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Multidimensional fat-muscle phenotyping provides complementary

insight into sex-specific T2D risk patterns

LASSO, least absolute shrinkage and selection operator; PCA, principal component analysis; WQS, weighted quantile sum.
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This study aimed to identify integrated body composition
patterns and evaluate their sex-specific associations with
incident type 2 diabetes (T2D). Among 258,500 UK Bio-
bank participants free of diabetes at baseline, principal
component analysis (PCA) was applied to 28 anthropo-
metric, fat, lean, bone, and muscle strength traits. Cox
models assessed associations with incident T2D, and
least absolute shrinkage and selection operator (LASSO)-
penalized Cox and weighted quantile sum (WQS) regres-
sion identified key components. During a mean follow-up
of 11 years, 33,636 incident T2D cases were identified.
PCA yielded seven interpretable patterns. LASSO consis-
tently identified generalized adiposity, leg-dominant lean
distribution, and central leanness as robust components
across sexes. Compared with the low-score reference
group, generalized adiposity was associated with higher
T2D risk in men and women (hazard ratio [HR] 1.73 [95% CI
1.33-2.24] and 2.21 [1.55-3.16], respectively), whereas leg-
dominant lean distribution was associated with lower risk
(HR 0.57 [0.48-0.68] and 0.50 [0.40-0.63]). Central lean-
ness was associated with lower risk in women (HR 0.41
[0.34-0.51]) and showed a nonmonotonic association with
risk in men. In WQS analyses, central leanness contributed
more strongly to the inverse mixture association in men,
whereas leg-dominant lean distribution contributed more
strongly in women. These findings highlight sex-specific
fat-lean configurations in diabetes risk.

Type 2 diabetes (T2D) represents one of the fastest-growing
global health challenges, driven largely by lifestyle, dietary,

ARTICLE HIGHLIGHTS

¢ Conventional obesity measures do not capture the mul-
tidimensional nature of body composition or the inte-
grated distribution of fat and lean tissue.

e We aimed to identify integrated body composition pat-
terns and determine their sex-specific associations with
incident type 2 diabetes risk.

o We identified distinct composite body composition pat-
terns associated with diabetes risk in men and women,
with generalized adiposity linked to higher risk and leg-
dominant lean distribution or central leanness linked to
lower risk.

o These findings suggest that multidimensional fat-muscle
patterns provide complementary information beyond con-
ventional obesity measures for understanding diabetes
risk.

and body composition changes (1-3). Beyond total adipos-
ity, the quantity, quality, and distribution of fat and lean
tissue profoundly affect insulin sensitivity and glucose me-
tabolism (4-6). However, conventional obesity indicators
such as BMI and waist circumference (WC) do not distin-
guish between different configurations of fat and muscle
that may carry different metabolic implications (7,8). As a
result, individuals with similar BMI values may exhibit
markedly different metabolic profiles and diabetes risks.
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2 Sex-Specific Fat-Muscle Patterns in Diabetes

Previous studies have examined individual body compo-
sition traits, such as fat mass (FM), lean mass (LM), and
muscle strength, in relation to diabetes risk, but findings
have been inconsistent (9-11). These inconsistencies likely
reflect the strong intercorrelations among body composi-
tion variables, which make it difficult to interpret any single
measure in isolation. Moreover, crude aggregate measures
such as total FM or total LM may combine compartments
with opposing metabolic implications—for example, trunk
fat and lower-body fat or LM may relate differently to dia-
betes risk—thereby masking true risk gradients. Multidi-
mensional approaches such as principal component analysis
(PCA) (12,13) can overcome these limitations by identifying
integrated, data-driven body composition phenotypes that
capture shared biological variance. Despite well-established
sex differences in fat distribution and muscle composition,
few studies have systematically quantified how such multi-
dimensional phenotypes jointly contribute to diabetes risk
across sexes.

Therefore, using data from more than 250,000 partici-
pants in UK Biobank (UKB), we applied PCA to 28 anthro-
pometric, fat, lean, bone, and musde strength traits to derive
multidimensional body composition patterns. We then used
Cox regression, least absolute shrinkage and selection oper-
ator (LASSO)-penalized Cox regression, and weighted quan-
tile sum (WQS) regression to assess their associations with
incident T2D, identify the most informative components,
and quantify their joint contributions. Our aims were to
1) derive multidimensional body composition phenotypes,
2) examine their associations with incident T2D, and 3) evalu-
ate sex-specific differences in these associations. By integrat-
ing multiple dimensions of body composition, this study
provides complementary insight into how the balance and
distribution of fat and muscle relate to diabetes risk.

RESEARCH DESIGN AND METHODS

Study Population

UKB is a large-scale prospective cohort that recruited
502,394 participants between 2006 and 2010 from 22 as-
sessment centers across the UK. (14). It was designed to
collect extensive health-related information, including ge-
netic, phenotypic, and lifestyle data, to investigate determi-
nants of health and disease (15). For the present analysis,
we excluded participants with prevalent diabetes at base-
line, those taking glucose-lowering medications, and those
with missing data or extreme values (5 SD) for body
composition measurements. After these exclusions, 258,500
participants were included in the final analytic sample
(Supplementary Fig. 1 and Supplementary Table 1). The
study was approved by the North West Multi-Centre Re-
search Ethics Committee (MREC), UK., and all partici-
pants provided written informed consent.

