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Abstract

The relationship between muscle wasting and mortality risk in the general population remains unclear. Our study was
conducted to examine and quantify the associations between muscle wasting and all-cause and cause-specific mortality
risks. PubMed, Web of Science and Cochrane Library were searched until 22 March 2023 for main data sources and
references of retrieved relevant articles. Prospective studies investigating the associations of muscle wasting with risks
of all-cause and cause-specific mortality in the general population were eligible. A random-effect model was used to
calculate the pooled relative risk (RR) and 95% confidence intervals (CIs) for the lowest versus normal categories of
muscle mass. Subgroup analyses and meta-regression were performed to investigate the potential sources of heteroge-
neities among studies. Dose–response analyses were conducted to evaluate the relationship between muscle mass and
mortality risk. Forty-nine prospective studies were included in the meta-analysis. A total of 61 055 deaths were
ascertained among 878 349 participants during the 2.5- to 32-year follow-up. Muscle wasting was associated with
higher mortality risks of all causes (RR = 1.36, 95% CI, 1.28 to 1.44, I2 = 94.9%, 49 studies), cardiovascular disease
(CVD) (RR = 1.29, 95% CI, 1.05 to 1.58, I2 = 88.1%, 8 studies), cancer (RR = 1.14, 95% CI, 1.02 to 1.27,
I2 = 38.7%, 3 studies) and respiratory disease (RR = 1.36, 95% CI, 1.11 to 1.67, I2 = 62.8%, 3 studies). Subgroup anal-
yses revealed that muscle wasting, regardless of muscle strength, was significantly associated with a higher all-cause
mortality risk. Meta-regression showed that risks of muscle wasting-related all-cause mortality (P = 0.06) and CVD
mortality (P = 0.09) were lower in studies with longer follow-ups. An approximately inverse linear dose–response re-
lationship was observed between mid-arm muscle circumference and all-cause mortality risk (P < 0.01 for non-
linearity). Muscle wasting was associated with higher mortality risks of all causes, CVD, cancer and respiratory disease
in the general population. Early detection and treatment for muscle wasting might be crucial for reducing mortality risk
and promoting healthy longevity.
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Introduction

Muscle wasting, characterized by progressive loss of skeletal
muscle mass (SMM), occurs in aging and other clinical condi-
tions, with an estimated prevalence varying from 24.2% to
40.4%.1 Muscle wasting was regarded as the most common
denominator and disease process of sarcopenia-associated
disorders and cachexia, with no consensus definition or com-
mon classification system to date.2–4 The loss of mass limits
the basic ability of muscles to generate strength and also
favours the onset or worsening of the joint degenerative
process.5 Skeletal muscle not only plays an important role
in the regulation of systemic metabolism by regulating
postprandial blood glucose but also acts as an endocrine
organ by secreting myokines that regulate inflammation
and other tissues,6 which has evolved as the most basic,
objective and promising parameter among components of
sarcopenia-associated disorders.

Muscle wasting was associated with frailty,7 falls and
fracture,8 hospitalizations,9,10 metabolic syndromes11 and
multiorgan failure.12 Notably, the early symptoms of muscle
wasting are not obvious, which makes the diagnosis and early
treatment difficult. It has been estimated that a 10%
reduction in muscle wasting would result in annual savings
of $1.1 billion in healthcare costs in the United States.13

Recently, a meta-analysis showed that adults with sarcopenia
were confronted with a two-fold higher risk of mortality.14

Another pooled analysis suggested that muscle wasting
was significantly associated with a 95% increased risk of
all-cause mortality in patients with hepatocellular
carcinoma.15 Despite the accumulating evidence, the associa-
tions of muscle wasting with all-cause and cause-specific
mortality in the general population are inconclusive now.
Recently, some prospective studies found that muscle
wasting was associated with increased mortality risk,16,17

whereas others failed to find a such association.18–20 The
use of distinct indicators of muscle wasting, diverse duration
of follow-up and participants’ age may be key factors respon-
sible for the differences among studies.

To the best of our knowledge, no available systematic
review and meta-analysis was found on the relationship of
muscle wasting with all-cause or cause-specific mortality in
the general population. In this study, we aimed to perform
a systematic review and meta-analysis of prospective cohort
studies to investigate the association between muscle
wasting and risks of all-cause and cause-specific mortality
among residents.

Methods

This meta-analysis was reported based on the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis

(PRISMA) 2020 guidelines21 and registered in the
International Prospective Register of Systematic Reviews
(PROSPERO) (CRD42022299232).

