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ABSTRACT

Background: Body composition is a major determinant of health, yet the role of fat-free mass, a key component of body compo-
sition, in mortality remains unclear.

Methods: A PRISMA-guided systematic review and meta-analysis (PROSPERO: 321722) of observational cohort studies in
community-dwelling adults was conducted. PubMed was searched from inception to 25 October 2025, and Web of Science and
Embase were searched from inception to 31 July 2025. Eligible studies assessed fat-free mass using computed tomography, dual-
energy X-ray absorptiometry (DXA), bioelectrical impedance analysis (BIA) or anthropometry. Studies involving hospitalized
participants were excluded. Maximally adjusted effect estimates were pooled using random-effects models to calculate summary
risk ratios (RRs) and 95% confidence intervals (CIs). Publication bias was assessed using graphical and statistical methods; in-
fluence analyses evaluated robustness; E-values quantified potential unmeasured confounding; and meta-regression explored
between-study heterogeneity.

Results: Of 7741 screened records, 49 studies met the inclusion criteria (1149 807 participants; 83798 deaths). Low versus high
fat-free mass was associated with higher all-cause mortality (RR: 1.42, 95% CI: 1.30-1.55). Trim-and-fill analysis indicated publi-
cation bias (adjusted RR: 1.31, 95% CI: 1.20-1.44). Sensitivity analyses confirmed robustness (leave-one-out RR range: 1.39-1.43;
E-value: 2.19). Associations were consistent across age (pdifference; within-study:0'133)’ geographic region (P y;rerence =0-983) and
cause of death (pdifference for cardiovascular diseases; within-study =0.240, Pgifference for cancer; within-study = 0‘136)’ Effect sizes varied by Sex (men
RR: 1.56, 95% CI: 1.32-1.85; women RR: 1.25, 95% CI: 1.11-1.39; P;¢rerence < 0-0001) and measurement method: strongest for calf
circumference (RR: 2.19, 95% CI: 1.50-3.20), moderate for DXA (RR: 1.52, 95% CI: 1.29-1.79) and weakest for BIA (RR: 1.23, 95%
CL 1.07-1.41).

Conclusions: Low fat-free mass is associated with a 42% higher risk of all-cause mortality in community-dwelling adults.
Routinely assessing fat-free mass provides clinical value in identifying high-risk individuals and informing preventive care
strategies.

Abbreviations: BIA, bioelectrical impedance analysis; BMI, body mass index; CI, confidence interval; CT, computed tomography; CVD, cardiovascular disease; DXA,
dual-energy X-ray absorptiometry; HR, hazard ratio; OR, odds ratio; PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses; RR, risk ratio.
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1 | Background

Growing epidemiological evidence underscores the importance
of body composition as a determinant of health status and a con-
tributing factor in the aetiology of chronic disease development
[1]. A common approach to assessing body composition is the
two-compartment model, which divides total body mass into fat
mass and fat-free mass. Whereas muscle mass constitutes the
largest proportion of fat-free mass, this compartment also in-
cludes bone mass and body water [2].

Low fat-free mass has been associated with increased mortality,
particularly from noncommunicable diseases such as cardiovas-
cular disease (CVD) and cancer [1-5]. In 2021, noncommunica-
ble diseases accounted for nearly 75% of all nonpandemic-related
deaths worldwide [6], underscoring the need to identify modifi-
able risk factors and strengthen prevention strategies.

Body composition is typically inferred from body mass index
(BMI), which provides a practical but nonspecific measure of
adiposity. BMI shows a J- or U-shaped association with mortal-
ity [7], and several studies have reported lower mortality among
obese patients with established disease, a finding often referred
to as the ‘obesity paradox’ [8]. However, because BMI does not
distinguish between fat and lean tissue, it may obscure the dis-
tinct contributions of fat mass and fat-free mass to health and
mortality [3].

Fat mass has been studied extensively and is generally associ-
ated with higher mortality [9]. In contrast, the relationship be-
tween fat-free mass and mortality remains less clear. Numerous
studies reported an inverse association between fat-free mass
and mortality [S1-S28; see Supporting Information for full refer-
ences|, whereas others found no significant relation [S29-S47],
and some even suggested a positive association [S48]. These
inconsistencies highlight the need to systematically synthesize
available evidence to clarify the role of fat-free mass in longevity
and healthy ageing.