Body Composition Measurements
To capture the multidimensional nature of body composi-
tion, we prespecified eight key domains based on available
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measurements in UKB: central adiposity, FM, LM, fat-to-
lean mass ratio, fat distribution, lean distribution, muscle
strength, and bone mineral density (BMD). Within UKB,
we identified 28 validated measurements to comprehen-
sively represent these domains (Supplementary Table 2).
These variables were selected to characterize morphologi-
cal body composition phenotypes rather than circulating
biomarkers. Biomarkers such as lipids or CRP were not in-
cluded, because they may reflect downstream metabolic
consequences or mediating pathways rather than struc-
tural body composition traits.

At baseline, a comprehensive set of body composition
traits was measured by trained personnel following stan-
dardized protocols. Height, WC, and hip circumference were
measured using calibrated instruments. Whole-body and re-
gional FM and LM in the arms, legs, and trunk were as-
sessed using bioimpedance analysis with the Tanita BC-418
MA analyzer, which has been validated for reliable body
composition estimates. Grip strength, an indicator of mus-
cle function, was measured for both hands using a Jamar
J00105 hydraulic dynamometer, with participants instructed
to exert maximal effort. BMD was assessed using the heel
bone, a standardized and widely available measure of skele-
tal health in UKB, measured by the Norland McCue Contact
Ultrasound Bone Analyzer.

Definition of T2D

The primary outcome was incident T2D, defined by ICD-10
code E11 from linked hospital admission records in En-
gland, Scotland, and Wales. Participants with prevalent dia-
betes at baseline were excluded before follow-up, based on
self-reported physician diagnosis, use of glucose-lowering
medication, or relevant baseline-linked diagnostic records,
as detailed in Supplementary Table 1. Further details are
available on the UKB showcase website (https://biobank
.ctsu.ox.ac.uk/showcase/label.cgi?id=2000).

Covariates

Baseline covariates were collected during the same as-
sessment center visit (2006-2010) in UKB. Age (years),
sex (men/women), ethnicity (European, Asian, African, or
other/mixed), education level (college/university degree,
Advanced levels/Advanced Subsidiary levels, Ordinary levels/
General Certificates of Secondary Education/Certificates of
Secondary Education, National Vocational Qualification/
Higher National Diploma/Higher National Certificate, or
other), average household income, smoking status, alcohol
consumption status, physical activity, and family history
of type 2 diabetes were obtained through self-reported
touchscreen questionnaires. Smoking status was catego-
rized as never, previous, or current, according to self-
reported smoking behavior at baseline. Drinking status
was categorized as never, previous, or current, based on
self-reported alcohol intake at baseline; participants re-
porting any current alcohol consumption were classified
as current drinkers, those who had stopped drinking were
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classified as former drinkers, and those reporting no life-
time alcohol consumption were classified as never drinkers.
Physical activity was quantified as metabolic equivalent of
task minutes per week using the International Physical Ac-
tivity Questionnaire. Height (cm) and weight (kg) were
measured by trained staff, and BMI was calculated as weight
in kilograms divided by height in meters squared (kg/m?).
Hypertension was defined as systolic blood pressure
>140 mmHg, diastolic blood pressure >90 mmHg, self-
reported physician diagnosis, or use of antihypertensive med-
ication. Hypercholesterolemia was defined as self-reported
physician diagnosis or use of lipid-lowering medication. To-
tal energy intake (kJ/day) was estimated using the Oxford
WebQ, a validated web-based 24-h dietary recall instru-
ment widely used in large-scale epidemiological studies.

Statistical Analysis

PCA

To reduce dimensionality and identify distinct patterns
among the 28 body composition variables, PCA was con-
ducted on standardized variables (mean-centered, unit vari-
ance) using the “prcomp” function in R. To establish a
common component framework for sex-specific compari-
son, the primary PCA loading coefficients were derived
from men and then applied to the female data set to calcu-
late corresponding component scores. Pearson correlation
matrices and sex-specific loading patterns were examined to
assess the similarity of body composition structures between
men and women. The number of retained components was
determined using the Kaiser criterion (eigenvalue >1), and
this decision was confirmed by visual inspection of the scree
plot (Supplementary Fig. 2), which showed a clear elbow at
the seventh component. For interpretability, the initial load-
ing directions were examined against the biological interpre-
tation of each component (e.g., higher PC1 corresponding to
greater adiposity), and no sign flipping was required.

BMI was not included among the PCA input variables,
because it reflects overall body size and may obscure more
specific patterns of fat and lean distribution; it was instead
included as a covariate in association models to account for

general adiposity.

Handling Missing Values in Covariates

Missing covariate data were handled using complete case
analysis, as implemented in the R “coxph” function. No
missing values were present for age, sex, BMI, hyperten-
sion, hypercholesterolemia, or family history of T2D.
Missingness for education, ethnicity, income, smoking
status, alcohol intake, and physical activity was very low
(<0.2%). In contrast, total energy intake had a higher
proportion of missing values (~50%), as this variable
was derived from a dietary assessment not completed
by all participants. Consequently, the primary models,
including energy intake, were based on a reduced sam-
ple (n~129,250).