Search strategy

Relevant articles were searched up to 22 March 2023 from
PubMed, Web of Science and Cochrane Library. The detailed
search strategy was given in Table S1. We also conducted a
manual search for reference lists of the included studies
and relevant reviews.

Definition of muscle wasting

We defined muscle wasting as a loss of muscle mass due to
aging or any underlying illness with or without decreases in
muscle function or fat tissue wasting.2–4 Based on previous
studies,22–24 we included studies that reported muscle mass
loss of any severity under any definition criteria. The detailed
information on cut-off points of muscle wasting for all
included studies was presented in Table S2.

Study selection

Three authors (HHZ, YXL and ZP) independently screened
titles and abstracts in the initial search, and then full text of
all relevant articles was reviewed for eligibility. The senior
investigator (WY) arbitrated any discrepancy to reach a con-
sensus. We included prospective cohort studies that evalu-
ated the relationship between muscle wasting and mortality
in the general population. The inclusion criteria for this re-
view were as follows: (1) The study design was a prospective
cohort study; (2) the exposure of interest was decreased
muscle mass; (3) the outcome was all-cause mortality or
cause-specific mortality; and (4) the investigators reported
relative risk (RR), hazard ratio (HR) or odds ratio (OR) of out-
come risk and corresponding 95% confidence intervals (CIs).
Meantime, the exclusion criteria included (1) participants
who were not recruited from a generally healthy population
and (2) reviews, randomized controlled trials (RCTs), case–
control studies, retrospective cohort studies, non-human
studies and letters without sufficient data. Only reports with
the longest follow-up and the largest sample size were finally
included if multiple ones from the same study reported.

Outcomes

The primary outcome was all-cause mortality. Secondary out-
comes included mortality risks due to cardiovascular disease
(CVD), cancer, stroke, respiratory disease, Alzheimer’s disease
and other forms of dementia, diabetes and kidney disease,
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which were the top global causes of death in 2019 released
by WHO.25 In addition, we were also concerned about deaths
from other diseases, if reported.

Data extraction

Data extraction was conducted by two trained researchers
(HHZ and YXL) independently. The data from each eligible
study were extracted to a standard form, including the first
author’s surname, publication year, study design, study loca-
tion, sample size (total sample/number of deaths), mean age,
follow-up years, sex (percentage of women), body mass index
(BMI) of participants, handgrip strength (GS) of participants,
the method used for assessment of muscle mass (e.g., dual-
energy X-ray absorptiometry [DXA], bioimpedance analysis
[BIA], anthropometry, computed tomography [CT] and mag-
netic resonance imaging [MRI]), predictors reported for mus-
cle mass (e.g., appendicular skeletal muscle mass [ASM], ap-
pendicular lean mass [ALM], SMM, skeletal muscle index
[SMI; equals to ASM/height2, ALM/height2 or SMM/height2],
fat-free mass [FFM], fat-free mass index [FFMI; equals to
FFM/height2], mid-arm muscle circumference [MAMC] and
calf circumference [CC]) and corresponding effect size of
comparison categories together with 95% CIs and covariates
in the fully adjusted model. If several predictors of muscle
mass were reported, the most frequently used and most rec-
ognized predictor would be analysed. If studies reported data
separately by sex, they would be analysed as two separate
reports.

Quality assessment

The quality of all included studies was assessed by two
trained researchers (HHZ and YXL) independently using the
Newcastle-Ottawa Scale (NOS) in consideration of selection
(four stars), comparability (two stars) and outcomes (three
stars).26 Higher study scores indicate better study quality.
We considered NOS scores of 0–3, 4–6 and 7–9 as low, me-
dium and high quality, respectively. The Grading of
Recommendation, Assessment, Development and Evaluation
(GRADE) approach was used to assess the quality of evidence
for outcomes.27 According to the GRADE guideline, study
design determines the baseline quality of the evidence; for
example, observational studies were initially assigned a
ranking of low, and other factors could downgrade or up-
grade the quality of evidence. Discrepancies were resolved
through discussion with the third reviewer (WY).

