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ABSTRACT

Background: Epidemiological studies show an inconsistent relationship between lean mass and insulin resistance.

Objectives: This study aimed to investigate the association between lean mass and insulin resistance in adults aged ~60 to 80 y with and
without obesity.

Methods: We analyzed data from the Pennington/Louisiana Nutrition and Obesity Research Center (NORC) biorepository and NHANES.
Lean mass was represented as total lean mass, along with total lean mass and appendicular lean mass (ALM) adjusted for body weight (%
lean mass and % ALM), and total lean mass and ALM adjusted for height (lean mass/ht? and ALM/ht?). We used partial correlation analyses
to examine the relationship between insulin resistance (HOMA-IR) and body composition, and linear regression models to test for sex-by-
body composition interactions.

Results: In the NORC cohort with obesity, HOMA-IR positively correlated with total lean mass (r = 0.27, P = 0.005), lean mass/ht? (r =
0.30, P = 0.002), and ALM/ht? (r = 0.28, P = 0.004), only in females. In the NHANES cohort, HOMA-IR positively correlated with total
lean mass (r = 0.23, P < 0.001), lean mass/ht? (r = 0.20, P < 0.001), and ALM/ht? (r = 0.14, P = 0.004) in females with obesity, and
without obesity [total lean mass (r = 0.14, P = 0.001); lean mass/ht? (r=0.18,P < 0.001); and ALM/ht? (r=0.12, P = 0.005)]. In males,
percent fat mass positively correlated with HOMA-IR in the NORC cohort with obesity (r = 0.27, P = 0.015) and in the NHANES cohort
with obesity (r = 0.12, P = 0.043) and without obesity (r = 0.11, P = 0.005). Tests for interaction confirmed significant sex differences in
the obesity cohorts for ALM/ht? (NORC: P = 0.011), % fat mass (NORC: P = 0.016; NHANES: P = 0.002), and total lean mass (NHANES: P
= 0.001). In the NHANES nonobesity cohort, significant interactions were observed for lean mass/ht? (P = 0.001) and ALM/ht? P =
0.005).

Conclusions: The relationship between body composition and insulin resistance displays sexual dimorphism. Although lean mass posi-
tively correlates with insulin resistance in females, in males, fat mass appears to be the dominant influence on insulin resistance.
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Introduction muscle mass, as observed in bodybuilders, is associated with
improved blood glucose control and supports the view that

Skeletal muscle is the most abundant tissue in the human body, enlargement of fat-free mass through training reduces the risk for
representing 40% of body weight, and contributes to the majority diseases of impaired glucose metabolism. Given these findings, it
of glucose uptake in response to insulin stimulation. Enhanced is reasonable to assume that greater fat-free mass is associated
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with improved glucose homeostasis [1,2]. Some epidemiologic
studies observed a negative association of lean mass with mea-
sures of glucose homeostasis consistent with the assumption that it
is beneficial for glucose control [3,4]. However, other studies
show a positive correlation or no correlation of lean mass with
measures of insulin resistance [5-11].

The inconsistent results have been attributed, in part, to the
representation of lean mass. When lean mass is expressed as a
proportion of body weight, it could be that the relationship is
influenced by the proportion of fat mass represented in body
weight [12]. Nevertheless, controversy surrounds the relationship
of lean mass with insulin resistance, particularly in older adults,
where a high prevalence of obesity and insulin resistance puts
them at high risk for impaired skeletal muscle function and frailty
[13-15]. Similarly, this issue also arises in conditions like sarco-
penic obesity, where high body fat and low muscle mass occur
together, complicating interpretation of metabolic outcomes [16].

To address this shortcoming, the European Society for Clin-
ical Nutrition and Metabolism and the European Association for
the Study of Obesity launched an initiative to reach expert
consensus on a definition and diagnostic criteria for sarcopenic
obesity [16]. Because a relative reduction in skeletal muscle
mass could result from increased body fat, the panel proposed a
consensus framework emphasizing relative muscle mass.
Fat-free mass adjusted for body weight was recommended
because individuals with obesity may have higher absolute
muscle mass relative to those without obesity, due to higher
overall body mass and potentially higher muscle workload
in activities of daily living. In addition, recommended diagnostic
measures included appendicular lean mass (ALM) and fat mass,
normalized to body weight. However, the panel acknowledged
limitations of weight-based normalization and emphasized
the need for further research to validate alternative adjustments
(e.g., for height) in diagnosing sarcopenic obesity [16].

The biological pathways to sarcopenic obesity encompass
age-related changes in body composition and insulin resistance
[17]. Therefore, in light of the unresolved issue with lean mass
normalization approaches, we investigated the association be-
tween insulin resistance and absolute values of lean mass, ALM,
and fat mass, and each of these metrics normalized to weight or
height, with special emphasis on lean mass. With the advent of
incretin-based pharmacotherapy to treat obesity that causes
rapid and significant loss of lean mass comparable to a decade or
more of aging, the role of lean mass in metabolic outcomes as-
sumes significance [18]. Because sex differences may play a role
in the association between lean mass and insulin resistance,
particularly in older adults (~60-80 y) with obesity, we
grouped the data by sex and obesity status.

Methods

The Pennington/Louisiana Nutrition and Obesity Research
Center (NORC) biorepository is a searchable archive of clinical
data collected in human subjects research at the Pennington
Biomedical Research Center since 1980 (https://my.pbrc.edu/
NORC/NORCRepository/Landing). The National Health and
Nutrition Examination Survey (NHANES) is a continuous,
annual survey of the noninstitutionalized civilian resident pop-
ulation of the United States conducted by the Centers for Disease
Control and Prevention. Oversampling is carried out for older
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Americans (aged >60), Mexican Americans, Blacks, and in-
dividuals at or <130% of the poverty level. The design specifi-
cations for the 1999 to 2006 survey, including the operational
requirements, sample design, and estimation procedures, have
been published (NHANES Questionnaires, Datasets, and Related
Documentation).