Ma and Associates 3

Associations With T2D

Both the 28 individual traits and the seven PCA-derived
components were examined in relation to incident T2D.
Restricted cubic spline regression was first used to character-
ize the shape of associations and assess potential nonlinear-
ity. Each principal component (PC) score was categorized
into low, moderate, and high groups using mean +0.5 SD
cutoffs (low: less than mean — 0.5 SD; moderate: mean
+0.5 SD; high: greater than mean +0.5 SD). Cox propor-
tional hazards models were used to estimate hazard ratios
(HRs) and 95% CIs, with the low-score group as the refer-
ence group. Models were adjusted for age, sex, ethnicity,
education, household income, BMI, smoking status, drink-
ing status, physical activity, dietary energy intake, hyper-
tension, hypercholesterolemia, and family history of T2D.
Continuous covariates (age, physical activity, dietary energy
intake, and BMI) were modeled as continuous variables,
whereas categorical covariates were entered using their full
original categorizations as described above. For descriptive
presentation only, selected variables in Tables 1 and 2 were
collapsed into simplified categories to improve table read-
ability. Benjamini-Hochberg false discovery rate (FDR) cor-
rection was applied to all category-based Cox comparisons,

including moderate-versus-low and high-versus-low con-
trasts, across the seven PCA-derived components within
each population stratum.

Subgroup and Sensitivity Analyses

Subgroup analyses were stratified by age, household in-
come, physical activity, and smoking status. Sensitivity
analyses included 1) excluding participants with elevated
baseline glucose (>7.0 mmol/L) or HbA;. (>48 mmol/
mol) at baseline to avoid potential reverse causality from
undiagnosed diabetes, 2) excluding cases with <2 years of
follow-up, 3) excluding individuals with self-reported weight
change in the year prior to recruitment, 4) restricting to par-
ticipants of European ancestry, 5) removing total energy
intake from the covariate set, 6) adjusting for additional die-
tary factors derived from the Oxford WebQ (red meat, white
meat, whole grains, fruits, and vegetables), 7) using female-
derived PCA loadings to recalculate component scores, 8) us-
ing DXA- and MRI-derived body composition measures
from the imaging data to assess consistency with the main
findings, 9) applying Fine-Gray competing risk models ac-
counting for death, and 10) stratifying women by meno-
pausal status (premenopausal vs. postmenopausal).

Identification and Quantification of Key Body Composi-
tion Patterns Using LASSO and WQS Regression

To identify the most influential components, LASSO-
penalized Cox regression was performed separately in men
and women using the “glmnet” package in R. The seven
PCA scores were included as predictors, and the survival
outcome was time to incident T2D. The penalty parameter
was selected using 10-fold cross-validation. In the primary
LASSO analysis, we used the 1-SE penalty parameter (A.1se)
to obtain a more parsimonious set of robust components,
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Table 1—Baseline characteristics of study participants, overall and by sex
Variables Overall Female Male P value
N 258,500 143,368 115,132
Age (years) 56.3 (8.0) 56.2 (7.9) 56.4 (8.2) <0.001
White ethnicity 249,047 (96.3%) 138,284 (96.5%) 110,763 (96.2%) <0.001
Household income <£52,000 162,992 (63.1%) 90,183 (62.9%) 72,809 (63.2%) 0.079
University education 82,537 (31.9%) 43,745 (30.5%) 38,792 (33.7%) <0.001
Smoking status <0.001

Never 142,286 (55.1%) 85,252 (59.5%) 57,034 (49.6%)

Previous 88,272 (34.2%) 44,850 (31.3%) 43,422 (37.7%)

Current 26,859 (10.4%) 12,667 (8.8%) 14,192 (12.3%)
Drinking status <0.001

Never 9,713 (3.8%) 7,123 (5.0%) 2,590 (2.3%)

Previous 8,243 (3.2%) 4,766 (3.3%) 3,477 (3.0%)

Current 240,119 (92.9%) 131,249 (91.6%) 108,870 (94.6%)
BMI, kg/m? 271 (4.4) 26.8 (4.7) 27.6 (3.9) <0.001
MET-min/week 2,647.0 (2,709.3) 2,481.8 (2,446.9) 2,835.7 (2,969.9) <0.001
Total energy intake (kJ/day) 8,657.4 (2,416.6) 8,059.8 (2,121.6) 9,415.6 (2,551.5) <0.001
Hypertension 61,048 (23.6%) 30,500 (21.3%) 30,548 (26.5%) <0.001
Hypercholesterolemia 10,143 (3.9%) 4,382 (3.1%) 5,761 (5.0%) <0.001
Family history of T2D 40,403 (15.6%) 23,609 (16.5%) 16,794 (14.6%) <0.001
WC (cm) 89.4 (12.8) 83.9 (11.7) 96.2 (10.6) <0.001
Hip circumference (cm) 103.0 (8.5) 102.9 (9.5) 103.1 (7.0) <0.001
Arm FM (kg) 2.5(1.2) 2.7 (1.3 2.1 (0.8) <0.001
Leg FM (kg) 8.4 (3.5) 10.3 (3.1) 6.1 (2.3) <0.001
Trunk FM (kg) 13.4 (4.8) 13.3 (5.0) 13.5 (4.7) <0.001
Whole FM (kg) 24.3 (8.8) 26.3 (9.2) 21.7 (7.6) <0.001
Arm LM (kg) 5.8 (1.6) 4.6 (0.6) 7.3(1.1) <0.001
Leg LM (kg) 17.6 (3.9) 14.8 (1.8) 21.1 (2.9) <0.001
Trunk LM (kg) 29.5 (5.9) 25.0 (2.5) 35.1 (3.9) <0.001
Whole LM (kg) 52.9 (11.3) 44.4 (4.7) 63.5 (7.5) <0.001
BMD (g/cm?) 0.5 (0.1) 0.5 (0.1) 0.6 (0.1) <0.001
Grip strength (kg) 33.0 (11.4) 25.3 (6.3) 42.5 (8.9) <0.001

Data are presented as mean (SD) for continuous variables and n (%) for categorical variables. P values were calculated using independent
t tests for continuous variables and y? tests for categorical variables to compare differences between men and women. N represents the
total number of participants with available data for each characteristic. MET-min/week, metabolic equivalent of task minutes per week.

and components with nonzero coefficients at A.lse were
considered selected components.