Statistical analysis

A random-effect model was used to pool risk estimates with
95% CIs of all-cause and cause-specific mortality risks for the

lowest muscle mass (extreme category of muscle wasting)
versus the normal muscle mass (reference), to incorporate
the estimated between-study variation to allow for the
anticipated clinical and methodological variability across
studies. According to the Cochrane Handbook for Systematic
Reviews of Interventions Version 5.1.0, HR was approxi-
mately equal to RR.28 Meanwhile, an OR was corrected
into an RR using the following formula: RR = OR/
[(1 � P0) + (P0 × OR)], where P0 indicates the mortality rate
in the reference group.29 If an estimate was reported for the
normal muscle mass versus the lowest muscle mass, we
computed the estimate of the lowest versus normal accord-
ing to the Orsini method.30 We assessed the between-study
heterogeneity using between-study variance (tau2), the Q
test and quantified by I2-statistic.31 The presence of signifi-
cant heterogeneity was indicated by a P-value < 0.1 in the
Q test or I2 > 50%.

As long as they were reported by at least five studies, sub-
group analyses and meta-regression were performed to ex-
plore potential sources of between-study heterogeneities
from age at baseline, gender (female% for meta-regression),
BMI at baseline, location of study (specific country for
meta-regression), duration of follow-up, number of partici-
pants, method and specific predictors used for assessment
of muscle wasting, GS of participants (grouped according to
the cut-off point proposed by Alley et al.32), study quality
and adjustment for confounders (not performed for meta-
regression). Additionally, the meta-regression model, which
is a mix of interaction and trend tests, was also performed
with continuous variables, except for the method of exposure
assessment, specific predictors of muscle wasting and
country of study. A P-value < 0.1 was considered statistically
significant for meta-regression analysis.

A leave-one-out meta-analysis (LOOM) was conducted
(when studies ≥ 5) as sensitivity analysis, that is, omitting
one study at each time to assess the robustness of the
primary results and the impact of each report on the effect
or the heterogeneity.

Publication bias was assessed by Egger’s regression test if
five or more studies were available for inclusion. A P-
value < 0.1 suggested the presence of publication bias.33

The trim and fill method was utilized in case of publication
bias.34

Studies that reported at least three categories of muscle
mass with the same indicator of muscle mass assessed by
the same method were included in the dose–response anal-
ysis, where the lowest category of muscle mass was
designated as the reference. In the case of studies with a
non-lowest category reference, the approach proposed by
Hamling et al. was used for estimate conversion.35 We
assigned the median or mean muscle mass in each category
to the corresponding RR for each study and assigned the
midpoint of the upper and lower bound in each category
for studies that did not report the median or mean per
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category. When extreme categories were open-ended, we
utilized the length of the adjacent interval to estimate the
extreme values. A possible non-linear dose–response rela-
tionship between muscle mass and all-cause mortality was
examined by random-effect dose–response meta-analysis
through a restricted cubic splines model with three knots
at fixed centiles of 10th, 50th and 90th of the distribution.36

A likelihood ratio test was applied to assess the difference
between the linear and non-linear models to test for non-
linearity, with a P-value < 0.05 seemed as non-linearity. As
the associations of predicted lean body mass were approxi-
mately log-linear below and above the median, we addition-
ally used a linear model to calculate pooled RR per standard
deviation (SD) increase in lean body mass. Separate dose–
response analyses were conducted for studies reporting
different indicators of muscle mass measured by different
methods.

We performed data analyses by STATA Version 16.0 (Stata
Corp, College Station, TX, USA) with double data input to
avoid input errors. The P-value < 0.05 was deemed as statis-
tically significant unless specified elsewhere.

Results

Literature search

The detailed process of literature searching and study selec-
tion was presented in the flow chart (Figure 1). A total of
7849 potential eligible articles were identified through the
initial search. Then 7710 records were excluded because of
duplication or not meeting the inclusion criteria. After the
full-text screening, 86 articles were further eliminated be-
cause of the following reasons: 4 records lacked CIs of target
outcomes, 4 records lacked risk estimates of target out-
comes, 9 records had no usable data of target outcomes, 12
records were not involved in the exposure of interest, 27 re-
cords were conducted on diseased populations, 14 records
were done on the same study populations, 13 records were
review or meta-analysis and 3 records were retrospective co-
hort studies. The detailed information for excluded articles
was presented in Table S3. Eventually, 49 eligible articles
were included in the final meta-analysis.