Using data from the NORC biorepository and the 1999 to
2006 NHANES database, we performed a secondary analysis.
From the NORC biorepository, we included adults aged 60 to 80
y who participated in prior clinical trials at Pennington
Biomedical. To confirm and extend our findings, we then
analyzed data from NHANES, selecting adults aged 59 to 79 y.
We included participants with and without obesity, defined as
BMI >30 kg/m?. Body composition was measured by dual X-ray
absorptiometry (DXA). The HOMA-IR was used to estimate in-
sulin resistance, which corresponds well but is not necessarily
equivalent to estimates of insulin sensitivity derived from the
hyperinsulinemic euglycemic clamp.

Statistical analysis

Partial correlation analysis of HOMA-IR and body composi-
tion measures was performed separately for the NORC and the
NHANES cohorts in participants with and without obesity. Race
was accounted for in the NORC study to adjust for possible
differences in metabolic profiles and body composition pheno-
types. Additional confounding variables were available in the
NHANES dataset, and adjustments were made for age, education
level, smoking, arthritis and cancer status, and race.

In both datasets, HOMA-IR was considered the dependent
variable. Total lean mass, adjusted for weight and height (% lean
mass and lean mass/ht?, respectively), ALM, ALM adjusted for
body weight and height (% ALM and ALM/ht?, respectively),
and total fat mass adjusted for weight and height (% fat mass
and fat mass/ht?, respectively) were treated as independent
variables. Sex-stratified analyses were performed for potential
sex-specific differences. In addition, linear regression models
incorporating the same set of covariate adjustments described
above were constructed to assess sex-by-body composition in-
teractions. SAS version 9.4 (SAS Institute) was used for all sta-
tistical analyses. Statistical significance was determined using
the P values associated with the partial correlation coefficients,
with significance defined as P < 0.05.

Results

Baseline characteristics of the two cohorts are presented in
Table 1. Sex-by-body composition interactions are presented in
Table 2. In the NORC cohort with obesity, significant
interactions were observed for % lean mass (P = 0.020), ALM/ht?
(P = 0.011), and % fat mass (P = 0.016). These
findings were largely confirmed in the NHANES cohort with
obesity, which showed significant interactions for % lean mass (P
= 0.002), % ALM (P = 0.043), % fat mass (P = 0.002), total lean
mass (P = 0.001), and fat mass/ht? (P = 0.047). In the NHANES
cohort without obesity, significant interactions were observed for
lean mass/ht? (P = 0.001) and ALM/ht? (P = 0.005). Significant
interactions are presented in Supplementary Figures 1 to 10.

In the NORC cohort of older adults with obesity (n = 188),
HOMA-IR positively correlated with total lean mass, lean mass/
ht?, and ALM/ht?. However, this relationship was only observed
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TABLE 1

Comparison of data from the NHANES and NORC databases
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Variable Measure NHANES (n = 756) NORC (n = 188) NHANES (n = 1311) NORC (n =113)
BMI >30 kg/m? BMI >30 kg/m? BMI <30 kg/m? BMI <30 kg/m?
Demographics Age (y)! 67.0 £ 5.4 67.2 £5.1 68.2 £5.9 68.8 £ 5.8
Female (%) 56.8 56.4 54.7 49.56
Education level (%) 59 —_ —_ —_
(greater than or equal to high school)
Race Non-Hispanic White (%) 48.3 73.9 52.6 85.0
Non-Hispanic Black (%) 23.7 24.5 14.3 13.3
Hispanic (%) 26.9 1.6 28.9 1.8
Other (%) 1.2 0 4.1 0
Comorbidities Current smoker (%) 2.9 — 49 —
Diabetes (%) 9.3 —_ 4.7 —_
Arthritis (%) 16.8 — 13.0 —
Cancer (%) 4.6 — 5.0 —
Cardiovascular 9.4 — 6.9 —
disease (%)

Weight status Weight (kg)' 95.7 + 15.8 96.6 + 13.2 71.3 +£11.9 76.6 = 11.6
and blood BMI (kg/m?)’ 35+4.4 347 + 4.1 25.5 + 2.9 26.7 + 2
measures Glucose (mg/dl)* 124.1 + 48 120.3 + 33.7 112.3 + 41.7 107.8 £+ 20

Insulin (pU/mL)1 20 + 19 18.2 +12.1 11.9 £ 19.1 13.1 £ 14.3
% Lean mass 0.6 £0.1 0.6 + 0.1 0.6 + 0.1 0.7 £ 0.1
Lean mass/ht? 19.6 + 2.6 21 + 2.7 16.2 +£ 2.2 18.2 +£ 2.3
% ALM 02+0 03+0 03+0 03+0
ALM/ht? 83+1.4 9.1+1.3 6.8 +1.2 7.9+ 1.4
Total lean mass 54 +11.8 58.9 +11.2 45.7 £ 9.9 52.3 +11.7
Total fat mass 39.9+9 37.4 £ 8.8 246 241 +5

% Fat mass 0.4 +0.1 0.4+ 0.1 0.3 +0.1 0.3 +0.1
Fat mass/ht? 14.8 + 3.7 13.6 + 3.6 8.7 + 2.4 8.6 +2.1

Abbreviations: % ALM, appendicular lean mass per body weight; % fat mass, fat mass per body weight; % lean mass, total lean mass per body
weight; ALM/ht?, appendicular lean mass per height squared; ALM, appendicular lean mass; NORC, Pennington/Louisiana Nutrition and Obesity

Research Center.
! Values are presented as mean + SD.

