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ABSTRACT

The adaptive and independent interrelationships between different body composition components have been identified as crucial de-
terminants of disease risk. On the basis of this concept, the load-capacity model of body composition, which utilizes measurements obtained
through nonanthropometric techniques such as dual-energy X-ray absorptiometry, was proposed. This model is typically operationalized as
the ratio of metabolic load (adipose mass) to metabolic capacity (lean mass). In recent years, a series of load-capacity indices (LCIs) have
been utilized to identify abnormal body composition phenotypes such as sarcopenic obesity (SO) and to predict the risk of metabolic,
cardiovascular, and cognitive disorders. In this review, we comprehensively review the characteristics of different LCIs used in previous
studies, with a specific focus on their applications, especially in identifying SO and predicting cardiometabolic outcomes. A systematic
literature search was performed using PubMed, MEDLINE, PsycINFO, Embase, and the Cochrane Library. Two meta-analyses were con-
ducted to 1) estimate the overall prevalence of SO mapped by LCIs, and 2) assess the association of LCIs with cardiometabolic outcomes. A
total of 48 studies (all observational) were included, comprising 22 different LCIs. Ten studies were included in the meta-analysis of SO
prevalence, yielding a pooled prevalence of 14.5% [95% confidence interval (CI): 9.4%, 21.6%]. Seventeen studies were included in the
meta-analysis of the association between LCIs and adverse cardiometabolic outcomes, which showed a significant association between
higher LCI values and increased risk (odds ratio = 2.22; 95% CI: 1.81, 2.72) of cardiometabolic diseases (e.g. diabetes and metabolic
syndrome). These findings suggest that the load-capacity model of body composition could be particularly useful in the identification of SO
cases and prediction of cardiometabolic risk. Future longitudinal studies are needed to validate the association of LCIs with chronic car-
diometabolic and neurodegenerative diseases.
This systematic review and meta-analysis has been registered with PROSPERO (CRD42024457750).
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Statement of Significance

The load-capacity model of body composition, which utilizes measurements obtained through non-anthropometric techniques, offers novel
insights into understanding the complex interrelationships between different body composition components and their associations with health
outcomes. As the first systematic review to synthesize the applications of the load-capacity model of body composition in human research, our
study demonstrates the model's potential efficacy for the identification of sarcopenic obesity and the prediction of cardiometabolic risk.

Introduction

Body composition assessment primarily quantifies the relative
amounts of fat mass (FM), lean mass (LM), bone mass, and water
content in an individual [1,2]. This information is crucial for
evaluating and monitoring nutritional status, predicting disease
risk, and guiding therapeutic protocols [2-4]. Body composition
measurements are particularly valuable for guiding personalized
interventions and tracking changes over time in conditions (e.g.
obesity, sarcopenia) or interventions that are likely to impact body
composition (e.g. weight loss treatments, dialysis sessions, or
chemotherapy) [2,5-7]. Methods for the assessment of body
composition differ in terms of theoretical principles, complexity of
protocols and analyses, costs, accessibility, and accuracy [2,8].
More accurate, direct methods include MRI, computed tomogra-
phy (CT), dual-energy X-ray absorptiometry (DXA), deuterium
dilution, and air displacement plethysmography, which can be
combined in multicompartment models to provide more reliable
assessments [4]. Anthropometric indices (e.g. BMI, waist circum-
ference, and waist-to-height ratio) and bioelectrical impedance
analysis (BIA) exhibit lower accuracy but are more frequently
applied. This is because of their greater accessibility, lower costs,
and rapidity of measurements, making them the preferred options
in clinical settings and epidemiological studies [2,9,10].

The dynamic and independent interrelationships between FM
and LM have been identified as specific determinants of disease
risk [11,12]. These relationships underlie the scientific rationale
for the development of the load-capacity model of body

composition [13]. The load-capacity model is a diagnostic
framework that conceptualizes the human body as a balance
between metabolically demanding tissues (the “load™) and tis-
sues that support homeostatic metabolic function (the “capac-
ity”) [14]. In this model, adipose tissue, particularly visceral
adiposity, is considered the primary “load” because it requires
energy for maintenance and can produce inflammatory factors.
The “capacity” components include skeletal muscle, liver, and
other organs that play crucial roles in glucose regulation, lipid
metabolism, and overall metabolic health. This model suggests
that health risks may arise when the load exceeds the physiolog-
ical capacity to compensate effectively, and this burden may be
further exacerbated by behavioral factors (i.e. sedentary lifestyle
and unbalanced dietary patterns) [14,15]. By analyzing the ratio
and distribution of these tissue types, the load-capacity model
may provide insights into the regulation of metabolic functions
and potential risk for cardiometabolic diseases, including type 2
diabetes, coronary artery disease, and stroke [14,15].