Characteristics of included studies

Forty-nine articles with 66 reports reported muscle
wasting-related effect sizes for mortality risks due to all
causes,16–20,37–79 eight articles with 11 reports due to
CVD,45,49,51,55,61,65,68,74 three articles with 4 reports due to
cancer,51,61,65 three articles with 4 reports due to respiratory
disease51,61,68 and one article with 2 reports due to
diabetes.55 No available information was found for mortality

from other causes. The summary of the included 49 articles
was shown in Table 1 and details of those studies were
shown in Tables S4–S8. The studies comprised 878 349 partic-
ipants. The sample size ranged from 191 to 405 980. The total
number of deaths was 61 055 (one trial not reported46), 7520
(two trials not reported51,65), 3726 (two trials not
reported51,65), 3537 (one trial not reported51) and 107 from
all causes, CVD, cancer, respiratory disease and diabetes, re-
spectively. The mean age of participants ranged from 38.7
to 93.5 years. The mean duration of follow-up ranged from
2.5 to 32 years.

Study quality

The study quality was assessed by NOS and scores were
shown in Table S9. As indicated by the NOS score, 46 studies
had a high quality, 3 studies had a medium quality and none
of them had a low quality. The mean study quality scores
were 7.6 for all-cause mortality, 7.7 for CVD, 7.3 for cancer,
7.7 for respiratory mortality and 8 for diabetes.

Muscle wasting and mortality risk

In total, 49 studies with 66 reports were included in the anal-
ysis of muscle wasting and all-cause mortality risk. The
pooled RR of all-cause mortality risk was 1.36 (95% CI, 1.28
to 1.44, P < 0.001) across the lowest to the normal muscle
mass category, indicating a significant positive association be-
tween muscle wasting and all-cause mortality risk. High het-
erogeneity was observed among studies (I2 = 94.9%,
P < 0.001) (Table 2 and Figure 2). Participants in the lowest
muscle mass category had a higher CVD mortality risk (pooled
RR = 1.29, 95% CI, 1.05 to 1.58, P = 0.014, 8 studies with 11
reports) than that in the normal category though of high het-
erogeneity (I2 = 88.1%, P < 0.001) (Table 2 and Figure 3A).
For cancer mortality, which was examined in three articles
with four reports, a positive association was found with mus-
cle wasting. The pooled RR was 1.14 (95% CI, 1.02 to 1.27,
P = 0.020) across the lowest to the normal muscle mass cat-
egory, with low heterogeneity found between studies
(I2 = 38.7%, P = 0.180) (Table 2 and Figure 3B). Similar find-
ings were obtained for muscle wasting and respiratory dis-
ease mortality based on three publications with four reports.
The pooled RR was 1.36 (95% CI, 1.11 to 1.67, P = 0.003), with
moderate heterogeneity among the studies (I2 = 62.8%,
P = 0.045) (Table 2 and Figure 3C). Otherwise, the summary
effect size for diabetes mortality was 1.14 (95% CI, 0.67 to
1.92, P = 0.630), indicating no clear association. Evidence of
low to moderate heterogeneity was found between studies
(I2 = 60.5%, P = 0.112) (Table 2 and Figure 3D).
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Figure 1 Flow chart of study selection. *If studies reported data separately by sex, they would be analysed as two separate reports.

1600 H.-H. Zhou et al.

Journal of Cachexia, Sarcopenia and Muscle 2023; 14: 1596–1612
DOI: 10.1002/jcsm.13263

 1353921906009, 2023, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcsm

.13263, W
iley O

nline L
ibrary on [23/01/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Publication bias

The Egger test indicated no significant publication bias in the
primary analysis for all-cause mortality (P = 0.400) and CVD
mortality (P = 0.193).

Evidence level rated by the Grading of
Recommendation, Assessment, Development and
Evaluation approach

According to the GRADE protocol, as shown in Table S10,
the evidence level of the result of all-cause mortality was
at a moderate level. The results of cancer mortality and respi-
ratory disease mortality were at a low level. The results of CVD
mortality and diabetes mortality were at a very low level.

Subgroup analysis and meta-regression

The results of subgroup analysis and meta-regression for
all-cause and CVD mortality risks were summarized in Tables
S11 and S12. For all-cause mortality, between-study hetero-

geneity was found among studies stratified by country of
study (P < 0.001), follow-up duration (P = 0.062), indicators
of muscle mass (P = 0.062), hypertension adjustment
(P = 0.080) and CVD adjustment (P = 0.001). Moreover, the
muscle wasting-related all-cause mortality risk was lower in
studies with longer follow-up duration (Figure 4A). We also
found that muscle wasting, regardless of muscle strength,
was significantly associated with elevated all-cause mortality
risk. The pooled RRs for mortality risk were 1.54 (95% CI,
1.11 to 2.08, P = 0.007), 1.17 (95% CI, 1.00 to 1.38,
P = 0.045) and 1.19 (95% CI, 1.10 to 1.28, P < 0.001) for
participants with weak, intermediate and strong muscle
strength, respectively. Additionally, there was a higher risk
of all-cause mortality in studies with participants aged
65 years or older (1.47, 95% CI, 1.32 to 1.63, P < 0.001) than
that of studies with participants aged between 45 and
65 years (1.11, 95% CI, 1.03 to 1.19, P = 0.006). Similarly,
there was a higher risk of all-cause mortality in studies
assessed muscle wasting by DXA (1.52, 95% CI, 1.27 to 1.80,
P < 0.001) than that in studies assessed by BIA (1.16, 95%
CI, 1.08 to 1.25, P < 0.001).