Improved knowledge of this relationship can help refine clini-
cal screening procedures and guide preventive health strategies.
Accordingly, the current systematic review and meta-analysis
investigated the association between fat-free mass and mortality
in community-based, nonpatient cohorts. We aimed to provide
a comprehensive, up-to-date synthesis across anthropometric
measurement methods and to explore key subgroups by age, sex,
geographic region and cause of death.

2 | Methods

We conducted this systematic review and meta-analysis in ac-
cordance with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines (Table S1)
[10] and registered it on PROSPERO (ID: 321722).

2.1 | Eligibility Criteria

Studies were eligible if they met the following criteria: obser-
vational design (prospective or retrospective cohort studies),

community-based or nonpatient populations and assessment of
fat-free mass, lean body mass, lean muscle mass or appendic-
ular lean mass. The primary outcome was all-cause mortality.
Studies were included regardless of the measurement method,
provided they assessed body composition using bioelectrical
impedance analysis (BIA), dual-energy X-ray absorptiometry
(DXA), computed tomography (CT), anthropometric measures
(e.g., mid-upper arm, mid-arm muscle, calf or thigh circumfer-
ence) or validated prediction equations.

We excluded studies conducted in hospitalized populations or
residents of care facilities. Additionally, studies analysing lon-
gitudinal changes in fat-free mass were excluded, as these data
were not comparable across methods and cohorts.

2.2 | Search Strategy

We identified eligible articles through systematic searches in
PubMed (inception to 25 October 2025), Web of Science and
EMBASE (both inception to 31 July 2025). Search terms com-
bined keywords related to fat-free mass or lean mass, study de-
sign, mortality and community-based populations (Table S2).
The search was limited to articles published in English or
German. Reference lists of relevant reviews and eligible studies
were screened manually to identify additional records.

Three reviewers (VLH, PF and AMS) independently conducted
the literature search, screened titles and abstracts and reviewed
full-text articles. Discrepancies were resolved through discus-
sion with a fourth reviewer (CJ).

2.3 | Data Extraction

VLH, PF and AMS extracted data including first author, pub-
lication year, journal, study design and name, geographic re-
gion, follow-up duration, sex, total number of participants,
age, number of deaths, case ascertainment method, maxi-
mally adjusted risk estimates (hazard ratios [HRs] or odds ra-
tios [ORs] with corresponding 95% confidence intervals [CIs]),
confounding variables and body composition measurement
technique.

Fat-free mass was expressed using various metrics, including
total fat-free mass (kg), fat-free mass index (kg/m?), appendic-
ular skeletal muscle mass (kg), appendicular skeletal muscle
mass index (kg/m?), skeletal muscle mass index (kg/m?), lean
mass (kg or %), lean mass index (kg/m?), muscle area (cm?) and
limb circumferences (arm, calf or thigh; cm).

2.4 | Statistical Methods

For each study, a single risk estimate was extracted, prioritizing
the maximally adjusted model. When multiple measurement
methods were available, the most valid estimate was selected
according to a predefined hierarchy: CT>DXA >BIA>an-
thropometric circumferences> prediction equations. CT and
DXA were considered as reference standards, whereas BIA
is sensitive to hydration status, and anthropometric measures

20f15

Journal of Cachexia, Sarcopenia and Muscle, 2026

85U8017 SUOWWIOD aAIEe1D) |qeal|dde ay) Aq pauienob ae sopiLe VO ‘8sn Jo Se|nl 10} Aeid178ulluO 8|1/ UO (SUONIPUOD-pUe-SLLB)W0D A8 |IM"Afelq 1 jBU1|UO//:SdNY) SUORIPUOD pue SWS | 841 89S *[9202/.0/0T] Uo Akeiqiaulluo 481 ‘TEE0. WSDI/Z00T OT/I0p/W0D A3 | Aleiq 1 jpul|uo//sdny wolj pepeoiumod ‘v ‘9202 ‘600906TZ6ESET



can overestimate fat-free mass. When multiple body regions
were reported, total lean mass was preferred over appendic-
ular measures, and leg DXA was prioritized over arm DXA.
Sex-combined estimates were used when available; otherwise,
sex-specific estimates were pooled.

For categorical exposures, the lowest category was compared
with the highest. If the reference group corresponded to the 50th
percentile, the lowest percentile was used as the exposure group.
To ensure comparability, all estimates were standardized so that
high fat-free mass represented the reference and low fat-free
mass the exposure. When necessary, reciprocal estimates were
calculated with reversed CIs.