In recent years, there has been growing interest in applying
this model to body composition research through the develop-
ment of a series of load-capacity indices (LCIs), typically based on
the ratio of adipose mass to LM [12,16-19]. For instance, Siervo
et al. [12] proposed 2 LCIs [whole body: FM/fat-free mass (FFM)
ratio and segmental: ratio of truncal fat mass to appendicular
skeletal muscle mass (TrFM/ASM)] to identify sarcopenic obesity
(SO) cases by assigning metabolic load and metabolic capacity to
adipose mass and LM, respectively (Figure 1) [12]. Similarly,
other researchers have developed a series of indices, including
muscle mass (MM) to FM ratio and FM to LM ratio [19,20].
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FIGURE 1. Schematic diagram of the load-capacity model of body composition, based on 2 load-capacity indices (LCIs): (A) whole-body and (B)
segmental. The whole-body LCI is based on the ratio of fat mass to fat-free mass (FM/FFM), whereas the segmental LCI is based on the ratio of
truncal fat mass to appendicular skeletal muscle mass (TrFM/ASM). The metabolic load has been divided into low, normal, and high categories
according to the relative contributions of the 2 components. This diagram was adapted with permission from Siervo et al. [12].
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Although not all these studies explicitly employed the
load-capacity model to elucidate these ratios, we propose to
categorize all these ratios as LCIs due to their conceptual simi-
larities. To date, no study has systematically reviewed the appli-
cations of these LCIs. Therefore, this study aims to
comprehensively synthesize the characteristics of different LCIs
(i.e. ratio of adipose mass and LM) that have been proposed and
evaluate the differences in their 1) numerators and denominators,
2) body composition assessment methods, 3) capacity for iden-
tifying SO, and 4) associations with cardiometabolic health.

Methods

Search strategy and study selection

This systematic review is reported in accordance with the
PRISMA 2020 guidelines and has been registered on PROSPERO
(CRD42024457750) [21]. PubMed, MEDLINE, PsycINFO,
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Embase, and the Cochrane Library were searched from their
inception to 27 March, 2024. The search strategy employed a
combination of synonyms and relevant Medical Subject Head-
ings terms for the load-capacity model, ratio, body composition,
and SO (Supplemental Table 1). The complete study search and
selection process is presented in Figure 2. Titles and abstracts
were independently screened in duplicate by 2 reviewers (ZG
and MM). Full texts were also independently screened in dupli-
cate by 2 reviewers (ZG and MM). Any disagreements were
resolved through discussion with a third reviewer (MS).

We included both observational and experimental studies that
met the following criteria: 1) human participants of any age and
health status; 2) body composition data assessed via non-
anthropometric techniques (e.g. BIA, DXA, and CT), from which
a ratio measure of different body composition components was
derived. Additional elements—namely, 3) prevalence of SO
mapped by LCIs; 4) investigation of the association between LCIs
and health outcomes; or 5) comparisons among groups
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FIGURE 2. Flowchart of the study selection.
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categorized by tertile, quartile, quintile, or other predefined
cutoffs of LCIs to evaluate the LCI as a health outcome pre-
dictor—were not required for inclusion but were noted when

present. Studies were excluded if they: 1) utilized self-reported
measures of body composition (e.g. SARC-F); or 2) review arti-
cles or conference abstracts. No restrictions were applied
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FIGURE 3. Graphical Overview for Evidence Reviews (GOfER) diagram. ADP, air displacement plethysmography; AFM, arm fat mass; AMM, arm
muscles mass; ANOVA, analysis of variance; ASM, appendicular skeletal muscle mass; BIA, bioelectrical impedance analysis; BP, blood pressure;
CI, confidence interval; CT, computed tomography; CVD, cardiovascular disease, DXA, dual energy X-ray absorptiometry; FFM, fat-free mass;
FFM], fat-free mass index; FM, fat mass; FMI, fat mass index; FMr/LM, fat mass standardized residuals modeled on lean mass; GIR, glucose-area
under the curve/insulin-area under the curve; HR, hazard ratio; LFM, leg fat mass; LLMM, lower-limb muscle mass; LM, lean mass; MetS, metabolic
syndrome; MM, muscle mass; NA, not applicable; NAFLD, nonalcoholic fatty liver disease; OR, odds ratio; PMA, paravertebral muscle area; PP,
pulse pressure; RBANS, Repeatable Battery for the Assessment of Neuropsychological Status; SATT, subcutaneous adipose tissue thickness; SHBG,
sex hormone-binding globulin; SM, skeletal muscle mass; SMA, skeletal muscle area; SO, sarcopenic obesity; TFMr/LM, trunk fat mass residual for
lean mass; TMA, thigh muscle area; TR, time ratio; TrFM, truncal fat mass; TrMM, truncal muscle mass; US, ultrasound; VAT, visceral adipose

tissue; VFA, visceral fat area; VFL, visceral fat level; VFM, visceral fat mass.
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FIGURE 3. (continued).