To further evaluate the joint effect and relative contri-
bution of multiple body composition patterns, we applied
WQS regression. The WQS approach aggregates correlated
exposures into a single weighted index that represents
the overall “body composition burden,” allowing direction-
ally constrained estimation (positive or negative associa-
tion) and interpretation of component-specific weights.
Each PCA-derived component was divided into deciles,
and bootstrap sampling (n = 1,000) was used to estimate
mean weights and 95% CIs. WQS indices were constructed

separately for positively and negatively associated components
in men and women. Cox proportional hazards models were
then fitted with the WQS index as the primary exposure, ad-
justed for the same covariates as in the main analyses.

All analyses were conducted using R version 4.3.1, and two-
sided P values < 0.05 were considered statistically significant.

Ethics Statement

UKB has full ethical approval from the North West
Multi-centre Research Ethics Committee (reference:11/
NW/0382). All participants provided written informed
consent.
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Data and Resource Availability

The data that support the findings of this study are avail-
able from UKB under application number 90232. Restric-
tions apply to the availability of these data, which were
used under license for the current study, and so are not
publicly available. Data are, however, available from the
authors upon reasonable request and with permission of
UKB.

RESULTS

Baseline Characteristics of the Study Population
Overall, a total of 258,500 participants were included in
the analysis, comprising 143,368 women and 115,132 men
(Table 1). The mean age of the study population was 56.3
years, with men being slightly older than women (56.4 vs.
56.2 years, P < 0.001).

Significant sex differences were observed across most
baseline characteristics. Compared with women, men re-
ported higher educational attainment, physical activity lev-
els, and total energy intake, whereas women were more
likely to be never smokers and men were more likely to re-
port current drinking (all P < 0.001).

Men also exhibited a less favorable cardiometabolic pro-
file, with higher BMI, larger WC, and greater prevalence of
hypertension and hypercholesterolemia, while women showed
a slightly higher prevalence of family history of T2D (all P <
0.001).

Marked sex-specific differences in body composition
were observed. Women had higher arm, leg, and whole-
body FM, whereas men had slightly higher trunk FM. In
contrast, men exhibited substantially higher LM across all
compartments, higher BMD, and markedly stronger grip
strength (all P < 0.001).

Preliminary Associations of Individual Body
Composition Variables With T2D

After exclusions, 258,500 participants were included in the
final analysis (115,132 men and 143,368 women). During
a mean follow-up of 11 years, 33,636 incident cases of T2D
were identified.

In univariate analyses, most body composition indicators
were significantly associated with diabetes risk (Supple-
mentary Fig. 3 and Supplementary Table 3).

However, these indicators were highly correlated (|r| >
0.7 in multiple pairs) (Fig. 1A-C), and several variables
showed divergent directions of association.

Identification and Characterization of PCs

PCA of 28 body composition variables identified seven
PCs with eigenvalues >1, explaining 94.2% of variance in
men and 92.8% in women (Fig. 1D). The loading structures
were broadly similar between men and women, supporting
the use of a common PCA-derived component framework
for sex-specific comparisons (Fig. 1E). The seven PCs are as
follows.

Ma and Associates 9

® PC1 (high FM): high loadings across total and regional
fat indices (arm, leg, trunk, whole-body FM) and an-
thropometric adiposity (waist-to-hip ratio, WC), repre-
senting generalized adiposity

® PC2 (low LM): negative loadings for LM and grip strength,

consistent with a sarcopenia-like profile

PC3 (leg-dominant lean distribution): positive loadings for

leg LM and leg-to-whole LM ratio but negative for trunk-

to-whole LM, indicating a peripheral-lean-preserving

phenotype

® PC4 (bone-muscle fitness): combined high heel BMD
and grip strength, reflecting musculoskeletal robustness

® PC5 (bone-muscle discoordination): opposite loading
directions for bone and musde traits, suggesting skeletal-
muscle mismatch

.

PC6 (trunk-dominant fat distribution): characterized
by high trunk-to-whole FM ratio and waist-to-hip ratio,
representing centralized fat accumulation

® PC7 (central leanness): indicating low abdominal fat with rel-
atively preserved peripheral LM, a favorable metabolic profile

Baseline Characteristics Across Low, Moderate, and
High PC Score Groups

Baseline characteristics across low, moderate, and high PC
score groups are presented in Table 2. Participants in the
high PC1 group had higher BMI and greater total energy
intake, whereas participants in the high PC3 and PC7
groups had lower BMI and lower total energy intake.

Associations Between Body Composition Patterns and
Incident T2D

In multivariable-adjusted Cox models, several PCA-derived
body composition patterns were significantly associated
with incident T2D in both sexes (Fig. 2).