The main meta-analysis included studies reporting HRs;
studies reporting ORs were analysed separately. Outcomes
were expressed as the natural logarithm of observed risk ra-
tios (log(rr)), with sampling variances calculated as the
squared standard error. The standard error was derived as log
(log(CI.upper) —log(CI.lower))/(2x1.96) [11]. Random-effects
models were applied using restricted maximum likelihood
(REML) estimation, and the Knapp and Hartung adjustment
was applied to account for uncertainty in the estimation of the
overall effect [11]. Between-study heterogeneity was quantified
using 72 and the I? statistic [12].

Pre-specified meta-regression and subgroup analyses exam-
ined potential effect modifiers, including sex (men, women or
combined), measurement method (BIA, DXA, circumferences
or prediction equations), geographic region (Europe, North
America, South America and Asia-Pacific), age group (<65 or
> 65years) and cause-specific mortality (CVD or cancer). Most
studies classified CVD and cancer deaths according to the
International Classification of Diseases, 10th revision (ICD-
10) [13] (see Table S3). In additional sensitivity analyses, we
excluded deaths occurring within the first 2years of follow-up
to minimize potential reverse causation. Subanalyses were
performed only when data from at least three studies were
available.

Risk of bias was assessed using the Cochrane Risk of Bias in
Nonrandomized Studies of Exposures (ROBINS-E) tool [14, 15].
Regarding the confounding domain, studies adjusting for age,
sex, smoking, physical activity, major comorbidities and BMI
or fat mass were judged to be at low risk of bias. Assessments
were performed independently by two researchers (AMS and
PF), with any discrepancies resolved through consensus. The
robvis tool was used to visualize the risk of bias assessments
[16]. Certainty of evidence was evaluated using the GRADE ap-
proach for observational studies [17].

Publication bias was assessed using funnel plots, trim-and-
fill analysis [18], Egger's regression test [18] and Begg's rank
correlation test [19]. Influence diagnostics and leave-one-out
analyses [20] were performed to identify influential studies.
The E-value was calculated to quantify the strength of unmea-
sured confounding required to explain the observed associa-
tion [21].

All statistical analyses were conducted using R (Version 4.1.2),
with the metafor [11], robumeta [22], EValue [21] and MetaUtility

[23] packages. A p-value of <0.05 was considered statistically
significant.

3 | Results
3.1 | Study Selection

A total of 7741 records were identified: 1937 through PubMed,
4025 through Web of Science, 1778 through Embase and one
through a manual reference list search. After removing 1139 du-
plicates, 6602 records remained for title and abstract screening.
Of these, 6500 were excluded, leaving 102 full-text articles for
eligibility assessment. Fifty-three studies were excluded after
full-text review (Figure 1). Wu et al. [S44, S49] published two
analyses based on the same cohort; one was retained for the
main analysis, and the other contributed to the sex-specific sub-
analysis. In total, 49 studies met the inclusion criteria and were
included in the systematic review and meta-analysis. All but one
study reported HRs; one reported ORs [S39].

3.2 | Study Characteristics

This meta-analysis included 1149807 participants and at least
83798 deaths. Most studies used maximally adjusted estimates
that included between one and 20 covariates. The ten most
frequently adjusted variables were age, sex, smoking status,
alcohol consumption, physical activity, BMI, education or socio-
economic status, marital status, comorbidities (e.g., CVD, diabe-
tes and cancer) and ethnicity (Tables 1 and S3).

Fat-free mass was quantified using various metrics. Ten studies
applied anthropometric circumferences (arm: n=>5, thigh: n=1,
calf: n=1, calf and arm: n=2, unspecified: n=1). Eight studies
reported skeletal muscle mass index, and seven reported fat-free
mass index. Lean mass was expressed as absolute mass in kilo-
grams in five studies, as a percentage of body mass in one study,
as total lean mass in grams in one study, as leg lean mass in
grams in one study and as lean mass relative to height (g/cm)
in one study. Six studies each reported appendicular muscle or
lean mass, either as absolute values or normalized to height?.
Finally, three studies assessed muscle area (arm: n=2, abdom-
inal region: n=1).