regarding study year or language. In cases where a study was
reported in multiple publications, we selected the publication
that provided outcomes and information most relevant to our
research question, or the one published in a more appropriate
format (e.g. an original research article rather than a research
letter).

Data extraction and quality appraisal

We collected the following information from each included
study: the first author’s surname, year of publication, country,
study design, sample size, population characteristics (e.g. age,
sex, race/ethnicity, and BMI), body composition assessment
methods, definition of the load-capacity model, primary
outcome (SO prevalence), and secondary outcome (association
of LCIs with health outcomes), as presented in Supplemental
Table 2 and Supplemental Table 3. The Risk Of Bias In Non-
randomized Studies of Exposures (ROBINS-E) tool was used to
evaluate the risk of bias in the included studies [22,23]. Two

reviewers (ZG and MM) independently conducted the data
extraction and quality appraisal, with any discrepancies being
resolved through discussion with a third reviewer (MS).

Data synthesis and statistical analysis

Key characteristics of the included studies were summarized
in a Graphical Overview for Evidence Reviews diagram
(Figure 3), and overall findings were narratively synthesized.
Two distinct meta-analyses were also conducted. First, we
pooled the point estimates of studies that reported SO prevalence
using LCIs. Second, we pooled the point estimates of the asso-
ciation between LCIs and cardiometabolic outcomes. All LCIs
were standardized to represent the ratio of metabolic load to
metabolic capacity. Reciprocal ratios, such as FM/FFM and FFM/
FM, were considered the same LCI. Similarly, ratios with
different numerators and denominators but mathematically
equivalent values were also considered the same LCI [e.g. FM/
FFM and fat mass index (FM in kg/mz)/FFMI (FFM in kg/mz)].
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The odds ratio (OR), accompanied by 95% confidence interval
(CI), was used as the common measure of association between
LCIs and disease risk across the included studies. We pooled the
adjusted ORs comparing higher LCIs with lower LCIs (reference
category). Hazard ratios (HRs) from longitudinal studies were
considered approximately equivalent to ORs when calculating
the pooled estimates [24]. In both meta-analyses, for studies that
exclusively reported estimates for subgroups (i.e. males and fe-
males), we calculated the overall population estimates by
aggregating subgroup estimates using the fixed-effects model.
For studies that categorized the LCIs into >2 groups (e.g. quar-
tiles), we derived the overall point estimates by synthesizing
subgroup estimates using the random-effects model. Inter-study
heterogeneity was evaluated using the I? statistic [25]. The
random-effects model was adopted as the pooling method if I? >
50%; otherwise, the fixed-effects model was used. Subgroup
analyses stratified by LCIs and cardiometabolic outcome cate-
gories were conducted to mitigate inter-study heterogeneity.
Publication bias for both meta-analyses was assessed 1) visually,
by examining funnel plots for signs of asymmetry, and 2) sta-
tistically, using Egger’s regression tests and the Begg and
Mazumdar rank correlation test. If publication bias was present,
the trim-and-fill and the precision-effect test and precision-effect
estimate with standard error (PET-PEESE) methods were used to
adjust the pooled estimates [26,27]. Furthermore, we conducted
sensitivity analysis by re-running the meta-analyses with robust
variance estimation (RVE) to account for dependencies of point
estimates included in a single model, because several studies
included in both meta-analyses involved multiple point esti-
mates [28,29]. An additional sensitivity analysis was performed
with the “leave-one-out” method, by systematically removing
each point estimate and re-calculating the pooled estimates. All
statistical analyses were performed using Stata, version 18.0
(StataCorp LLC) and R, version 4.4.1. P values <0.05 were
considered statistically significant.

Results

Narrative synthesis

The flowchart of study search and selection is presented in
Figure 2. Our systematic search yielded 8262 articles from da-
tabases, supplemented by 18 articles from reference lists of the
included studies. Subsequently, 48 studies involving 20 coun-
tries were included in this review [12,16-20,30-71]. All 48
included studies were observational in design, comprising 41
cross-sectional and 7 longitudinal studies. Twenty-two LCIs were
employed across the included studies (Figure 3). The most
frequently utilized LCIs were FM/FFM (16 studies), FM/MM (11
studies), TrFM/ASM (7 studies), and FM/LM (6 studies). The
most frequently applied nonanthropometric body composition
assessment techniques were BIA (24 studies), DXA (17 studies),
and CT (6 studies).