Among men, compared with the lowest category, higher
scores of PC1 (high FM) and PC2 (low LM) were associated
with greater diabetes risk (HRs 1.73 [95% CI 1.33-2.24]
and 1.95 [1.56-2.43], respectively). Higher scores of PC3
(leg-dominant lean distribution) and PC4 (bone-muscle
fitness) were associated with lower risk (HRs 0.57 [0.48-0.68]
and 0.80 [0.68-0.93], respectively), whereas PC7 (central
leanness) showed a weaker inverse association (HR 0.89
[0.76-1.04]). PC5 (bone-muscle discoordination) and PC6
(trunk-dominant fat distribution) showed positive associ-
ations at higher levels (HRs 1.34 [1.15-1.57] and 1.47
[1.14-1.90], respectively).

Among women, compared with the lowest category,
PC1 (HR 2.21 [95% CI 1.55-3.16]), PC2 (HR 1.49 [1.15-1.94)),
and PC6 (HR 2.30 [1.66-3.20]) were positively associated
with risk, whereas PC3 (HR 0.50 [0.40-0.63]), PC4 (HR 0.79
[0.65-0.97]), and PC7 (HR 0.41 [0.34-0.51]) were associated
with lower risk. Benjamini-Hochberg FDR correction across
all category-based comparisons did not materially change
the pattern of statistical significance or the main conclusions
(Supplementary Table 4).
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Figure 1—Correlation structure and principal component analysis (PCA) of body composition traits in UKB. A-C: Pairwise correla-
tions among 28 body composition variables in the overall population (A), men (B), and women (C). Strong correlations were observed
among measures of FM, LM, bone parameters, and grip strength, highlighting the multidimensional structure of body composition.
D: Cumulative variance explained by successive PCs for men and women. The first seven components accounted for 94.2% and
92.8% of total variance, respectively. E: Loading coefficients of the seven principal components (PC1-PC7) in men and women. The
broadly similar loading patterns across sexes support the use of a common PCA-derived component framework for sex-specific
comparison. Positive and negative loadings indicate concordant and inverse contributions of each variable to the component.

Comparison With Individual Body Composition Indicators
We compared the PCA-derived component results with
analyses of the original 28 body composition variables
(Supplementary Fig. 3 and Supplementary Table 3). Meas-
ures of central obesity (e.g., WC, waist-to-height ratio)
and muscle strength (grip strength) exhibited consistent
associations with diabetes risk in both analyses. However,
several individual variables showed attenuated or contra-
dictory effects compared with their PCA counterparts. For
example, leg LM (HR 0.95 [95% CI 0.74-1.23]) was not
significantly associated with lower risk when analyzed
alone, despite contributing to the lower-risk PC3 profile (HR
0.55 [0.45-0.66]). Similarly, the leg-to-whole FM ratio (HR
1.11 [0.91-1.35]) appeared adverse individually but was part
of PC3, a component associated with markedly lower diabe-
tes risk relative to the low-score reference group.

Exposure-Response Relationships Between PCs and
Diabetes Risk

Restricted cubic spline analyses further characterized the
shape of the associations between PC scores and incident

diabetes (Fig. 3). Among men, PC2, PC3, PC4, PC5, PC6,
and PC7 showed significant overall associations (P < 0.05),
while PC1 demonstrated a marginal association (P = 0.076).
All relationships were approximately linear (all P for nonli-
nearity >0.05), except PC7, which showed a borderline non-
linear pattern (P = 0.062). Among women, PC1, PC2, PC3,
PC6, and PC7 were significantly associated with diabetes
(P < 0.05), with a significant nonlinear relationship for
PC6 (P = 0.007).

Overall, diabetes risk increased with higher PC1 and
PC2 scores and decreased with higher PC3 scores. PC7 also
showed an inverse association, which was clearer in women
and weaker in men, consistent with the sex-specific Cox re-
sults. The risk gradients appeared steeper in women than
in men for several components.

Identification and Quantification of Key Body
Composition Patterns Associated With T2D
LASSO-penalized Cox models and WQS regression were
used to identify key PCA-derived components and quan-
tify their sex-specific mixture weights.
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Patterns of body Male Female - Male Overall

composition ON(R) HR(©5%CI) ON(R)  HR (95%CI) BFemale ON(R)  HR (95%CI)

PC1 (High FM) : .

Low 769 (0.60) 1.0 415026)  1.00 957(0.33)  1.00

Mode rate 1,909 (1.49) 132 (1.09-1.60) 1,230 (0.77)  1.43 (1.08-1.88) P 3,062 (1.06) 136 (1.14-1.62) L ——

High 3,083 (241) 173 (1.33-224) 2.737(1.71) 221 (1.55-3.16) Do 6124(212) 1.97 (1.58-2.45) ! —

PC2 (Low LM)

Low 1,753 (1.37)  1.00 1,401 (0.87)  1.00 : 4348 (151)  1.00 :

Mode rate 2,134 (1.67) 152(1.29-1.79)  1,585(0.99) 1.25(1.02-1.52) L 2,521 (0.87)  1.27(1.08-1.50) L

High 1,874 (1.46)  1.95(1.56-2.43) 1396 (0.87)  1.49 (1.15-1.94) P ——— 3274 (1.13) 156 (1.21-2.02) P——

PC3 (Leg-Dominant Lean Distribution) . '

Low 2,169 (1.69)  1.00 1,824 (1.14) 100 3431(1.19)  1.00

Mode rate 2,139 (1.67)  0.80(0.70-0.92) 1,554 (0.97)  0.66 (0.55-0.80) - 3,138 (1.09)  0.75 (0.65-0.86) -

High 1,453 (1.13)  0.57 (0.48-0.68) 1,004 (0.63)  0.50 (0.40-0.63) - 3,574 (1.24) 0.5 (0.45-0.66) -

PC4 (Bone-Muscle Fitness) 3 3

Low 2248 (1.75)  1.00 1,741 (1.09)  1.00 ! 4,075 (141)  1.00 !