3.3 | Fat-Free Mass and All-Cause Mortality

The primary random-effects meta-analysis (48 HR estimates)
showed that low fat-free mass was associated with higher
all-cause mortality (pooled ratio: 1.42, 95% CI: 1.30-1.55;
Figure 2). Between-study heterogeneity was substantial
(I’=86.22%, Pheterogencity < 0-0001). Among individual stud-
ies, 28 reported a statistically significant positive association
between low fat-free mass and mortality [S1-S28]. One study
observed the opposite pattern, with high fat-free mass linked
to increased mortality [S48]. Nineteen studies reported a non-
significant association—14 of which suggested a higher mor-
tality with low fat-free mass [S29, S30, S32-S35, S38-S42, S44,
S45, S47], whereas five found no association or a possible pos-
itive relation between high fat-free mass and mortality [S31,
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Identification of studies via databases and registers

.E Records identified from: Records removed before
= Manually .
5 searched Databases screening:
= records PubMed (n=1937) > Duplicate records removed
S (n=1) Web of Science (#=4025) (n=1139)
= EMBASE (n=1778)
> Ricords screened »| Records excluded
(n=6602) (n=6500)
Reports sought for retrieval Reports not retrieved
g (n=102) | (n=0)
=
s
A Reports excluded (n=53):
o Continuous estimates (n=20)
Rei;)orts assessed for eligibility N Insufficient data (7=10)
(n=102) Assessment of change in fat-
free mass (n=6)
Irrelevant data (n=10)
Muscle density (n=2)
Different outcome (n=4)
- Updated version (n=1)
A

(n=49)

Studies included in review

FIGURE1 | PRISMA flow chart of systematic literature search.

S36, S37, S43, S46]. The single study reporting ORs found a
higher risk of mortality with lower lean mass (OR: 1.40, 95%
CI: 0.91-2.14), although the result was not statistically signif-
icant [S39].

3.4 | Sensitivity Analysis

Results of the risk-of-bias assessment are summarized in
Figure S1. Among the 49 included cohort studies, seven were
rated at low overall risk of bias, 39 at moderate risk and three
at high risk.

Visual inspection of the funnel plot suggested asymmetry
(Figure S2a). Egger's test indicated significant small-study
effects (p=0.002), whereas Begg's test was not statistically
significant (p =0.663). The trim-and-fill method imputed nine
potentially missing studies on the left side of the funnel plot
(Figure S2b). After adjustment, the summary risk estimate
was slightly attenuated from 1.42 (95% CI: 1.30-1.55) to 1.31
(95% CI: 1.20-1.44), yet the association remained statistically
significant.

Influence diagnostics, including leave-one-out analyses, indi-
cated minimal variation in the pooled effect estimate (pooled

HRs ranged from 1.39 [95% CI: 1.28-1.52] to 1.43 [95% CL:
1.31-1.57]), suggesting that no individual study exerted dispro-
portionate influence.

E-value analysis indicated that an unmeasured confounder
would need to be associated with both fat-free mass and mor-
tality by at least a factor of 2.19 to fully explain the observed
association (RR: 1.42) or by 1.92 to attenuate the association to
non-significance (lower 95% CI bound: 1.30).

3.5 | Subgroup Analysis

We conducted stratified analyses to assess the impact of sex,
measurement method, geographic region and age. We also ex-
amined cause-specific mortality and the effect of excluding
early deaths.