Twelve studies estimated the prevalence of SO, of which 10
used LCIs for identification and were included in the meta-
analysis for prevalence [18,32,35-37,41,47,57,61,71]. The SO
prevalence mapped by LCIs ranged from 3.2% to 50.7%. Forty
studies explored the association between LCIs and health out-
comes, including adverse cardiometabolic outcomes (n = 26),
poor physical function (n = 4), poor cognitive function (n = 4),
and mortality (n = 3). Seventeen studies that reported the point
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effect sizes of interest (ORs and HRs) were included in the
meta-analysis examining the association between LCIs and
adverse cardiometabolic outcomes, including diabetes, meta-
bolic syndrome (MetS), dyslipidemia, and insulin resistance [16,
18,34,42,44,45,48,49,53,54,56,59-61,63,66,67].

Quality of studies

The risk of bias, assessed using ROBINS-E, was categorized as
low, moderate (some concerns), or high. Of the 48 observational
studies, 25 were assessed as having a low risk of bias, and 17
were assessed as having a moderate risk of bias (Supplemental
Figure 1). The remaining 6 studies were assessed as having a
high risk of bias, primarily due to inadequate adjustment for
potential confounders and insufficient information regarding
postexposure interventions. None of the studies included in the
meta-analyses was assessed as having a high risk of bias.

Meta-analyses

Ten studies comprising 14 point estimates and involving
27,383 participants (aged >18 y) were included in the meta-
analysis for LCI-assessed SO prevalence (Figure 4A). Of those,
4 employed TrFM/ASM [32,36,41,57], 9 employed FM/FFM
[18,32,35,37,41,47,57,61,71], and 1 employed visceral adipose
tissue (VAT)/FFMI [18]. The pooled SO prevalence was 14.5%
(95% CI: 9.4%, 21.6%); I = 99.47%). The pooled prevalences
differed significantly among the TrFM/ASM group (10.2%; 95%
CI: 6.3%, 16.0%), FM/FFM group (16.3%; 95% CI: 8.7%,
28.4%), and VAT/FFMI group (20.0%; 95% CI: 18.7%, 21.4%),
with P < 0.001 across subgroups.

Seventeen studies comprising 40 point estimates were
included in the meta-analysis examining the association of LCIs
with adverse cardiometabolic outcomes (Figure 4B), with a
pooled OR (higher LCI compared with lower LCI) of 2.22 (95%
CI: 1.81, 2.72; I? = 99.95%). Nine studies specifically examined
the association between LCIs and MetS risk [18,34,49,53,54,56,
59,60,66], demonstrating a stronger association (OR = 4.24;
95% CI: 3.07, 5.86). In contrast, 7 studies explored the associa-
tion between LCIs and diabetes risk [42,45,48,49,53,63,66],
showing a weaker association (OR = 1.64; 95% CI: 1.20, 2.23).
Seven studies reported the association of LCIs with risk of other
cardiometabolic outcomes, with a pooled OR = 1.70 (95% CL:
1.46, 1.98) [16,44,45,48,56,61,67]. The difference across sub-
groups was significant (P < 0.001). FM/MM and FM/FFM were
the most frequently utilized LCIs in the included studies. Three
studies utilized FM/FFM to examine the association between
LCIs and cardiometabolic health, demonstrating a stronger as-
sociation (OR = 3.41; 95% CI: 2.01, 5.81) [16,18,61]. In
contrast, 7 studies utilized FM/MM, showing a weaker associa-
tion (OR = 2.03; 95% CI: 1.33, 3.08) [34,44,53,54,63,66,671;
however, the difference across subgroups was not significant
(P =0.53).