For CVD mortality, between-study heterogeneity was
found when stratified studies by duration of follow-up
(P = 0.091), hypertension adjustment (P = 0.086) and diabetes
adjustment (P = 0.086). The pooled RRs of muscle
wasting-associated CVD mortality risks were 7.62 (95% CI,
4.57 to 12.7, P < 0.001), 1.46 (95% CI, 1.19 to 1.79,
P < 0.001) and 1.02 (95% CI, 0.88 to 1.16) for participants
with a follow-up of <5, 5–10 and ≥10 years, respectively
(Figure 4B). A significant increased risk of CVD mortality
was only observed in males (1.52, 95% CI, 1.04 to 2.23) but
not in females (1.01, 95% CI, 0.62 to 1.66).

Sensitivity analysis

Regarding the robustness of overall effect sizes, we per-
formed LOOM for sensitivity analysis. Sensitivity analysis
showed that the exclusion of any single study at a time did
not significantly alter the values of estimates (Figure S1).
The results also suggested that 2516,19,37,38,42,45,49,51,53,55–
59,61,63,66,67,70–72,74,76,77,80 (out of all 49) and 249,55 (out of

Table 1 Summary characteristics of included studies

Characteristics No. of studies (no. of participants)

Total no. of studies 49 (all-cause mortality:
49, cardiovascular disease
mortality: 8, cancer mortality:
3, respiratory disease mortality:
3, diabetes mortality: 1)

Total no. of participants
(total no. of deaths)

878 349 (61 055)

Median (range), no. of
participants

1358 (191–405 980)

Median (range),
follow-up (years)

9.2 (2.5–32)

Median (range),
female%

53.4 (0–100)

Median (range), age
(years)

73.5 (38.7–93.5)

Nationality
European 16
Asian 11
American 15
Others 7

Table 2 Associations of muscle wasting with all-cause and cause-specific mortality

Mortality Reports RR (95% CI) P(association)

Heterogeneity

I2 (%) P(heterogeneity) tau2

All-cause 66 1.36 (1.28 to 1.44) <0.001 94.9 <0.001 0.036
CVD 11 1.29 (1.05 to 1.58) 0.014 88.1 <0.001 0.091
Cancer 4 1.14 (1.02 to 1.27) 0.020 38.7 0.180 0.005
Respiratory disease 4 1.36 (1.11 to 1.67) 0.003 62.8 0.045 0.027
Diabetes 2 1.14 (0.67 to 1.92) 0.630 60.5 0.112 0.096

Note: P1 value for RR; P2 value for heterogeneity between studies; significant P-values are highlighted in bold prints.
Abbreviations: CI, confidence interval; CVD, cardiovascular disease; RR, relative risk.
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all 8) studies contributed more to the between-study hetero-
geneities in the primary meta-analysis of all-cause mortality
and CVD mortality, respectively (Table S13). The heterogene-
ities significantly disappeared when we excluded 28 studies
and 2 studies in the results of all-cause mortality
(I2 = 32.3%, P = 0.079) and CVD mortality (I2 = 37.5%,
P = 0.130), respectively (Table S13). Nevertheless, after ex-
cluding those studies, the associations were not substantially
altered for the results of both all-cause mortality (1.31, 95%

CI, 1.23 to 1.39, P < 0.001) and CVD mortality (1.18, 95%
CI, 1.07 to 1.30, P = 0.007) (Table S13).