Mode rate 2,152(1.68) 0.89(0.78-1.01) 1,623 (1.01)  0.87 (0.73-1.04) - 3,791 (1.31)  0.89 (0.80-0.99) -

High 1,361 (1.06)  0.80 (0.68-0.93) 1,018 (0.63)  0.79 (0.65-0.97) - 2277(0.79)  0.84 (0.74-0.95) -

PC5 (Bone-Muscle Discoordination) ' '

Low 1,784 (1.39)  1.00 1,504 (0.99)  1.00 3,730 (1.29) 1.00

Mode rate 2,157 (1.68) 1.08(0.94-124) 1,630 (1.02) 111 (0.92-133) - 3,757(130) 120 (1.07-1.34) |-

High 1,820 (142) 134 (1.15-1.57) 1,158 (0.72) 118 (0.95-1.47) L 2,656 (0.92) 138 (1.19-1.59) —

PC6 (Trunk-Dominant Fat Distribution) 3 3

Low 979(0.76)  1.00 455(028)  1.00 ! 1,428 (0.50)  1.00 :

Mode rate 1,965 (1.53)  122(1.01-147) 1,181 (0.74)  1.16 (0.89-1.51) —-— 3230(1.12) 156 (1.30-1.87) P

High 2,817 (220) 147 (1.14-1.90) 2,746 (1.71)  2.30 (1.66-3.20) L — s 5485(1.90) 1.74(136-2.22) D ——

PC7 (Central Leanness) 3 3

Low 2,153 (1.68)  1.00 1939 (121)  1.00 5267(1.83) 1.00

Mode rate 2,099 (1.64) 0.83(0.73-0.95) 1,560 (0.97)  0.69 (0.58-0.82) - 2,027 (0.70) 101 (0.81-1.25) ——

High 1,509 (1.18)  0.89(0.76-1.04) 883 (0.55)  0.41(034-051) = -= 2,849 (0.99)  0.54 (0.41-0.70) -
T T T T T T
1 2 3 0 I 2

Hazard Ratio Hazard Ratio

Figure 2—Associations between PCA-derived body composition patterns and incident T2D in men, women, and the overall population.
HRs and 95% Cls for incident T2D were estimated across low, moderate, and high groups of each PCA-derived component score using
Cox proportional hazards models, with the low-score group as the reference. Models were adjusted for age, ethnicity, education, house-
hold income, BMI, smoking, alcohol intake, physical activity, dietary energy intake, hypertension, hypercholesterolemia, and family history
of diabetes. Results are shown separately for men, women, and the overall population (black). PC1 (high FM) and PC2 (low LM) were con-
sistently associated with a higher risk of T2D, whereas PC3 (leg-dominant lean distribution) and PC7 (central leanness) were inversely as-
sociated with diabetes risk, particularly in women. PC4 (bone-muscle fitness) showed a modest inverse association, while PC5 (bone-
muscle discoordination) and PC6 (trunk-dominant fat distribution) were positively related to diabetes risk. All associations were interpreted
relative to the low-score reference group. IR, incidence rate (per 1,000 person-years); ON, observed number.

At the 1-SE penalization level, three components—PC1
(high FM,; positive coefficient), PC3 (leg-dominant lean dis-
tribution; negative), and PC7 (central leanness; negative)—
remained nonzero across the overall cohort and within
both sexes, whereas others were shrunk toward zero (Sup-
plementary Fig. 4). The directions and magnitudes of these
coefficients were similar between men and women, with
positive coefficients for PC1 and negative coefficients for
PC3 and PC7.

While LASSO screens for the most informative compo-
nents under multicollinearity, it does not quantify relative
contributions; therefore, we applied WQS regression to es-
timate mixture effects and component weights (Fig. 4).
The positive WQS index, representing greater exposure to
risk-enhancing components, was significantly associated
with higher T2D risk, whereas the negative WQS index, re-
flecting the combined lower-risk component profile, was
inversely associated with T2D in both sexes (all P < 0.001).

Component-specific WQS weights provided further in-
sight into relative importance. Among risk-enhancing con-
tributors, PC1 (high FM) carried the largest positive weight
(men = 0.50; women = 0.50; overall = 0.53), followed by PC6
(trunk-dominant fat distribution) (men = 0.12; women =

0.25; overall = 0.22) and PC2 (Jow LM) (men = 0.12; women =
0.11; overall = 0.12). In Fig. 4, PC1 and PC6 showed the
largest weights in the positive index, whereas PC3 and PC7
showed the largest weights in the negative index. Among
contributors to the negative index, PC3 and PC7 showed
the largest weights, with sex-specific emphasis: in men, PC7
accounted for 39% of total negative weights (PC3 = 26%),
while, in women, PC3 accounted for 50% (PC7 = 19%).

In summary, LASSO retained PC1, PC3, and PC7 as the
key components across sexes. In WQS models, PC1 and PC6
contributed most to the positive index, whereas PC3 and
PC7 contributed most to the negative index. PC7 received a
larger negative weight in men, whereas PC3 received a larger
negative weight in women, indicating sex-specific differences
in relative contribution within the WQS mixture framework.