TABLE 2
Test for sex differences in the association between body composition
and HOMA-IR

Cohort Body composition BMI >30 kg/m? BMI <30 kg/m?
measure (P value) (P value)
NORC % Lean mass 0.020" 0.567
Lean mass/ht? 0.109 0.974
% ALM 0.059 0.265
ALM/ht? 0.011" 0.540
Total lean mass 0.109 0.239
Total fat mass 0.190 0.674
% Fat mass 0.016" 0.224
Fat mass/ht? 0.303 0.143
NHANES % Lean mass 0.002* 0.083
Lean mass/ht? 0.161 0.001"
% ALM 0.043! 0.228
ALM/ht? 0.267 0.005'
Total lean mass 0.001" 0.068
Total fat mass 0.653 0.110
% Fat mass 0.002' 0.083
Fat mass/ht? 0.047* 0.489

Abbreviations: % ALM, appendicular lean mass per body weight; % fat
mass, fat mass per body weight; % lean mass, total lean mass per body
weight; ALM/ht?, appendicular lean mass per height squared; NORC,
Pennington/Louisiana Nutrition and Obesity Research Center.

1 values are statistically significant (P < 0.05).

in females. In males, % lean mass and % ALM negatively
correlated with HOMA-IR, whereas % fat mass, total fat mass,
and fat mass/ht? positively correlated with HOMA-IR. Analysis
of NHANES data using older adults with obesity (n = 756)

showed similar positive relationships between total lean mass,
lean mass/htz, and ALM/ht? with HOMA-IR, in females. Similar
to the NORC cohort, these relationships were observed only in
females. In males, % ALM negatively correlated with HOMA-IR,
whereas % fat mass and fat mass/ht? positively correlated with
HOMA-IR. The results are presented in Table 3.

In older adults without obesity (n = 113), the absolute
measures of body composition, whether adjusted for weight or
height, were not correlated with HOMA-IR in the NORC cohort.
However, in the NHANES cohort, total lean mass, lean mass/ht?,
and ALM/ht? positively correlated with HOMA-IR in females.
These relationships were not observed in males. In contrast, %
lean mass and % ALM were negatively correlated, and fat mass
and % fat mass were positively correlated with HOMA-IR in
males. The results are presented in Table 4.

Discussion

The aim of this study was to determine the relationship be-
tween insulin resistance and lean mass when reported as: 1) %
lean mass; 2) lean mass/ht?; 3) % ALM; and 4) ALM/ht? in older
adults with and without obesity. Analysis of data from both the
NORC and NHANES cohorts showed that total lean mass, lean
mass/ht?, and ALM/ht? correlated positively with HOMA-IR in
females with obesity. In the NHANES cohort, this relationship of
lean mass with HOMA-IR was evident in females with and
without obesity. In males, % fat mass positively correlated with
HOMA-IR, whereas lean mass did not appear to influence insulin
resistance. Our results are consistent with prior studies showing
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TABLE 3

Relationship between HOMA-IR and body composition measures in older adults with obesity (BMI >30 kg/m?)
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NORC Males (n = 82) Females (n = 106)

r 95% confidence interval P value r 95% confidence interval P value
% Lean mass —0.220 —0.418 —0.002 0.048* 0.137 —0.056 0.320 0.164
Lean mass/ht? —0.037 —0.253 0.183 0.744 0.301 0.116 0.466 0.002*
% ALM —0.295 —0.483 —0.082 0.007" 0.035 -0.157 0.225 0.721
ALM/ht? —0.155 —0.361 0.065 0.167 0.276 0.089 0.445 0.004'
Total lean mass 0.006 -0.213 0.224 0.961 0.270 0.082 0.439 0.005'
Total fat mass 0.265 0.049 0.457 0.017* 0.081 —-0.112 0.269 0.410
% Fat mass 0.269 0.054 0.460 0.015" —0.104 —0.290 0.090 0.293
Fat mass/ht? 0.254 0.038 0.448 0.022* 0.124 —0.069 0.308 0.208
NHANES Males (n= 327) Females (n= 429)

r 95% confidence interval P value r 95% confidence interval P value
% Lean mass —0.086 -0.197 0.026 0.132 0.094 —0.009 0.196 0.074
Lean mass/ht? 0.084 —0.026 0.194 0.136 0.200 0.102 0.299 <0.001"
% ALM -0.121 —0.238 —0.003 0.044" 0.053 —0.044 0.151 0.285
ALM/ht? 0.030 —0.084 0.144 0.604 0.142 0.046 0.238 0.004'
Total lean mass 0.021 —0.089 0.130 0.708 0.229 0.131 0.326 <0.001!
Total fat mass 0.101 —0.009 0.210 0.071 0.080 —0.016 0.176 0.104
% Fat mass 0.115 0.004 0.225 0.043* —0.098 —0.200 0.004 0.060
Fat mass/ht? 0.140 0.030 0.249 0.013! 0.043 —0.052 0.140 0.376

Abbreviations: % lean mass, total lean mass per body weight; %ALM, appendicular lean mass per body weight; ALM/ht?, appendicular lean mass
per height squared; % fat mass, fat mass per body weight; r, Pearson correlation coefficient.

1 values are statistically significant (P < 0.05).