For the meta-analysis of SO prevalence, no significant publi-
cation bias was identified (Supplemental Figure 2). Conversely,
publication bias for the meta-analysis of the association between
LCIs and adverse cardiometabolic outcomes was detected, ac-
cording to the results of Egger’s regression tests and the Begg and
Mazumdar rank correlation test (Supplemental Figure 2). The
trim-and-fill method to symmetrize the funnel plot did not
change the pooled effect size; however, when the PET-PEESE
method was applied, the effect size adjusted by the small study
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A Author and year LCI Sample size SO Prevalence (95%CI)
Van Aller et al., 2019 TrFM/ASM 3577 5.8(5.1t06.6) L]
Van Aller et al., 2019 FM/FFM 3577 5.7(5.0t06.5) -
Low et al., 2020 FM/FFM 1235 19.4 (173 t0 21.7) e
Goddard et al., 2022 TrFM/ASM 5397 14.7 (13.8 to 15.7) L
Pang et al., 2021 FM/FFM 535 3.2(2.0t05.0) e
Powell et al., 2016 FM/FFM 3441 19.8 (18.5t0 21.2) L
Powell et al., 2016 VAT/FFMI 3441 20.0 (18.7 to 21.4) L
Poggiogalle et al., 2020 TrFM/ASM 314 8.0(5.5t011.5) b
Poggiogalle et al., 2020 FM/FFM 314 8.0(55t0 11.5) o
Biolo et al., 2015 FM/FFM 200 30.0 (24.1t0 36.7) —e—
Booranasuksakul et al., 2024 ~ TrFM/ASM 2544 14.8 (13.5 t0 16.3) L3
Booranasuksakul et al., 2024 ~ FM/FFM 2544 13.6 (12.3 to 15.0) L4
Xiao etal., 2018 FM/FFM 144 50.7 (42.6 to 58.7) e
Johnson-Stoklossa et al., 2017 FM/FFM 120 35.0(26.9 to 44.0) e
Subgroup TrFM/ASM 11832 10.2 (6.3 to 16.0) e
Subgroup FM/FFM 12110 16.3 (8.7t0 28.4) —_
Subgroup VAT/FFMI 3441 20.0(18.7t021.4) L
Overall (random-effects) NA 27383 14.5 (9.4 t0 21.6) —&
0 30 60
B Author and year LCI Cardiometabolic OR (95%CI)
Orsso et al., 2024 FM/FFM Dyslipidaemia 4.54 (1.09 t018.82)
Xuetal., 2018 FM/MM MetS 8.94 (5.53 to 14.59) —_—a
Park et al., 2016 FM/MM MetS 1.75 (1.46 to 1.97) =1
Park etal., 2016 FM/MM Diabetes 1.07 (1.06 to 1.07) @
Liu etal., 2021 FM/MM MetS 4.35(2.03109.34) —_————————
Powell et al., 2016 FM/FFM MetS 4.25(3.42105.27) —e—
Powell et al., 2016 VAT/FFMI  MetS 4.06 (3.31t04.97) —e—
Kurinami et al., 2016 FM/MM Insulin resistance 1.12(1.01 to 1.25) .
Gamboa-Gomez et al., 2019 FM/LM Diabetes 6.4 (5.7to 14.3) -
Seo etal., 2021 VFA/PMA Diabetes 2.02(1.39 t0 2.94) —a—
Seo et al., 2021 VFA/PMA Hypertension 2.01(1.21 to 3.68) ——
Seo etal., 2021 VFA/TMA  Diabetes 1.83 (1.3 t02.57) —e—i
Seo etal., 2021 VFA/TMA  Hypertension 2.18(1.26 t0 3.77) —e—
Woo et al., 2018 FM/ASM CVDs 1.17(0.97 to 1.42) -
Woo et al., 2018 FM/ASM Diabetes 0.89 (0.58 to 1.36) H—
Wang et al., 2019 VFA/SM Diabetes 3.09 (1.73 t0 5.52) —
Wang et al., 2019 VFA/SM MetS 7.4 (3.92t0 13.97) —_——
Seo et al., 2020 FM/LM MetS 5.48 (4.79 t0 6.27) —a—
Seo et al., 2020 FM/LM Insulin resistance 2.54(2.29 to 2.81) koA
Seo et al., 2020 FM/LM Dyslipidaemia 2.06 (1.86 to 2.28) [
Seo etal., 2020 FM/LM High cholesterol 1.65 (1.5 to 1.82) -
Kim et al., 2011 VFA/ASM MetS 4.55 (2.6 to 7.96) —_————1
Lim et al,, 2010 VFA/TMA  MetS 5.77 (2.68 to 12.42) —_——————
Wang et al., 2021 FM/MM Diabetes 1.35(1.31to 1.4) .
‘Wang et al., 2021 TrFM/TrMM  Diabetes LI1 (.11 to 1.12) W
Wang et al., 2021 LFM/LMM  Diabetes 1.39 (1.35 to 1.43)
‘Wang et al., 2021 AFM/AMM  Diabetes 1.19 (1.14 to 1.23) [
Xiao etal., 2018 FM/FFM High cholesterol 2.08 (1.07 to 4.04) e
Chen etal., 2019 FM/MM MetS 2.38 (1.98 to 2.86) e
Chen etal., 2019 FM/MM Diabetes 1.89 (1.46 to 2.44) o
Zhou et al., 2023 FM/MM CVDs 1.75 (1.59 to 1.92) -
Zhou et al., 2023 TrFM/TrMM  CVDs 1.33 (1.26 to 1.41) ']
Zhou et al., 2023 AFM/AMM  CVDs 1.87 (1.74 t0 2.01) L]
Zhou et al., 2023 LFM/LMM  CVDs 1.61 (1.45t0 1.78) []
Subgroup NA MetS 4.24(3.07 to 5.86) —e—
Subgroup NA Diabetes 1.64(1.2102.23) o
Subgroup NA Other outcomes 1.7 (1.46 t0 1.98) e
Subgroup FM/MM NA 2.03 (1.33 to 3.08) —e—i
Subgroup FM/FFM NA 3.41(2.01 to 5.81) ——
Subgroup Other LCIs  NA 2.22(1.73 t0 2.85) e
Overall (random-effects) NA NA 2.22(1.81102.72) e ) )
0 5 10