Comparing sex-specific estimates, the association between low
fat-free mass and higher mortality was more pronounced in men
(RR: 1.56, 95% CI: 1.32-1.85) than in women (RR: 1.25, 95% CI:
1.11-1.39; Table 2). A within-study comparison of 17 studies re-
porting both sexes confirmed a 16% stronger association in men
than women (HRmen vs. women: 1105 95% CI: 1.02-1.32, p=0.021;
Table 3).
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Author Year Men/Women Estimate [95% CI]
Study 1 Chang CS 2023 M —ey 3.4511.88, 6.34
Study 2 Bites AC 2013 M ———— 3.28 [1.43, 7.53
Study 3 Liu CA 2023 MW ] 2.94[1.99, 4.34
Study 4 Femandes DPD 2021 MW —a 2.56 [1.46, 4.47
Study 5 LiuJ 2023 MW —— 2.23 [1.08, 4.61
Study 6 Landi F 2010 MW — 2.22[1.14, 4.32
Study 7 Heitmann BL 2009 MW - 2.22[1.55,3.18
Study 8 Genton L 2013 MW ] 2.05[1.03, 4.07
Study 9 Soerensen TIA 2020 MW —a— 2.01[1.24, 3.26
Study 10 Miller MD 2002 MW ——— 1.94 [1.25, 3.01
Study 11 LiC 2022 MW —a— 1.92 [1.27, 2.91
Study 12 Tsai AC 2011 MW —a— 1.86 [1.14, 3.04
Study 13 Landi F 2022 MW e 1.84[1.03, 3.28
Study 14 Moon S 2025 MW HEH 1.82 [1.57, 2.11
Study 15 Moon S 2025 MW R 1.73 [1.52, 1.97
Study 16 Pasco JA 2017 W —a— 1.65[1.11, 2.45
Study 17 Kim D 2024 MW [l 1.65[1.26, 2.16
Study 18 Liu M 2022 MW [ ] 1.64 [1.46, 1.84
Study 19 Camargo Pereira 2022 MW = 1.61[1.14, 2.27
Study 20 Seino S 2020 MW HH 1.57[1.29, 1.92
Study 21 Cheng Y 2025 MW - 1.54[1.23, 1.92
Study 22 Costanzo L 2020 MW ——y 1.52 [0.66, 3.51
Study 23 Tabara Y 2022 MW b 1.49 [0.96, 2.32
Study 24 Sedlmeier AM 2021 MW (= 1.43 [1.15, 1.78
Study 25 Cawthon P 2021 M = 1.40[0.79, 2.47
Study 26 Chuang SY 2014 MW HaH 1.40 [1.13, 1.74
Study 27 De Almeida Roediger 2019 MW HEH 1.40 [1.18, 1.67
Study 28 Cheung CL 2016 MW I 1.38 [0.91, 2.10
Study 29 Batsis JA 2017 MW ] 1.35[1.21, 1.51
Study 30 Batsis JA 2014 MW . 1.32 [0.87, 2.00
Study 31 WuM 2022 MW HH 1.28 [1.08, 1.51
Study 32 ChenY 2014 MW - 1.27[0.96, 1.68
Study 33 Srikanthan P 2014 MW HEH 1.25[1.03, 1.52
Study 34 He L 2021 MW - 1.20 [1.01, 1.42
Study 35 Wu L 2017 MW E ] 1.19[0.92, 1.54
Study 36 Wang H 2019 MW e 1.18 [0.64, 2.17
Study 37 Balogun S 2017 MW - 1.17 [0.84, 1.64
Study 38 Ying Z 2023 MW H | 1.14 [1.06, 1.23
Study 39 Loprinzi PD 2018 MW —a— 1.14[0.71, 1.84
Study 40 Oh H 2020 MW iy 1.12[0.63, 1.98
Study 41 Zong G 2016 MW - 1.11 [0.76, 1.62
Study 42 Lee DH 2018 M ] 1.03 [0.96, 1.10
Study 43 Bea JW 2015 w HH 0.99[0.83, 1.19
Study 44 Bemabe-Ortiz A 2023 MW e 0.99 [0.52, 1.89
Study 45 Wannamathee SG 2007 M [ 0.93[0.76, 1.14
Study 46 Knowles R 2021 MW | | 0.88 [0.83, 0.93
Study 47 Dolan CM 2007 w 5 = 0.86 [0.68, 1.08
Study 48 Larsen B 2020 MW ] 0.81[0.52, 1.25
Random-effects ¢ 1.42 [1.30, 1.55]
17 = 86.2%; Tau® = 0.060

1T T1T1T1Imm

0.5 1 2 3 57
Hazard Ratio [95% Confidence Interval]

FIGURE2 | Random-effects meta-analysis of relative risks evaluating the association between low fat-free mass and mortality. The black square
and the respective line represent the risk estimate and the corresponding 95% confidence interval for each study. The diamond represents the sum-

mary relative risk with the corresponding 95% CI for low fat-free mass and all-cause mortality.

Associations were observed across all measurement methods
but varied in magnitude. The strongest association was found
for calf circumference (RR: 2.19, 95% CI: 1.50-3.20), followed
by DXA (RR: 1.52, 95% CI: 1.29-1.79) and upper-arm circumfer-
ence (RR: 1.43, 95% CI: 1.27-1.63). Associations were weaker for
prediction equations (RR: 1.34, 95% CI: 1.10-1.64) and BIA (RR:
1.23,95% CI: 1.07-1.41; see Table 2).

Across all geographic regions, low fat-free mass was consis-
tently linked to higher mortality, with no significant regional
differences (p=0.983). The association was strongest in South
America (RR: 1.66, 95% CI: 1.02-2.72), followed by Europe and
Asia-Pacific, and weakest in North America (RR: 1.29, 95% CI:
1.12-1.50; see Table 2).

Across all studies (age range 18-105years), the association
between low fat-free mass and higher mortality was stronger
among participants <65years (RR: 1.96, 95% CI: 1.54-2.51)
than among those >65years (RR: 1.45, 95% CI: 1.25-1.67),
with a significant between-group difference (p=0.022;
Table 2). However, in within-study comparisons limited to
cohorts reporting both age strata (n=4), the difference was
not statistically significant (HR265years/<65years: 0.78, 95% CI:
0.55-1.10; p=0.133; Table 3).