Dose–response analysis

Out of all 49 studies, 838,52,53,60–62,78,79 studies were eligible
for the muscle mass and all-cause mortality risk dose–
response relationship analysis. The result of the likelihood

Figure 2 The forest plot of muscle wasting (lowest vs. normal category of muscle mass) and the risk of all-cause mortality by pooling data from 49
studies. CI, confidence interval; RR, relative risk.
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Figure 3 The forest plot of muscle wasting (lowest vs. normal category of muscle mass) and the risk of cardiovascular disease (A), cancer (B), respi-
ratory disease (C) and diabetes (D) mortality. CI, confidence interval; RR, relative risk.
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ratio test to select the model of dose–response analysis was
shown in Table S14. A significant inverse association between
MAMC and all-cause mortality risk was found in the non-
linear dose–response analysis (Pnon-linearity < 0.01, 4 studies;
Figure 5A). A nearly U-shaped association was found between

lean body mass and all-cause mortality risk, with the lowest
risk of all-cause mortality at a lean body mass around 36 kg
(Pnon-linearity < 0.01, 2 studies; Figure 5B). No significant asso-
ciation was found between FFMI-predicted muscle mass and
all-cause mortality (Pnon-linearity = 0.77, 4 studies; Figure 5C).

Figure 4 Meta-regression model for the effect of muscle wasting on the risk of all-cause (A) and cardiovascular disease (B) mortality adjusted for
follow-up years of study. RR, relative risk.
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Figure 5 Associations of mid-arm muscle circumference (A), lean body mass (B) and fat-free mass index (C) with all-cause mortality. Reference point is
the lowest value for each of mid-arm muscle circumference, lean body mass and fat-free mass index, with knots placed at 10th, 50th and 90th centiles
of each mid-arm muscle circumference, lean body mass and fat-free mass index distribution. Standard deviation (SD) for lean body mass is 28.8 kg.
Solid black line indicates the best fitting cubic spline; dashed lines represent 95% confidence intervals. RR, relative risk.
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Discussion

Principal findings

Our study demonstrated that muscle wasting was associated
with 36%, 29%, 14% and 29% increased risk of all-cause
(moderate certainty), CVD (very low certainty), cancer (low
certainty) and respiratory disease mortality (very low cer-
tainty), respectively, in the general population. We also found
that the association remained significant regardless of muscle
strength, which indicated that muscle wasting, probably inde-
pendent of muscle strength, contributed to elevated all-cause
mortality risk. Moreover, the risk of all-cause mortality re-
lated to muscle wasting was higher in the elderly than that
in the younger populations. Muscle wasting assessed by
DXA might be a more sensitive predictor of mortality. Dose–
response analysis showed a significant inverse non-linear as-
sociation between MAMC and all-cause mortality risk. Addi-
tionally, subgroup analysis and meta-regression revealed that
the muscle wasting-associated all-cause and CVD mortality
risks were lower in studies with longer follow-ups than those
with shorter follow-ups.

Comparison with other studies

This is the first meta-analysis to comprehensively
evaluate the relationship between muscle wasting and mor-
tality risk in the general population, highlighting muscle
wasting as a critical public health issue. Previous
meta-analyses were targeted at patients awaiting or under-
going liver transplantation,81 and patients with tumours15

or post-operative patients.82 However, the majority of them
did not focus on the general population. A recent
meta-analysis by Lee et al.83 has involved nine studies and
evaluated the relationship between lower lean mass and
mortality in elderly populations with different health condi-
tions. They found a 21% higher risk of all-cause mortality in
response to reduced lean mass, which is lower than the coun-
terpart values in our study. Another pooled analysis of nine
observational studies conducted by de Santana et al.84 re-
ported that SMI was associated with higher mortality risk in
older adults (standardized mean difference [SMD] for SMI
�0.18, 95% CI, �0.23 to �0.12), which is consistent with
our findings.

There is an ongoing debate about the contribution of a sin-
gle muscle quality measurement to mortality risk. Our finding
was in line with the results of de Santana et al.,84 which
found that the association between low muscle mass and
mortality could not be fully explained by differences in mus-
cle strength. Some studies have found that low muscle
strength, rather than low muscle mass, contributed to high
risks of mortality in patients with critical illnesses.85,86 Never-
theless, some others found that both low muscle strength

and low muscle mass were associated with higher mortality
risk in patients with less serious diseases87,88 and healthy
populations.89–91 It should be noted that muscle wasting is
different from cachexia. Cachexia, characterized by loss of
muscle with or without loss of fat mass and inflammation,
is commonly observed in patients with cancer or end-stage
diseases.92 Consequently, we postulated that age-related
muscle wasting but not disease-related muscle wasting, inde-
pendent of muscle strength, was associated with all-cause
mortality in the general population. Further studies are re-
quired to clarify the relationship between muscle mass, mus-
cle strength and mortality under different physical conditions
to confirm this postulation.