FIGURE 4. Meta-analysis of the (A) SO prevalence (%) and (B) the association of LCIs with cardiometabolic outcomes. Heterogeneity test result
for meta-analysis (A): I = 99.47%, P < 0.001. Heterogeneity test result for meta-analysis (B): I> = 99.95%, P < 0.001. LCI, load-capacity index;
SO, sarcopenic obesity.
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effects was slightly lower (OR = 1.92; 95% CL: 1.56, 2.37),
underscoring a bias toward publishing studies with stronger as-
sociations. Sensitivity analyses indicated that the pooled esti-
mate for SO prevalence (16.3%; 95% CI: 9.5%, 26.5%) and OR
(2.56; 95% CI: 1.79, 3.65) were higher after applying RVE
(Supplemental Figure 3). However, the results for both meta-
analyses remained consistent and did not exhibit significant
alteration upon the exclusion of any point estimates (Supple-
mental Table 4).

Discussion

Main findings

This study represents the first systematic review and meta-
analysis to comprehensively investigate the applications of the
load-capacity model of body composition, focusing specifically
on its definition, the prevalence of SO identified by the LCIs, and
the association between LCIs and cardiometabolic outcomes. We
identified 22 LCIs, with FM/FFM, TrFM/ASM, FM/MM, and FM/
LM being the most frequently employed. Our meta-analysis re-
sults indicated that the overall prevalence of SO identified by
LCIs was 14.5% (95% CI: 9.4%, 21.6%). Meta-analysis also
demonstrated that higher LCI values were associated with a
122% increase (95% CI: 81%, 172%) in the odds of experiencing
adverse cardiometabolic outcomes. Specifically, higher LCI
values were associated with increased odds of diabetes (64%;
95% CI: 20%, 123%) and MetS (324%; 95% CI: 207%, 486%).

Prevalence of SO

In the 10 studies that reported the LCI-mapped SO prevalence
estimates, SO was typically identified by LCIs values exceeding
specific cut-off points, which were derived using 2 approaches.
One approach employed a cut-off value of 0.8 for the FM/FFM
ratio [35,37,47], whereas the second utilized the 85th percen-
tiles of the age-, sex-, and BMI-specific LCIs distributions
(FM/FFM and TrFM/ASM) derived from the NHANES
1999-2004 DXA data [12]. Over recent decades, the utilization
of numerous definitions and diagnostic criteria for SO has
significantly contributed to divergent prevalence estimates.
Several meta-analyses have reported global SO prevalences
among older adults, with pooled prevalences ranging from 9% to
14% [72-74]. Our meta-analysis yielded pooled estimates for
TrFM/ASM subgroup prevalence (10.2%) that are consistent
with this range.