TABLE 4

Relationship between HOMA-IR and body composition measures in older adults with BMI <30 kg/m? (without obesity)

NORC Males (n = 57) Females (n = 56)

r 95% confidence interval P value r 95% confidence interval P value
% Lean mass —0.087 —0.342 0.18 0.528 0.017 —0.25 0.281 0.903
Lean mass/ht? 0.021 —0.243 0.282 0.878 —0.062 —0.322 0.207 0.656
% ALM -0.15 -0.397 0.118 0.272 0.086 —0.184 0.343 0.536
ALM/ht? —0.06 -0.318 0.206 0.66 0.032 —-0.236 0.294 0.82
Total lean mass —-0.128 -0.378 0.139 0.348 0.072 -0.197 0.331 0.604
Total fat mass 0.116 —-0.152 0.368 0.396 0.046 -0.222 0.307 0.74
% Fat mass 0.206 —0.06 0.445 0.128 0.021 —0.245 0.285 0.878
Fat mass/ht? 0.09 —0.18 0.34 0.538 0.24 —0.02 0.47 0.072
NHANES Males (n = 717) Females (n = 594)

r 95% Confidence interval P value r 95% Confidence interval P value
% Lean mass —0.099 -0.175 —0.023 0.011" —0.037 —0.119 0.046 0.383
Lean mass/ht? 0.058 -0.017 0.132 0.131 0.182 0.101 0.264 <0.001"
% ALM —-0.114 —-0.189 —0.039 0.003* —0.056 -0.137 0.026 0.18
ALM/ht? 0.017 —0.058 0.091 0.659 0.117 0.036 0.198 0.005*
Total lean mass 0.067 —0.008 0.141 0.079 0.139 0.058 0.22 0.001"
Total fat mass 0.126 0.052 0.201 0.001* 0.09 0.009 0.171 0.029"
% Fat mass 0.109 0.034 0.184 0.005' 0.032 —0.05 0.114 0.44
Fat mass/ht? 0.05 —0.02 0.13 0.154 0.17 0.09 0.25 <0.001"

Abbreviations: %ALM, appendicular lean mass per body weight; % fat mass, fat mass per body weight; % lean mass, total lean mass per body

weight; ALM/ht?, appendicular lean mass per height squared; r, Pearson correlation coefficient.

! Values are statistically significant (P < 0.05).

that lean mass is positively associated with insulin resistance
when adjusted for height [7,12]. However, an important finding
of this study was that sexual dimorphism exists in the associa-
tion of body composition with insulin resistance in older adults.

Skeletal muscle is the largest user of postprandial circulating
glucose [19]. Yet, growing epidemiologic evidence suggests that
lean mass may be associated with a less favorable glucose ho-
meostasis. Lee et al. [5] found that in 5994 males aged >65 vy,
measurements of body weight and total lean, appendicular lean,
total fat, and truncal fat mass were higher with increasing

quartiles of HOMA-IR. Batsis et al. [9] conducted an analysis of
NHANES data that included all adults aged >60 y. They found
that absolute ALM and ALM/BMI positively correlated with
HOMA-IR after adjusting for age, sex, race, education, smoking
status, and arthritis. In another study of adults ranging in age
from 60 to 86 y, the adjusted associations between log HOMA-IR
and ALM were positive in participants who were either over-
weight or had obesity, and were significantly greater compared
with those with normal BMI [6]. Similarly, in an analysis of
NHANES data from adults aged 20 to 79 y, fat mass, lean mass,
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and ALM, and each of them normalized to heightz, were posi-
tively associated with HOMA-IR. These relationships persisted
among males and females [7]. In Pima Indians, obesity is asso-
ciated with an increase in fat-free mass almost kilogram for ki-
logram with fat mass when compared with the lean state. This
increased fat-free mass has been proposed to produce insulin
resistance through obesity-induced biophysical changes such as
altered capillary spacing in hypertrophied muscle cells [20].

Lagace et al. [8] determined the association between meta-
bolic syndrome and lean mass when represented as lean mass, %
lean mass, and lean mass/ht? in adults aged from 50 to 79 y.
They found a positive association of lean mass and lean mass/ht*
with the metabolic syndrome, but a negative association with %
lean mass. Their conclusion was that the representations of lean
mass significantly and strongly influence the direction of its
association with the prevalence of metabolic syndrome. Repre-
senting lean mass as a percentage of body weight (% lean mass)
could explain the role of fat mass rather than indicating the role
of lean mass per se. In this population that did not strictly
include participants with obesity, the findings of Lagace et al.
are consistent with other studies [3,4]. However, in the other
studies, the investigators chose to use % lean mass to form their
conclusions because it did not depart from the commonly held
belief that lean mass promotes glucose homeostasis [3,4].
Therefore, Lagace et al. [8,12] contend that using % lean mass to
determine associations with insulin resistance will lead to
flawed inferences.

In our analysis of 2 cohorts, we also found that the signifi-
cance of the association between body composition and insulin
sensitivity depended on sex. Adjustment of lean mass for height
correlated positively with insulin resistance in females regard-
less of whether they had or did not have obesity. In males, the
relationship between body composition and insulin resistance
appears to be driven largely by fat mass (or % fat mass) in in-
dividuals with and without obesity.

Our results from NORC and NHANES cohorts show that the
adjustment of lean mass to height is congruent with other
studies described above, demonstrating that lean mass/ht? may
represent the role of lean mass in insulin resistance. However,
from the sexual dimorphism in the relationship of body
composition with insulin resistance that we observed, it appears
that the influence of body mass (i.e., lean or fat mass) is sex-
dependent in older adults.

Although in females, lean mass correlates strongly with in-
sulin resistance, the proportion of fat mass plays a dominant role
in males. In particular, abdominal fat, particularly visceral fat, is
a risk factor for development of insulin resistance in both males
and females [21]. Visceral fat is resistant to the actions of in-
sulin, and the flow of fatty acids from visceral fat into portal
circulation impairs several hepatic metabolic processes. Visceral
adipose tissue is also a source of inflammatory cytokines that
contribute to insulin resistance. Furthermore, excess visceral
adiposity is effectively a marker of a lack of subcutaneous fat
expandability [22]. Males tend to have central fat distribution
(android or apple shape). Females tend to store fat peripherally
(gynoid or pear shape), which is defined as fat deposited in the
limbs and hips, particularly in the lower body [23-26]. Pe-
ripheral fat distribution is associated with improved insulin
sensitivity, compared with central deposition [27,28]. More-
over, visceral adiposity is positively correlated with hepatic fat
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accumulation, which leads to insulin resistance [29,30]. Dif-
ferences in anatomical fat distribution may explain sexual
dimorphism in the role of fat and lean mass in insulin resistance
among older adults. These sex differences in body composition
may also be influenced, at least in part, by sex hormones.