Cause-specific analyses generally mirrored the main findings.
Low fat-free mass was associated with higher cardiovascular
mortality (RR: 1.51, 95% CI: 1.29-1.77). For cancer mortality,
the association was weaker and less precise (RR: 1.17, 95% CI:
0.83-1.65). Formal comparisons between all-cause mortality
and cause-specific mortality showed no significant differences
(p=0.121; Tables 2 and 3).

To address potential bias from undiagnosed diseases leading to
early death, we repeated the analysis including only studies that
excluded deaths within the first 2years of follow-up. The asso-
ciation was attenuated (RR: 1.22, 95% CI: 0.97-1.54), but a for-
mal comparison with the main analysis showed no significant
difference (HR: 0.97, 95% CI: 0.91-1.04, p=0.360; within-study
p=0.434; Tables 2 and 3).

3.6 | Meta-Regression and Exploration
of Heterogeneity

To further investigate between-study heterogeneity, we per-
formed univariate and multivariate meta-regression analyses.
The association between fat-free mass and mortality was not
significantly modified by the year of publication (p=0.208,
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TABLE 2 | Summary risk estimates of low versus high fat-free mass in relation to mortality, stratified by potential effect modifiers.

Subanalyses No. of studies Risk ratio (95% confidence interval) Pifference
Sex
Men 22 1.56 (1.32-1.85) <0.001
Women 20 1.25(1.11-1.39)
Men and women 32 1.48 (1.34-1.63)
Method
Bioelectrical impedance analysis 15 1.23(1.07-1.41) 0.043
Dual-energy X-ray absorptiometry 15 1.52(1.29-1.79)
Mid-arm muscle circumference 9 1.43 (1.27-1.63)
Calf circumference 6 2.19 (1.50-3.20)
Prediction equations 8 1.34 (1.10-1.64)
Geographic region
Europe 10 1.53(1.16-2.01) 0.983
North America 18 1.29 (1.12-1.50)
South America 5 1.66 (1.02-2.72)
Asia-Pacific 16 1.44 (1.27-1.63)
Age
<65years 10 1.96 (1.54-2.51) 0.022
>65years 22 1.45(1.25-1.67)
Cause-specific mortality
Cardiovascular diseases 14 1.51 (1.29-1.77) 0.850
Cancer 9 1.17 (0.83-1.65) 0.120
Early deaths
Exclusion of deaths within at least 2years 6 1.22(0.97-1.54) 0.360

Risk estimate
Hazard ratio 47
Odds ratio 1

1.42 (1.30-1.55)
1.40 (0.91-2.14)

R?=6.38%; Figure S3), sex (p =0.189, R?=9.87%; Figure S4) or
the specific measurement device used (p =0.132, R>=10.23%;
Figure S5). A multivariate meta-regression model including
all three moderators simultaneously accounted for 18.72% of
the heterogeneity, yet the overall test for moderators remained
non-significant (F(7, 39) =1.80, p=0.116; Table S5).

4 | Discussion

This meta-analysis, comprising more than 1 million partici-
pants, provides the most comprehensive synthesis to date of the
association between fat-free mass and mortality in community-
based adults. The findings demonstrate that individuals with low
fat-free mass have a 42% higher risk of all-cause mortality than
those with higher fat-free mass. The association remained robust
across age groups, sex, measurement methods and geographic
regions. Collectively, these findings clarify the contribution of

fat-free mass to health and longevity and highlight its relevance
for preventive strategies in clinical and public health practice.

Previous meta-analyses examining fat-free mass and mortality
were limited by their focus on specific populations. The most re-
cent meta-analysis, including 11 studies, reported a 30% higher
all-cause mortality risk among middle-aged and older adults
[24]. Similarly, a pooled analysis of nine studies restricted to
adults >65years showed an inverse association between ap-
pendicular skeletal muscle index and mortality [25]. Another
meta-analysis up to 2017 found a comparable inverse associa-
tion between low lean mass and increased mortality [26] but in-
cluded populations with severe illnesses, such as cancer, which
can influence fat-free mass [27].

In contrast, our study restricted analyses to community-
dwelling, nonpatient populations, minimizing bias related to
disease-related wasting and enhancing relevance for primary
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TABLE 3 | Within-study comparison: Summary risk estimates
of low versus high fat-free mass in relation to mortality, stratified by
potential effect modifiers.