Sensitivity Analyses

We conducted an extensive set of analyses to evaluate ro-
bustness. First, stratified analyses by baseline age (<60 vs.
>60 years), household income (<£52,000 vs. >£52,000),
physical activity (metabolic equivalent of task minutes
per week <600 vs. >600), and smoking status (never vs.
current/former) yielded associations that were directionally
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Figure 3—Exposure-response relationships between PC scores and incident T2D. Restricted cubic spline analyses were conducted to evalu-
ate potentially nonlinear associations between PCA-derived body composition patterns and diabetes risk in men (A) and women (B). Models
were adjusted for age, ethnicity, education, household income, BMI, smoking, alcohol intake, physical activity, dietary energy intake, hyperten-
sion, hypercholesterolemia, and family history of diabetes. Solid lines represent adjusted HRs with 95% Cls (shaded areas). Dashed vertical
lines indicate the 25th, 50th, and 75th percentiles of each PC score distribution. Significant overall (P < 0.05) and nonlinearity P values are pro-
vided in each panel. Higher PC1 (high FM) and PC2 (low LM) scores were associated with monotonically increased diabetes risk, whereas PC3
(leg-dominant lean distribution) showed inverse associations. PC7 (central leanness) showed clearer inverse associations in women and a
weaker inverse pattern in men. Most associations were approximately linear, except where indicated by the nonlinearity P values.
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Figure 4—WQS regression analysis of the associations between PCA-derived body composition patterns and T2D. A, C, and E: Associa-
tions of positive and negative WQS indices with T2D risk in men (A), women (C), and the overall population (E). The positive WQS index
represents the cumulative burden of risk-enhancing components, whereas the negative WQS index reflects the combined lower-risk com-
ponent profile. Shaded areas denote 95% Cls. B, D, and F: Relative weights of each PCA-derived component contributing to the positive
and negative indices in men (B), women (D), and the overall population (F). Red dashed lines indicate the expected weight under uniform
contribution (1/7 = 0.14). PC1 (high FM) and PC6 (trunk-dominant fat distribution) contributed most strongly to the positive index, whereas
PC3 (leg-dominant lean distribution) and PC7 (central leanness) showed the largest weights in the negative index. PC7 received a larger
negative weight in men, whereas PC3 received a larger negative weight in women. This sex-specific weighting pattern reflects relative
contribution within the WQS mixture framework and should be interpreted alongside the component-specific Cox estimates.

consistent with the main results across strata (Supplementary

mentary Table 15)—also yielded consistent findings. Fifth,

Tables 5-8). Second, exclusion analyses—removing partici-
pants with elevated baseline glucose (>7.0 mmol/L) (Sup-
plementary Table 9) or HbA;. > 48 mmol/mol (6.5%) at
baseline (Supplementary Table 10), those with <2 years
of follow-up (Supplementary Table 11), and those reporting
body weight change in the year before recruitment
(Supplementary Table 12)—did not materially alter the
estimates. Third, restricting the sample to participants
of European ancestry produced nearly identical results
(Supplementary Table 13). Fourth, sensitivity analyses ad-
dressing covariate specification—including removing total en-
ergy intake from the covariate set (Supplementary Table 14)
and further adjusting for detailed dietary factors (red meat,
white meat, whole grains, fruits, and vegetables) (Supple-

applying female-derived PCA loadings to recalculate compo-
nent scores in men and overall confirmed the robustness
of the component structure (Supplementary Table 16). Sixth,
analyses using DXA- and MRI-derived body composition

measures from the imaging subcohort provided directionally
consistent support for the core sex-specific patterns, al-
though some estimates were less precise because of the
smaller sample size (Supplementary Tables 17 and 18). Fi-

nally, treating death as a competing event using Fine-Gray
models confirmed the overall pattern of associations (Supp-
lementary Table 19), and stratifying women by meno-

pausal status (premenopausal vs. postmenopausal) yielded
generally consistent patterns (Supplementary Table 20).
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Collectively, these sensitivity analyses did not materi-
ally alter the overall direction or interpretation of the
main findings, supporting their robustness.

DISCUSSION

Despite decades of research linking obesity to diabetes,
the heterogeneity of body composition, particularly the
interplay between fat and muscle, remains insufficiently
characterized (16,17). In this large prospective UKB cohort,
we integrated 28 anthropometric, fat, lean, bone, and
strength-related traits into multidimensional body composi-
tion patterns and identified seven physiologically interpret-
able components. Generalized adiposity and low LM were
associated with higher T2D risk, whereas leg-dominant lean
distribution and central leanness were associated with lower
risk. These associations were broadly consistent across mul-
tivariable Cox models, LASSO-based selection, WQS mixture
analysis, FDR correction, and multiple sensitivity analyses,
suggesting that diabetes risk is shaped not only by overall
body size but also by the regional balance between fat and
lean compartments.

These findings extend current knowledge by showing
that crude anthropometric or aggregate body composition
measures may obscure metabolically relevant configurations.
Individuals with similar BMI or WC may differ substantially
in the distribution of fat and lean tissue, and these differ-
ences may translate into different metabolic risk profiles.
For example, generalized fat accumulation and trunk-
dominant fat distribution were associated with higher dia-
betes risk, whereas peripheral lean preservation and central
leanness were associated with lower risk (17-19). These
findings support the concept that body composition may
be more informatively characterized as an integrated phe-
notype rather than as a collection of isolated traits (20).