Testosterone and 17f-estradiol are central to the metabolic
homeostasis of most cells in both sexes. When testosterone and
17p-estradiol production stop or decrease during aging, meta-
bolic dysfunction develops [31]. Males have greater central
adiposity than females [23]. The age-associated decline in sex
hormones may exacerbate central adiposity in males and explain
the strong correlation of fat mass with insulin resistance. In
older adults, intermuscular adipose tissue increases by 18% each
year [32]. Lean mass measured by DXA does not measure muscle
mass directly. Total body lean mass measured by DXA includes
tissue from organs such as the kidney and liver, intermuscular
adipose tissue, as well as fibrotic and other lean tissue. Although
males have larger musculature than females [23], lean mass/ht>
positively correlates with HOMA-IR in females but not in males.
Intermuscular adipose tissue does not appear to be significantly
different in males and females with metabolic syndrome [33].
Furthermore, intermuscular adipose tissue is not associated with
metabolic syndrome in females [33]. Therefore, intermuscular
adipose tissue may not explain the sexual dimorphism in the
relationship between lean mass and insulin resistance. Studies
quantifying skeletal muscle mass using methods such as MRI or
creatine-(methyl-ds) dilution are needed to enhance our under-
standing of skeletal muscle biology and glucose metabolism
[34].

Age-related changes in body mass vary between sexes. For
instance, in the Healthy Aging and Body Composition study,
overall, there was a small decline (0.3%-0.4%) in body mass
over 2y [35]. However, males lost a greater absolute amount of
lean mass and gained more fat mass compared with females. The
strong correlation between weight change and change in lean
tissue observed in the study implies that the effect of an inter-
vention developed to increase lean mass can only be interpreted
correctly if changes in body weight are taken into account [35].
Alternatively, a measure that is less collinear with body weight,
such as lean mass/htz, is used for assessment.

Compared with a low-stable insulin resistance trajectory
from early to middle adulthood, a high-increasing trajectory was
linked to lower ALM normalized to BMI in middle-aged males,
but not in females [36]. We observed a similar relationship in
older adults. Thus, differences in body composition, fat distri-
bution, and sex hormones may be relevant to sex differences we
noted in the relationship between % lean mass and lean
mass/ht? and insulin resistance. Furthermore, it remains unclear
whether the greater age-related decline in muscle mass observed
in males compared with females results in more variability over
time and contributes to the sex differences [35,36].

Importantly, weight loss interventions aimed at reducing
excess fat often result in some degree of skeletal muscle loss.
This loss may be exacerbated in individuals with underlying
catabolic conditions (e.g., chronic disease or aging), or in the
context of prolonged inadequate or unbalanced diets (particu-
larly low protein intake), and repeated weight cycling [37-39].
Interestingly, our data suggest that sexual dimorphism in the
relationship between body composition and insulin resistance is
evident in older individuals with and without obesity. To
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optimize treatment strategies and assess long-term benefits,
further research is needed to determine whether adjustment to
body weight overestimates muscle mass and whether normali-
zation by height may better reflect relative muscle mass.

Muscle fiber composition may also play a role: greater fat-
free mass is typically linked to a higher proportion of type II
(especially IIx) fibers, which have high hypertrophic potential
but are inversely associated with insulin sensitivity [40]. This
unfavorable metabolic profile is further exacerbated in older
adults with metabolic syndrome due to reduced oxidative ca-
pacity and excess fat accumulation [12,41,42]. Consequently,
sex-based differences in body composition may influence muscle
fiber type distribution and the relationship between lean or fat
mass and insulin resistance.

The main limitations of our study were that data on sex
hormones and intermuscular adipose tissue were unavailable to
support our analyses. Nevertheless, together with well-
documented information on sex hormone concentrations and
muscle fat infiltration in older males and females [43-49], the
analysis provided new information on sexual dimorphism in
metabolic regulation. In conclusion, the results of our study add
to the growing consensus from epidemiologic studies indicating
that increasing lean mass may not always promote insulin
sensitivity. However, whether the observed association between
lean mass and insulin resistance is because fat mass and lean
mass both increase with weight gain, or whether it is due to a
lack of understanding of skeletal muscle biology, remains un-
resolved. The contributions of muscle quality and sex hormones
to insulin resistance in older adults warrant investigation in
large randomized controlled trials.

Author contributions

The authors’ responsibilities were as follows — CJR, SLSD, DZ,
RAR: designed research, conducted research, reviewed and
edited manuscript; FLG: designed research and reviewed and
edited manuscript; CJR, DZ: wrote manuscript; CJR: primary
responsible for final content; and all authors: read and approved
the final manuscript.

Conflict of interest
The authors report no conflicts of interest.

Declaration of Generative AI and Al-Assisted
Technologies in the Writing Process

The authors declare that no generative Al or Al-assisted
technologies were used in the writing of this manuscript.

Funding

This work was supported in part by the by a grant from the
National Institute on Aging (CJR, ROOAG065419), by a NORC
Center Grant # P30DK072476 titled “Nutrition and Metabolic
Health Through the Lifespan” sponsored by the National Insti-
tute of Diabetes and Digestive and Kidney Diseases, and the
National Institute of General Medical Sciences which funds the
Louisiana Clinical and Translational Science Center (U54
GM104940). The content is solely the responsibility of the au-
thors and does not necessarily represent the official views of the
National Institutes of Health. All authors certify that they

Current Developments in Nutrition 10 (2026) 107707

comply with the ethical guidelines for authorship and publish-
ing in Current Developments in Nutrition.