Risk ratio (95%

Within-study No. of confidence
comparison? studies interval) p
Sex

Men vs. women 17 1.16 (1.02-1.32) 0.021
Age

> 65 vs. 4 0.78 (0.55-1.10)  0.133

<65years

Cause-specific mortality

CVD vs. 12
all-cause

0.94 (0.85-1.04) 0.240

Cancer vs. 8
all-cause

0.88 (0.74-1.05) 0.136

Early deaths

Early deaths 6
excluded vs.
main analysis

0.97 (0.91-1.05)  0.434

aWithin-study analysis: restricted to studies reporting both relevant estimates.
Abbreviation: CVD: cardiovascular disease.

prevention. By incorporating 28 additional studies published
since 2017, our study substantially expands the available evi-
dence base and provides the clearest estimate to date of the fat-
free mass-mortality association.

Men generally have greater fat-free mass than women, whereas
women have higher fat mass and a larger subcutaneous fat
fraction [28]. Our findings reveal that the inverse association
between fat-free mass and mortality is significantly stronger in
men. These results refine earlier evidence that found minimal
or no sex difference [24] and imply that loss of muscle and other
lean tissue may be particularly detrimental in men, possibly
because fat-free mass contributes proportionally more to met-
abolic homeostasis.

Differences in effect estimate magnitude by measurement
technique likely reflect differences in construct validity.
Circumference measures produced larger pooled estimates,
but these methods tend to overestimate fat-free mass [29]. BIA-
based estimates were weaker and more sensitive to age, degree
of adiposity and ethnicity [30]. DXA, a more precise method
[30], produced associations of intermediate magnitude, lending
credibility to the overall findings.

Low fat-free mass was consistently associated with higher
mortality across all world regions, with no significant regional
differences. Apparent variation by region likely reflected the
measurement techniques predominantly used in specific areas
or population-specific anthropometric equations. Ethnic vari-
ation in body composition may also contribute [31], but these
factors did not materially affect the overall direction of the
association.

Although most included studies focused on older adults
(>65years), younger participants (< 65years) showed a stron-
ger association between low fat-free mass and all-cause mor-
tality in between-study comparisons. This pattern aligns with
a prior meta-analysis reporting stronger associations in adults
aged 45-65years [24]. However, within-study age comparisons
showed no statistically significant age difference, suggesting
that the apparent contrast may reflect measurement variabil-
ity rather than true effect modification. Circumference-based
methods, which were more common in younger cohorts, may
exaggerate risk estimates due to overestimation of fat-free
mass [29].

Notwithstanding, biological mechanisms could also underlie
these age patterns. Lower fat-free mass earlier in life has been
linked to adverse cardiometabolic profiles. In youth, higher fat-
free mass is associated with lower levels of total and low-density
lipoprotein cholesterol, glucose and reduced insulin resistance.
Obese youth with high fat-free mass show cardiometabolic
profiles comparable to normal-weight peers [32]. These obser-
vations underscore the importance of preserving muscle mass
throughout life and suggest that preventive measures to main-
tain fat-free mass should begin early.

Low fat-free mass was associated with higher cardiovascular
mortality, consistent with literature linking low muscle mass to
adverse cardiometabolic profiles [4] and increased risk of major
cardiovascular events [33]. Potential pathways include lower
cardiorespiratory fitness, as individuals with reduced fitness,
regardless of adiposity, have an elevated risk of cardiovascular
death [34].

For cancer mortality, the association was weaker and not statis-
tically significant, though it did not differ significantly from the
overall inverse association. Greater muscle mass has been linked
to improved cancer survival and reduced treatment-related
toxicity [35]. Experimental data indicate that exercise-induced
interleukin-6 can inhibit tumour initiation and progression by
promoting natural killer cell redistribution in tumour tissue
[36], and myokine-mediated anti-inflammatory effects may
counteract cancer-related low-grade systemic inflammation
[37]. Future studies should examine site-specific cancer out-
comes and incorporate repeated body-composition measures to
clarify these mechanisms.