Muscle mass is usually evaluated by several measure-
ments, including SMI, FFMI and ALM, measured with a wide
range of techniques (DXA, BIA and others).93 Of them, which
measurement can predict mortality best has always been a
topic of concern. Our findings suggested that muscle wasting
assessed by DXA might be a more sensitive predictor of mor-
tality. However, no dose–response relationship was found be-
tween FFMI and all-cause mortality risk. It needs to be noted
that the FFMI was assessed by BIA in three53,78,79 of
four38,53,78,79 studies included in the dose–response analysis.
The BIA equipment is used to derive the estimated value of
muscle mass by correcting the reference lean body weight
predicted by DXA according to the whole-body conductivity.
Moreover, the estimated value of muscle mass varies with
different instrument brands and reference populations.
Hence, more studies using DXA or more reliable methods to
assess FFMI are required. Furthermore, a significant inverse
dose–response relationship was found between MAMC and
all-cause mortality risk in our study, which is consistent with
previous studies.94,95 The MAMC is often used to determine
subcutaneous muscle mass of the mid-arm. We suggest that
the MAMC could be a simple measure of muscle mass to pre-
dict mortality risk. Our results also showed a nearly U-shaped
dose–response relationship between lean body mass and
all-cause mortality risk, with either lower or higher levels of
lean body mass contributing to an increased risk of
all-cause mortality. This observation was largely consistent
with a recent study of 356 590 UK Biobank participants,
which demonstrated a J-shaped association between ASM
and all-cause mortality risk.58 Lean body mass is an absolute
muscle mass without height or weight adjustment. Higher
lean body mass might be associated with higher body mass
and fat mass.96 Notably, higher fat mass is positively related
to larger mortality risk. Thus, the increased risk of mortality
in the lower lean body mass range (<36 kg) could be attrib-
uted to the high mortality risk of muscle wasting, whereas
the increase in mortality risk in the higher lean body mass
range (≥36 kg) could be due to the high mortality risk associ-
ated with fat mass.

Additionally, we found that the risks of all-cause and
CVD mortality were remarkably lower reported by studies
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with longer follow-ups. A meta-analysis of sarcopenia and
all-cause mortality risk association also found a lower
all-cause mortality risk in studies with a duration of 5 years
or more.97 One possible reason might be that studies with
a shorter duration of follow-up were more likely to
include the elderly population. As our meta-analysis
has found, the risk of all-cause mortality was higher in
the elderly than that in the younger populations. In
our present study, participants were older than
75 years in 718,20,50,60,73,76,77 of 1118,20,38,39,49,50,60,64,73,76,77

studies followed for <5 years, whereas participants were
older than 75 years only in 546,48,69,70,74 of 2216,19,40,41,43,46–
48,51,53,55,56,58,61,66,69,70,74,75,78–80 studies followed for 10 years
or longer. Therefore, our study could suggest that the length
of follow-up, which might be influenced by the age of partic-
ipants, was a potential confounder in the muscle wasting
and all-cause mortality risk association. Besides, previous
studies often focused on the elderly or diseased populations,
thereby our results also provided insights into the
relationship between muscle wasting and mortality among
the younger populations. Taking the lower risk of mortality
among younger people into account, we proposed that
early diagnosis and intervention of muscle wasting at an
early age might have broader and more substantial public
health benefits.

Mechanisms

Muscle wasting is triggered by an imbalance of skeletal
muscle protein synthesis and degradation, mainly due to de-
creased mitochondrial function, increased oxidative stress
and/or inflammation.98,99 With the aging process, the levels
of testosterone, insulin-like growth factor-1 (IGF-1), and
growth hormone decrease, accompanied by inactivity and
malnutrition, which may accelerate the decrease in muscle
mass.100–102 Besides, poor oral conditions during aging,
such as dysphagia and masticatory dysfunction, might be
directly linked to malnutrition and ultimately lead to
muscle wasting.103 It was found that protein synthesis
during muscle wasting was reduced by inhibiting the activity
of the phosphoinositide 3-kinase (PI3K)–AKT–mammalian
target of rapamycin (mTOR) signalling pathway.104 At the
same time, protein degradation could be activated by the
ubiquitin-proteasome system (UPS)105 and autophagy.106 Ex-
ercise training has been proven to be the most feasible
therapy for muscle wasting.107 Exercise can increase muscle
mass by increasing protein synthesis, inhibiting degradation,
increasing insulin sensitivity and reducing the response to
inflammation and oxidative stress.108 Resistance training
may be more effective for increasing SMM, and muscle
mass can be equally beneficial from both low- and high-load
resistance training.109,110 This is noteworthy because indi-

viduals with muscle wasting may have physical limitations
to engage in high-load resistance training because of aging
or diseases. Besides, older populations have lower muscle
protein synthesis rates and are more likely to lack exercise
as compared with younger populations, which may also play
a role in age-related muscle wasting.111 In addition,
nutritional therapy has also been identified as a protective
factor against muscle wasting, including excess protein
intake,112,113 vitamin and mineral supplements and
omega-3 polyunsaturated fatty acids supplements.114,115