Data availability

The datasets generated and analyzed during the current
study are not publicly available but are available from the cor-
responding author on reasonable request

Appendix A. Supplementary data
Supplementary data to this article can be found online at
https://doi.org/10.1016/j.cdnut.2026.107707.

References

[1] K. Perreault, J.C. Lagace, M. Brochu, I.J. Dionne, Association between
fat free mass and glucose homeostasis: common knowledge revisited,
Ageing Res. Rev. 28 (2016) 46-61.

[2] M. Szczypaczewska, K. Nazar, H. Kaciuba-Uscilko, Glucose tolerance
and insulin response to glucose load in body builders, Int. J. Sports
Med. 10 (1) (1989) 34-37.

[3] D. Scott, M.S. Park, T.N. Kim, J.Y. Ryu, H.C. Hong, H.J. Yoo, et al.,

Associations of low muscle mass and the metabolic syndrome in

caucasian and Asian middle-aged and older adults, J. Nutr. Health

Aging 20 (3) (2016) 248-255.

B.S. Park, J.S. Yoon, Relative skeletal muscle mass is associated with

development of metabolic syndrome, Diabetes Metab. J. 37 (6) (2013)

458-464.

[5] C.G. Lee, E.J. Boyko, E.S. Strotmeyer, C.E. Lewis, P.M. Cawthon, A.
R. Hoffman, et al., Association between insulin resistance and lean
mass loss and fat mass gain in older men without diabetes mellitus,

J. Am. Geriatr. Soc. 59 (7) (2011) 1217-1224.

[6] J.J. Cheng, L.J. Liang, C.C. Lee, Associations of appendicular lean mass
and abdominal adiposity with insulin resistance in older adults: a cross-
sectional study, PLOS ONE 19 (5) (2024) e0303874.

[7] A. Ghachem, J.C. Lagace, M. Brochu, 1.J. Dionne, Fat-free mass and
glucose homeostasis: is greater fat-free mass an independent predictor
of insulin resistance? Aging Clin. Exp. Res. 31 (4) (2019) 447-454.

[8] J.C.Lagace, A. Marcotte-Chenard, J. Paquin, D. Tremblay, M. Brochu, I.
J. Dionne, Increased odds of having the metabolic syndrome with
greater fat-free mass: counterintuitive results from the National Health
and Nutrition Examination Survey database, J. Cachexia Sarcopenia
Muscle 13 (2022) 377-385.

[9] J.A. Batsis, T.A. Mackenzie, J.D. Jones, F. Lopez-Jimenez, S.J. Bartels,
Sarcopenia, sarcopenic obesity and inflammation: results from the
1999-2004 National Health and Nutrition Examination Survey, Clin.
Nutr. 35 (6) (2016) 1472-1483.

[10] V. Parcha, B. Heindl, R. Kalra, P. Li, B. Gower, G. Arora, et al., Insulin
resistance and cardiometabolic risk profile among nondiabetic
American young adults: insights from NHANES, J. Clin. Endocrinol.
Metab. 107 (1) (2022) e25-e37.

[11] M. Brochu, M.E. Mathieu, A.D. Karelis, E. Doucet, M.E. Lavoie,

D. Garrel, et al., Contribution of the lean body mass to insulin
resistance in postmenopausal women with visceral obesity: a Monet
study, Obesity (Silver Spring) 16 (5) (2008) 1085-1093.

[12] J.C. Lagace, M. Brochu, I.J. Dionne, A counterintuitive perspective for
the role of fat-free mass in metabolic health, J. Cachexia Sarcopenia
Muscle 11 (2) (2020) 343-347.

[13] C.M. Stillman, A.M. Weinstein, A.L. Marsland, P.J. Gianaros, K.

I. Erickson, Body-brain connections: the effects of obesity and
behavioral interventions on neurocognitive aging, Front. Aging
Neurosci. 9 (2017) 115.

[14] S. Kullmann, M. Heni, M. Hallschmid, A. Fritsche, H. Preissl, H.

U. Haring, Brain insulin resistance at the crossroads of metabolic and
cognitive disorders in humans, Physiol. Rev. 96 (4) (2016) 1169-1209.

[15] R. Correa-de-Araujo, O. Addison, I. Miljkovic, B.H. Goodpaster, B.

C. Bergman, R.V. Clark, et al., Myosteatosis in the context of skeletal
muscle function deficit: an interdisciplinary workshop at the National
Institute on Aging, Front. Physiol. 11 (2020) 963.

[16] L.M. Donini, L. Busetto, S.C. Bischoff, T. Cederholm, M.D. Ballesteros-
Pomar, J.A. Batsis, et al., Definition and diagnostic criteria for
sarcopenic obesity: ESPEN and EASO consensus statement, Obes. Facts.
15 (3) (2022) 321-335.

[4

[l

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en junio 11,
2026. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2026. Elsevier Inc. Todos los derechos reservados.


https://doi.org/10.1016/j.cdnut.2026.107707
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref1
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref1
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref1
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref2
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref2
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref2
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref3
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref3
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref3
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref3
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref4
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref4
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref4
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref5
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref5
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref5
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref5
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref6
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref6
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref6
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref7
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref7
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref7
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref8
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref8
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref8
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref8
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref8
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref9
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref9
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref9
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref9
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref10
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref10
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref10
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref10
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref11
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref11
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref11
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref11
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref12
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref12
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref12
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref13
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref13
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref13
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref13
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref14
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref14
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref14
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref15
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref15
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref15
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref15
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref16
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref16
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref16
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref16

D. Zhang et al.

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

J.A. Batsis, D.T. Villareal, Sarcopenic obesity in older adults: aetiology,
epidemiology and treatment strategies, Nat. Rev. Endocrinol. 14 (9)
(2018) 513-537.

