the
fact that patients with less aggressive tumours and obese pa-
tients tend to receive more medical check-ups.

In the analysis of respiratory diseases, we found that most
sex-specific and age-specific associations of VAT and FMR
were J-shaped. The influence of body composition on respira-
tory diseases may exist and deserves further investigation.

Recent research found a link between VAT and the severity
of COVID-19.S16 Another study reported that chest CT images
of chronic obstructive pulmonary disease with severely re-
stricted airflow showed more VAT and fat mass accumulation
and less muscle mass.S17 In addition, sarcopenia showed a
positive association with respiratory morbidity and mortality,
but overweight and obesity reduced the risk of respiratory
disease mortality; however, no association was found be-
tween sarcopenia obesity and respiratory mortality.S18 It
was possible that fat mass reduced lung function, but muscle
mass had a larger impact on respiratory mortality. Therefore,
as an indicator that considers both fat and muscle factors,
FMR has a suggestive significance for us to maintain the bal-
ance of muscle and fat.

The main strengths of our research are the prospective de-
sign, large sample size with more than 400 000 participants
and relatively long follow-up duration (median: 12.4 years),
which increase the credibility of our research. In addition,
various covariates were adjusted. There are also several limi-
tations of our study. First, as this was an observational study,
the association of VAT and FMR with mortality cannot be
interpreted as a causal relationship. Second, the VAT predic-
tion models were proven to be feasible in previous large pop-
ulation studies, but they were not as accurate as the imaging
results. There remains a lack of accuracy and validity on the
estimated VAT mass used in the study. Fat and muscle mass
were also not measured by imaging techniques such as DEXA
and magnetic resonance. However, bioimpedance may be a
feasible measurement and an adequate method to assess
body composition in large epidemiological studies. Third, al-
though the mortality of specific causes was discussed, due
to limited data, the subjects of discussion were relatively gen-
eral and were not further subdivided. As mentioned above,
the associations between cancer and obesity vary by anatom-
ical site.S11 Furthermore, those with diseases and
co-morbidities existing before the UKB measurement day
were not included in the study analysis. Fourth, we cannot
entirely rule out the possibility of unmeasured or unknown
confounding factors that may account for the associations
observed in this study. Last, the population we studied was
primarily of European descent, aged 40–69 years, and com-
prised mostly white British individuals, without considering
the influence of different races, such as Asians and African
Americans. The UKB is also unrepresentative in terms of life-
style because of a ‘healthy volunteer’ selection bias. There-
fore, generalizing the findings to the wider population should
be done with caution.

In conclusion, most associations of VAT mass and FMR
with all-cause mortality were J-shaped in the overall cohorts
of men and women. Age significantly modified the associa-
tions. The clinical implications might involve different health
strategies for people of different sexes and ages. Moderate
levels of VAT and FMR are recommended for younger men,
and very low levels of VAT and FMR are not recommended
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for older women. Whether these measures benefit health
needs further interventional study.
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