In 2022, the Sarcopenic Obesity Global Leadership Initiative
(SOGLI), launched by the European Society for Clinical Nutrition
and Metabolism and the European Association for the Study of
Obesity (ESPEN-EASO), achieved consensus on the definition and
diagnostic algorithm for SO, marking a significant step toward
standardization in the field [75,76]. The SOGLI also proposed
exploring the validity of the load-capacity model of body
composition in SO identification and its association with health
outcomes [77]. However, a comprehensive comparison between
the SO prevalences mapped by the LCIs and ESPEN-EASO criteria
was not conducted in this review, because no meta-analysis has
yet reported the pooled prevalence of SO identified using the
ESPEN-EASO diagnostic criteria, to the best of our knowledge. A
recent study utilizing NHANES data reported an SO prevalence of
15.0% among middle-aged and older adults (>50 y) based on the
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ESPEN-EASO criteria [78]. This prevalence is comparable with
our pooled estimates for the overall prevalence and FM/FFM
subgroup prevalence, and NHANES data were also used in several
studies included in our meta-analyses. Additionally, several
population-based studies reported prevalences mapped by the
ESPEN-EASO criteria that were close to our pooled prevalence for
the TrFM/ASM subgroup [79,80]. Consequently, the FM/FFM
and TrFM/ASM ratios might be promising for the identification of
SO. Unlike the load-capacity model of body composition utilized
to identify SO cases, the ESPEN-EASO criteria incorporate both
alterations in body composition (reduced MM and increased %
FM) and skeletal muscle function. Therefore, these 2 LCIs could
be integrated within the ESPEN-EASO criteria, and they may have
broader applicability in scenarios where assessment of muscle
function is not feasible. Nonetheless, further validation of the
VAT/FFMI ratio is needed, because only 1 study in our analysis
utilized this LCI to identify SO.

LCIs and cardiometabolic health

In the subgroup analysis examining the association between
LCIs and cardiometabolic health, the association of LCIs with MetS
was significantly stronger than with other cardiometabolic out-
comes, including insulin resistance and hypertension. In contrast,
we did not observe any significant differences in the associations
of different LCIs with cardiometabolic health, although the FM/
FFM subgroup showed a higher pooled estimate, and the FM/MM
subgroup showed a lower pooled estimate. Consequently, we were
unable to conclusively determine which specific LCI serves as the
superior predictor of cardiometabolic risk.

Several interrelated mechanisms may explain the association
between higher levels of LCIs and increased cardiometabolic
risk. Among these, insulin resistance—a well-established risk
factor for cardiovascular diseases (CVDs) and main MetS com-
ponents (e.g. hypertension, hyperglycemia, dyslipidemia, and
abdominal obesity)—may serve as a cornerstone [81-83]. Given
that insulin-induced glucose uptake primarily occurs in skeletal
muscle, decreased MM may reduce insulin sensitivity [84,85].
Increased adipose tissue mass, particularly abdominal adipose
tissue, is also closely related to lower insulin sensitivity [85-87].
However, lower FFM may also index smaller organ size and
reduced capacity for homeostasis (e.g. glucose regulation by
muscles), which may be an alternative mechanism contributing
to elevated cardiometabolic risk [13]. Therefore, in the context
of lower LCI values, both a relative decrease in LM and a relative
increase in adipose mass can be associated with insulin resis-
tance. On the other hand, lower LCI values may be associated
with reduced physical activity and decreased resting metabolic
rate, consequently exacerbating adipose tissue accumulation and
muscle loss [88,89]. Unbalanced dietary patterns (e.g.
high-calorie intake and low-protein consumption) and anabolic
resistance may also contribute to this association by leading to
increased adipose mass or decreased LM [90-92]. Additionally,
higher LCI levels and cardiometabolic diseases may share other
pathophysiological mechanisms, including chronic inflamma-
tion, oxidative stress, and hormonal changes [93].

Whole body LCIs and segmental LCIs

A critical finding from our meta-analysis on SO prevalences
mapped by LCIs was the significant differences in SO prevalences
identified between a commonly used whole-body LCI (FM/FFM)
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and a segmental LCI (TrFM/ASM) (Figure 1). These 2 methods
possess distinct advantages and limitations. Implementation of
the whole-body LCI (FM/FFM) is generally more straightforward
in clinical settings, requiring less complex measurements and
demonstrating greater feasibility with basic body composition
assessment tools such as BIA. However, it may not capture
regional fat distribution patterns that are particularly relevant to
cardiometabolic risk [12]. On the other hand, the segmental LCI
(TrFM/ASM) was developed based on the well-established as-
sociation of abdominal fat accumulation (TrFM) with metabolic
impairment and ASM with oxidative functions and metabolic
flexibility [94]. This physiological rationale suggests that the
segmental approach may offer more precise insights into meta-
bolic health. However, it normally requires more sophisticated
measurement techniques such as DXA and may be less accessible
in routine clinical practice. Therefore, when utilizing these
indices, accessibility of technology and cost-effectiveness should
be particularly considered.