J.C. Locatelli, J.G. Costa, A. Haynes, L.H. Naylor, P.G. Fegan, B.

B. Yeap, et al., Incretin-based weight loss pharmacotherapy: can
resistance exercise optimize changes in body composition? Diabetes
Care 47 (2024) 1718-1730.

I. Janssen, S.B. Heymsfield, Z.M. Wang, R. Ross, Skeletal muscle mass
and distribution in 468 men and women aged 18-88 yr, J. Appl.
Physiol. 89 (1) (2000) 81-88, 1985.

S. Lillioja, C. Bogardus, Obesity and insulin resistance: lessons
learned from the Pima Indians, Diabetes Metab, Rev. 4 (5) (1988)
517-540.

E.B. Geer, W. Shen, Gender differences in insulin resistance, body
composition, and energy balance, Gend. Med. 6 (Suppl 1) (2009)
60-75.

J.P. Despres, I. Lemieux, J. Bergeron, P. Pibarot, P. Mathieu, E. Larose,
et al., Abdominal obesity and the metabolic syndrome: contribution to
global cardiometabolic risk, Arterioscler. Thromb. Vasc. Biol. 28 (6)
(2008) 1039-1049.

M. Garaulet, F. Perex-Llamas, T. Fuente, S. Zamora, F.J. Tebar,
Anthropometric, computed tomography and fat cell data in an obese
population: relationship with insulin, leptin, tumor necrosis factor-
alpha, sex hormone-binding globulin and sex hormones, Eur. J.
Endocrinol. 143 (5) (2000) 657-666.

G.A. Bray, K.A. Jablonski, W.Y. Fujimoto, E. Barrett-Connor, S. Haffner,
R.L. Hanson, et al., Relation of central adiposity and body mass index
to the development of diabetes in the diabetes prevention program,
Am. J. Clin. Nutr. 87 (5) (2008) 1212-1218.

H. Kvist, B. Chowdhury, U. Grangard, U. Tylen, L. Sjostrom, Total and
visceral adipose-tissue volumes derived from measurements with
computed tomography in adult men and women: predictive equations,
Am. J. Clin. Nutr. 48 (6) (1988) 1351-1361.

J. Machann, C. Thamer, B. Schnoedt, N. Stefan, M. Stumvoll, H.

U. Haring, et al., Age and gender related effects on adipose

tissue compartments of subjects with increased risk for type 2
diabetes: a whole body MRI/MRS study, MAGMA. 18 (3) (2005)
128-137.

M.B. Snijder, J.M. Dekker, M. Visser, J.S. Yudkin, C.D. Stehouwer, L.
M. Bouter, et al., Larger thigh and hip circumferences are associated
with better glucose tolerance: the Hoorn study, Obes. Res. 11 (1)
(2003) 104-111.

M.B. Snijder, J.M. Dekker, M. Visser, L.M. Bouter, C.D. Stehouwer, J.
S. Yudkin, et al., Trunk fat and leg fat have independent and opposite
associations with fasting and postload glucose levels: the Hoorn study,
Diabetes Care 27 (2) (2004) 372-377.

L. Heilbronn, S.R. Smith, E. Ravussin, Failure of fat cell proliferation,
mitochondrial function and fat oxidation results in ectopic fat storage,
insulin resistance and type II diabetes mellitus, Int. J. Obes. Relat.
Metab. Disord. 28 (Suppl 4) (2004) S12-S21.

C. Thamer, J. Machann, M. Haap, N. Stefan, E. Heller, B. Schnodt, et
al., Intrahepatic lipids are predicted by visceral adipose tissue mass in
healthy subjects, Diabetes Care 27 (11) (2004) 2726-2729.

F. Mauvais-Jarvis, S.H. Lindsey, Metabolic benefits afforded by
estradiol and testosterone in both sexes: clinical considerations, J. Clin.
Invest. 134 (17) (2024) e180073.

B.H. Goodpaster, P. Chomentowski, B.K. Ward, A. Rossi, N.W. Glynn,
M.J. Delmonico, et al., Effects of physical activity on strength and
skeletal muscle fat infiltration in older adults: a randomized controlled
trial, J. Appl. Physiol. 105 (5) (2008) 1498-1503, 1985.

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Current Developments in Nutrition 10 (2026) 107707

B.H. Goodpaster, S. Krishnaswami, T.B. Harris, A. Katsiaras, S.

B. Kritchevsky, E.M. Simonsick, et al., Obesity, regional body fat
distribution, and the metabolic syndrome in older men and women,
Arch. Intern. Med. 165 (7) (2005) 777-783.

C. McCarthy, D. Schoeller, J.C. Brown, M.C. Gonzalez, A.N. Varanoske,
D. Cataldi, et al., D3 -creatine dilution for skeletal muscle mass
measurement: historical development and current status, J. Cachexia
Sarcopenia Muscle 13 (2022) 2595-2607.

M. Visser, M. Pahor, F. Tylavsky, S.B. Kritchevsky, J.A. Cauley, A.

B. Newman, et al., One- and two-year change in body composition as
measured by DXA in a population-based cohort of older men and
women, J. Appl. Physiol. 94 (6) (2003) 2368-2374, 1985.