The combination of exercise and nutritional supplements
might be a promising strategy to prevent and treat
muscle wasting.

Many lines of evidence suggested that muscle wasting
could cause a variety of comorbidities. Such medical condi-
tions, in turn, can lead to rapid muscle wasting.116,117 Then,
a vicious circle may develop, leading to more severe muscle
wasting, worse health and ultimately an increased risk of
mortality. Moreover, many myokines, such as irisin, myostatin
and interleukin-6 (IL-6), which are released by skeletal
muscle, have been described as protecting muscle mass,
coordinating inflammatory response, regulating the metabo-
lism of almost all organs in the body and regulating vascular
function.118,119 Therefore, when suffering from muscle
wasting, these endocrine functions of myokines will also be
affected, eventually resulting in disease occurrence and/or
death.

The presence of many chronic diseases can promote the
development of muscle wasting. Below may be the main ex-
planations for muscle wasting-associated disease-specific
mortality risk. In CVD, malnutrition, physical inactivity, de-
creased skeletal muscle growth factor and increased oxida-
tive damage caused by decreased cardiac output and sys-
temic congestion further exacerbate muscle wasting.120

Cancer could activate the production of tumour necrosis
factor-alpha (TNF-α), IL-6 and other cytokines, resulting in in-
creased protein catabolism and decreased protein anabolism,
which accelerates muscle wasting.121 In respiratory diseases,
chronic or intermittent hypoxaemia may affect mitochondrial
function, resulting in oxidative stress, reduced energy utiliza-
tion and protein synthesis, thereby leading to excessive mus-
cle loss.122 These factors work together to aggravate adverse
outcomes of muscle wasting and the above diseases, which
could lead to increased mortality from those diseases.
Observational studies have demonstrated that accelerated
loss of muscle mass was found in diabetes patients.123,124 It
was suggested that dysglycaemia and insulin resistance are
important risk factors for advanced muscle wasting in
diabetes.125 However, our review found no relation between
muscle wasting and diabetes mortality with only one study
was analysed, so the relationship between muscle wasting
and diabetes mortality needs to be further investigated by
future research.
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Strengths and limitations of this study

This study has several strengths. First, we included studies
conducted in different countries and populations and in-
cluded various muscle mass indicators. Thus, we could obtain
a more powerful and comprehensive conclusion than any sin-
gle study. Second, all included studies were of a prospective
design, which could minimize the possibility of selection bias
and recall bias. Finally, our results provided new insight into
the association between muscle wasting and mortality in
the general population, especially the younger populations.

However, a few limitations must be noted. First, evident
between-study heterogeneities were found. According to
the results of subgroup analysis and meta-regression, the het-
erogeneities might be attributed to the differences in study
location, duration of follow-up and indicators of muscle mass.
Second, in most of the included studies, muscle strength was
not adjusted as a confounder in the fully adjusted model.
Thus, we could not rule out the possibility of residual con-
founding introduced by muscle strength. Third, different
methods of muscle mass assessment were recruited in this
present meta-analysis; thus, measurement errors in different
assessments are inevitable. Finally, we could not clarify the
association of muscle loss with mortality under certain cir-
cumstances, such as caloric restriction.

Conclusions, policy implications and
future research

Muscle wasting was significantly associated with higher mor-
tality risks of all causes, CVD, cancer and respiratory disease
in the general population. There was a significant inverse as-
sociation between MAMC and all-cause mortality risk and a

nearly U-shaped association between lean body mass and
all-cause mortality risk.

Our findings highlighted muscle wasting as an important
public health issue, as the huge death burden caused by mus-
cle wasting in the general population. Paying attention to the
early detection and intervention of muscle wasting might
contribute to the improvement of life expectancy and quality
of life, and substantial savings in healthcare costs. Therefore,
more research should be carried out to explore the most ef-
fective strategy to prevent and treat muscle wasting at differ-
ent ages and clinical conditions.
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