Our analytical framework was designed as a sequential
strategy moving from phenotype discovery to risk estimation
and mixture contribution analysis. PCA first summarized
highly correlated body composition traits into interpretable
multidimensional phenotypes. Component-specific Cox mod-
els then estimated the direction and magnitude of each
phenotype-T2D association, while restricted cubic splines
assessed potential nonlinearity. LASSO selection identified
the most stable and informative PCA-derived phenotypes,
and WQS regression further quantified their relative contri-
butions when considered jointly as a correlated body com-
position mixture. This framework differs from approaches
such as elastic net regression applied directly to standard-
ized traits, which may be useful for individual-variable se-
lection or prediction-oriented applications but addresses a
different question from the integrated phenotype discovery
emphasized here (21,22). This framework also explains
why the sex-specific Cox and WQS findings for PC7 should
be viewed as complementary: Cox models describe the as-
sociation of central leanness as an individual phenotype,
whereas WQS estimates its contribution within the overall
lower-risk mixture profile.

Diabetes

The sex-specific weighting patterns observed in the
WQS analyses may reflect established biological differences
in fat and lean-tissue distribution between men and women.
Men tend to accumulate more visceral and trunk-centered
adiposity, whereas women generally have greater gluteofe-
moral and subcutaneous fat stores, a distribution often de-
scribed as the biological basis of the “apple” versus “pear”
body shape phenotype (23,24). Menopause-related hormonal
changes may further promote central fat redistribution and
increase metabolic risk in women (25). These population-
level patterns are consistent with our finding that central
leanness contributed more strongly to the inverse mixture
index in men, whereas leg-dominant lean distribution con-
tributed more strongly in women. However, because body
composition in the main cohort was assessed using bio-
electrical impedance analysis (BIA), central leanness should
be interpreted as a BIA-derived central body-composition
phenotype rather than as a direct measure of visceral adi-
pose tissue.

Previous validation studies have reported moderate-to-
strong correlations between BIA-derived trunk fat and
MRI- or DXA-derived abdominal fat measures, supporting
its use as a scalable proxy in large epidemiological cohorts
(26-28); nevertheless, BIA cannot distinguish visceral from
abdominal subcutaneous fat compartments. Recent MRI-
based work has further shown that multidimensional obe-
sity axes derived from directly measured fat distribution
and muscle traits can map distinct regional adiposity and
muscle phenotypes to diabetes risk (29). Our BIA-derived
components should therefore be viewed as scalable, lower-
resolution phenotypes that complement, rather than re-
place, imaging-defined obesity phenotypes.

Mechanistically, these associations may reflect path-
ways suggested by prior imaging-based and experimental
literature rather than mechanisms directly demonstrated
in this study. Greater central adiposity may contribute to
diabetes risk through hepatic insulin resistance, lipid over-
flow, and inflammatory signaling (30-33), whereas preserved
lower-limb LM may support glucose disposal, mitochon-
drial function, and metabolic flexibility. Estrogen-related
pathways, induding Era-AMPK and peroxisome proliferator-
activated receptor y signaling, may facilitate peripheral en-
ergy partitioning and limit ectopic fat deposition (34,35).
Sex differences in adipokines and myokines, incduding adipo-
nectin, irisin, and myostatin-related pathways, may further
contribute to differences in muscle preservation and meta-
bolic flexibility (36,37). These mechanistic interpretations re-
main hypothesis-generating and require direct confirmation
using imaging-defined fat depots, repeated body-composition
measures, and mechanistic biomarkers.

These findings should be interpreted as complementary
etiologic insights rather than as a validated dinical prediction
tool. We did not formally compare the predictive perfor-
mance of PCA-derived patterns with conventional anthro-
pometric measures such as BMI or WC, and the present
findings should not be viewed as replacing existing clinical
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metrics. Further work would be needed to determine
whether simplified markers approximating these patterns
improve risk discrimination or reclassification beyond es-
tablished anthropometric indices.

The major strengths of this study include its large sam-
ple size, prospective design, and comprehensive assessment
of fat, lean, bone, and strength-related traits. Several limi-
tations should also be considered. First, body composition
was measured using BIA rather than imaging, and BIA-
derived central measures cannot directly quantify visceral
adipose tissue or distinguish visceral from abdominal sub-
cutaneous fat. Second, body composition was measured
only once at baseline, so changes during follow-up could
not be captured. Third, although we adjusted for demo-
graphic, lifestyle, clinical, and dietary covariates, residual
confounding by diet quality, inflammatory status, hor-
monal factors, or other unmeasured variables cannot be
excluded. Circulating biomarkers such as lipids or inflam-
matory markers were not included in the PCA, because
the analysis was designed to identify structural body com-
position phenotypes rather than to optimize a clinical pre-
diction model. Fourth, the categorization of PCA-derived
components into low, moderate, and high groups was based
on sample-specific mean +0.5 SD cutoffs, which may limit
the generalizability of these thresholds. Fifth, the predomi-
nantly European ancestry of the UKB cohort limits general-
izability to other populations (38). Finally, our analytical
framework relied primarily on linear PCA and may not cap-
ture complex nonlinear interactions among body composi-
tion traits.

Conclusion

In this large prospective UKB cohort, integrated fat-muscle
body composition patterns were associated with incident
T2D in a sex-specific manner. Generalized adiposity was
consistently associated with higher risk in both sexes,
whereas leg-dominant lean distribution was consistently
associated with lower risk. Central leanness showed a clearer
inverse association in women in component-specific Cox
models but contributed more strongly to the inverse mix-
ture profile in men in WQS analyses. These findings indi-
cate that diabetes risk is related not only to overall
adiposity but also to sex-specific configurations of fat and
lean distribution.
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