V.W. Zhong, M.P. Bancks, P.J. Schreiner, C.E. Lewis, L.M. Steffen, J.
B. Meigs, et al., Insulin resistance since early adulthood and
appendicular lean mass in middle-aged adults without diabetes: 20
years of the CARDIA study, J. Diabetes Compl 33 (1) (2019) 84-90.
K. Stefanakis, M. Kokkorakis, C.S. Mantzoros, The impact of weight loss
on fat-free mass, muscle, bone and hematopoiesis health: implications
for emerging pharmacotherapies aiming at fat reduction and lean mass
preservation, Metabolism 161 (2024) 156057.

G. Colleluori, D.T. Villareal, Aging, obesity, sarcopenia and the effect of
diet and exercise intervention, Exp. Gerontol. 155 (2021) 111561.

S. Chen, X. Lin, J. Ma, M. Li, Y. Chen, A.P. Fang, et al., Dietary protein
intake and changes in muscle mass measurements in community-
dwelling middle-aged and older adults: a prospective cohort study,
Clin. Nutr. 42 (12) (2023) 2503-2511.

G. Fisher, S.T. Windham, P. Griffin, J.L. Warren, B.A. Gower, G.R. Hunter,
Associations of human skeletal muscle fiber type and insulin sensitivity,
blood lipids, and vascular hemodynamics in a cohort of premenopausal
women, Eur. J. Appl. Physiol. 117 (7) (2017) 1413-1422.

M. Gueugneau, C. Coudy-Gandilhon, L. Theron, B. Meunier,

C. Barboiron, L. Combaret, et al., Skeletal muscle lipid content and
oxidative activity in relation to muscle fiber type in aging and metabolic
syndrome, J. Gerontol. A Biol. Sci. Med. Sci. 70 (5) (2015) 566-576.
S.J. Prior, M.J. McKenzie, L.J. Joseph, F.M. Ivey, R.F. Macko, C.

E. Hafer-Macko, et al., Reduced skeletal muscle capillarization and
glucose intolerance, Microcirculation 16 (3) (2009) 203-212.

M.C. Decaroli, V. Rochira, Aging and sex hormones in males, Virulence
8 (5) (2017) 545-570.

A. Vermeulen, J.M. Kaufman, S. Goemaere, I. van Pottelberg, Estradiol
in elderly men, Aging Male 5 (2) (2002) 98-102.

E.K. Ofori, S. Conde Alonso, L. Correas-Gomez, E.A. Carnero,

K. Zwygart, H. Hugues, et al., Thigh and abdominal adipose tissue
depot associations with testosterone levels in postmenopausal females,
Clin. Endocrinol. (Oxf). 90 (3) (2019) 433-439.

C.P. Oyeka, J.H. He, J. Ma, E.D. Michos, R.R. Kalyani, M. Woodward, et
al., Role of sex hormones in mediating adiposity changes from weight
loss in people with type 2 diabetes: look AHEAD sex hormone study,
J. Clin. Endocrinol. Metab. 111 (2025) e203-e213.

J.M. Mucinski, D.E. Kelley, S.J. Winters, B.H. Goodpaster, Effects of
weight loss on testosterone, sex hormone-binding globulin, adiposity,
and insulin sensitivity in women and men, Obesity (Silver Spring) 33
(5) (2025) 962-973.

A.J. Critchlow, S.E. Alexander, D.S. Hiam, L. Ferrucci, D. Scott,

S. Lamon, Associations between female sex hormones and skeletal
muscle ageing: the Baltimore Longitudinal Study of Aging, J. Cachexia
Sarcopenia Muscle 16 (3) (2025) e13786.

A.J. Critchlow, D. Hiam, R. Williams, D. Scott, S. Lamon, The role of
estrogen in female skeletal muscle aging: a systematic review,
Maturitas 178 (2023) 107844.

Descargado para Lucia Angulo (lu.maru26@gmail.com) en National Library of Health and Social Security de ClinicalKey.es por Elsevier en junio 11,
2026. Para uso personal exclusivamente. No se permiten otros usos sin autorizacion. Copyright ©2026. Elsevier Inc. Todos los derechos reservados.


http://refhub.elsevier.com/S2475-2991(26)00072-7/sref17
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref17
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref17
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref18
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref18
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref18
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref18
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref19
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref19
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref19
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref20
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref20
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref20
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref21
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref21
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref21
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref22
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref22
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref22
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref22
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref23
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref23
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref23
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref23
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref23
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref24
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref24
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref24
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref24
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref25
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref25
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref25
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref25
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref26
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref26
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref26
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref26
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref26
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref27
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref27
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref27
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref27
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref28
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref28
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref28
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref28
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref29
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref29
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref29
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref29
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref30
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref30
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref30
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref31
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref31
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref31
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref32
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref32
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref32
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref32
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref33
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref33
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref33
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref33
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref34
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref34
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref34
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref34
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref35
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref35
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref35
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref35
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref36
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref36
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref36
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref36
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref37
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref37
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref37
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref37
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref38
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref38
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref39
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref39
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref39
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref39
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref40
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref40
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref40
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref40
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref41
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref41
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref41
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref41
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref42
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref42
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref42
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref43
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref43
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref44
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref44
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref45
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref45
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref45
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref45
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref46
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref46
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref46
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref46
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref47
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref47
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref47
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref47
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref48
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref48
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref48
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref48
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref49
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref49
http://refhub.elsevier.com/S2475-2991(26)00072-7/sref49

	Sexual Dimorphism in the Relationship between Body Composition and Insulin Resistance in Older Adults
	Introduction
	Methods
	Statistical analysis

	Results
	Discussion
	slink2
	slink3
	slink4
	slink5
	slink6
	slink7

	References