Strengths and limitations

The present review has several strengths. First, the exhaustive
search of 5 databases, without restrictions on population, study
design, or language, enabled a comprehensive synthesis of re-
sults across diverse sociodemographic and methodological con-
texts. Second, we utilized the LCIs to categorize all ratios of
adipose mass and LM. This unified format provides a standard-
ized reference and facilitates future research. For instance, future
meta-analyses could refer to our methodology when synthesizing
results related to these ratios. Third, the subgroup analyses
provided evidence regarding the efficacy of 2 specific LCIs (FM/
FFM and TrFM/ASM) in identifying SO cases, as well as the
predictive capacity of LCIs for specific cardiometabolic diseases,
including MetS and diabetes. Last, we conducted meta-analyses
with RVE as sensitivity analyses, offering an opportunity to
evaluate the robustness of our findings. The RVE allowed us to
account for the dependency of point estimates, potentially
yielding unbiased pooled estimates. However, it is important to
note that both meta-analyses included a relatively small number
of studies, which might limit the accuracy of the RVE [28].
Therefore, we interpreted the RVE results cautiously, consid-
ering them complementary to our primary analyses using con-
ventional meta-analytic techniques rather than as definitive.

Several limitations warrant consideration in the interpreta-
tion of our findings. First, all the included studies were obser-
vational in nature, with a large number also being cross-
sectional. This cross-sectional design precludes the assessment
of temporal changes in LCIs and their relationship with the
progression of related cardiometabolic outcomes. Therefore,
although we observed significant associations between LCIs and
cardiometabolic risk, these findings may primarily reflect LCIs’
role as risk indicators rather than as definitive markers of
advanced cardiometabolic states. Second, only 1 study included
in our meta-analyses was conducted in a low- and middle-income
country (LMIC) [34], thus precluding subgroup meta-analyses
based on this metric. Similarly, the impact of age, sex, race/-
ethnicity, and other demographic factors that have been re-
ported to influence the prevalence of SO and the risk of the
investigated cardiometabolic outcomes could not be stratified
across both meta-analyses [74,95,96]. These factors could
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influence our pooled estimates of SO prevalence and the asso-
ciations between LCIs and cardiometabolic outcomes, thereby
affecting the generalizability of our findings across different
populations. For instance, older adults demonstrated increased
susceptibility to SO and cardiometabolic outcomes (e.g. CVDs)
[74,97]. Notably, the pooled prevalence of SO identified by the
LCIs was comparable with that reported in previous
meta-analyses [72-74]. However, the previously reported prev-
alences pertained specifically to older adults, whereas our pooled
prevalence involved populations with a wider age range (i.e.
>18 y). Third, we were unable to conduct subgroup
meta-analyses stratified according to different body composition
assessment techniques employed in the included studies. As
previously discussed, different body composition techniques
(e.g. BIA, DXA, and CT) differ in measurement accuracy and
precision, which could potentially introduce systematic varia-
tions in the derived LCIs [2,9,10]. Future meta-analyses with
sufficient studies using different assessment methods should
consider conducting method-specific analyses to validate and
extend our findings. Fourth, substantial heterogeneity persisted
in both meta-analyses after subgroup analyses. This heteroge-
neity may be attributed to the diversity of sociodemographic
characteristics of participants, body composition assessment
methods, LCI cut-off values, and definitions and diagnostic
criteria for the investigated cardiometabolic outcomes.

Implications for future research

Although this meta-analysis provides an extensive overview
of the existing evidence on the SO prevalence mapped by LCIs
and the association of LCIs with cardiometabolic outcomes, the
limitations present in the included studies necessitate cautious
interpretation of our findings and underscore the need for more
high-quality studies. Future research should focus on longitudi-
nal studies to explore the causal relationship of LCIs with car-
diometabolic outcomes, especially MetS and diabetes, and other
health outcomes (e.g. neurodegenerative diseases), using widely
accepted criteria to identify these conditions. More population-
based studies, especially those focusing on populations with
specific sociodemographic characteristics (e.g. older adults and
LMICs residents), are also warranted to evaluate the superiority
of specific LCIs for the identification of SO cases and prediction
of cardiometabolic risk. Furthermore, future studies could also
investigate the dose-response relationship between LCIs and
adverse cardiometabolic outcomes, which may provide novel
insights into the role of the dynamic and independent in-
terrelationships between adipose mass and LM in the onset and
progression of cardiometabolic diseases.

Conclusions

As the first review synthesizing the applications of the load-
capacity model of body composition in human research, our
study highlights the model’s capability for the identification of
SO and the prediction of cardiometabolic risk. Our findings and
the methodology for categorizing the ratios of adipose mass and
LM may serve as a stepping-stone for future research to validate
the association of LCIs with cardiometabolic diseases and to
evaluate the efficacy of specific LCIs for SO identification and
cardiometabolic disease prediction.
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