The observed inverse association between fat-free mass and
mortality likely reflects the physiologic benefits of skeletal
muscle mass. Muscle tissue acts as a metabolic and endocrine
organ, releasing myokines (e.g., insulin-like growth factor-1)
with autocrine, paracrine and endocrine effects [5]. Activity-
induced myokines enhance lipid and glucose metabolism by
promoting muscular glucose uptake and fat oxidation, stimulat-
ing hepatic glucose output and inducing lipolysis in white ad-
ipose tissue [38]. Collectively, these processes promote a more
favourable metabolic profile, characterized by improved insulin
sensitivity, greater adipose tissue oxidation, osteogenesis, anti-
inflammatory balance and antitumour effects [5]. Furthermore,
higher lean mass has been shown to reduce obesity-induced in-
flammation [39], thereby lowering systemic inflammation and
supporting insulin sensitivity and insulin-like growth factor-1
levels [40].
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Because many of these biological pathways are modifiable
through lifestyle, residual confounding by physical activity war-
rants consideration. Physical activity affects body composition
[41] and is associated with lower mortality [42]; however, most
included studies adjusted for physical activity, supporting the ro-
bustness of our findings.

BMI may also act as a confounding variable or effect modifier.
Two studies conducted analyses stratified by BMI: One found
that higher mid-arm circumference was associated with lower
mortality among normal-weight and overweight participants
but not in those with obesity [S44]. Another observed higher
mortality among individuals with low mid-upper arm circum-
ference and normal or low BMI [S33]. These findings suggest
that adiposity may modify the association between arm circum-
ference and mortality.

4.1 | Limitations

Several limitations warrant consideration. First, between-study
heterogeneity was substantial. Although we performed meta-
regression analyses to identify potential drivers of this vari-
ance, neither publication year, sex nor measurement method
significantly accounted for the observed heterogeneity. The re-
sidual heterogeneity likely reflects more complex differences in
population characteristics and covariate adjustment. Variation
in fat-free mass indices and cut-point definitions hampers com-
parability across studies and precludes establishing absolute
thresholds for ‘low’ fat-free mass. Method-specific and sub-
group analyses reduced—but did not eliminate—this variabil-
ity; therefore, pooled estimates should be interpreted as average
effects, emphasizing direction rather than magnitude. Second,
adjustment strategies differed across studies, raising the pos-
sibility of residual confounding; however, sensitivity analyses,
including E-value calculations, suggest that an unmeasured
confounder would need a strong association with both fat-free
mass and mortality to fully explain the observed association.
Third, older adults were overrepresented in the included stud-
ies—about one-third exclusively enrolled participants aged
> 65years, whereas most others included wide age ranges with-
out upper limits. Thus, generalizability is greatest for older pop-
ulations, and more data in younger cohorts are needed. Fourth,
analyses relied on baseline fat-free mass, implicitly assuming
relative stability over follow-up. Analogous to baseline BMI,
baseline measures yield risk estimates comparable to trajectory-
based approaches [43], supporting this pragmatic choice. Fifth,
reverse causation remains possible. Preclinical illness may re-
duce fat-free mass, inflating observed risk estimates. We mit-
igated this by excluding hospitalized cohorts and conducting
sensitivity analyses that excluded early deaths, which modestly
attenuated but did not eliminate the association. These results
suggest that reverse causation contributes to, but does not fully
explain, the findings. Sixth, the overall certainty of evidence
according to GRADE was rated ‘low’. The evidence was down-
graded due to concerns regarding risk of bias (primarily poten-
tial residual confounding) and high inconsistency arising from
the diverse exposure assessment methods. Lastly, mild funnel-
plot asymmetry indicates possible publication bias, though it
may also reflect heterogeneity among measurement techniques
or study populations.

4.2 | Future Directions

Given consistent evidence linking low fat-free mass to higher
mortality, measurement of fat-free mass should become a routine
component of risk appraisal alongside BMI. Pragmatic tools such
as limb circumferences or BIA can be applied when standardized
protocols and locally calibrated cut-points are available, while
recognizing that DXA and CT provide greater precision when
accessible. Future research priorities include expanding repre-
sentation of younger adults and understudied ethnic groups and
employing longitudinal designs with repeated body composition
measures to capture change over time. To strengthen causal infer-
ence, randomized or quasi-experimental trials targeting fat-free
mass—through progressive resistance training, optimized pro-
tein intake or multimodal interventions—should assess effects
on mortality and major cardiometabolic and cancer outcomes.
These studies will clarify causal pathways, support individual-
ized risk stratification and inform early prevention strategies.

5 | Conclusion

This comprehensive meta-analysis demonstrates a robust and
consistent inverse association between fat-free mass and mor-
tality in community-dwelling adults. Low fat-free mass is an
important determinant of higher mortality, independent of age,
sex and geographic region. These findings emphasize the impor-
tance of routinely assessing body composition to identify indi-
viduals at increased risk and to guide preventive care aimed at
promoting healthy longevity.
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