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Background: Skeletal muscle plays a major role in glucose metabolism. We investigated the association between thigh muscle
mass, insulin resistance, and incident type 2 diabetes mellitus (T2DM) risk. In addition, we examined the role of body mass index
(BMI) as a potential effect modifier in this association.

Methods: This prospective study included 399 Japanese Americans without diabetes (mean age 51.6 years) who at baseline had
an estimation of thigh muscle mass by computed tomography and at baseline and after 10 years of follow-up a 75-g oral glucose
tolerance test and determination of homeostasis model assessment of insulin resistance (HOMA-IR). We fit regression models to
examine the association between thigh muscle area and incidence of T2DM and change in HOMA-IR, both measured over 10
years.

Results: Thigh muscle area was inversely associated with future HOMA-IR after adjustment for age, sex, BMI, HOMA-IR, fasting
plasma glucose, total abdominal fat area, and thigh subcutaneous fat area at baseline (P=0.033). The 10-year cumulative incidence
of T2DM was 22.1%. A statistically significant interaction between thigh muscle area and BMI was observed, i.e., greater thigh
muscle area was associated with lower risk of incident T2DM for subjects at lower levels of BMI, but this association diminished
at higher BMI levels.

Conclusion: Thigh muscle mass area was inversely associated with future insulin resistance. Greater thigh muscle area predicts a
lower risk of incident T2DM for leaner Japanese Americans.
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INTRODUCTION site for glucose uptake and deposition, and hence plays an im-
portant role in the regulation of blood glucose levels [3]. There-
Type 2 diabetes mellitus (T2DM) is one of the most common  fore, low muscle mass may affect the development of insulin

metabolic disorders in the world, increasing in prevalence with  resistance and T2DM.

age [1]. Muscle mass gradually decreases with age after the
fourth decade of life, even if body weight or body fat mass is
unchanged or slightly increased [2]. Skeletal muscle is a major

Although a few cross-sectional studies support an inverse
association between muscle mass and insulin resistance or
T2DM prevalence [4-6], other studies have failed to show this
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[7-9]. In a recent cross-sectional study, thigh muscle area di-
rectly measured by computed tomography (CT) was negatively
associated with T2DM in South Asians but not Europeans, sug-
gesting the possibility of ethnic differences in this relationship
[8]. To our knowledge, no longitudinal research exists on the
association between thigh muscle area and change in insulin
resistance.

There are three prospective investigations that have exam-
ined the association between muscle mass and incident T2DM
with conflicting results. First, overall muscle mass measured by
dual-energy X-ray absorptiometry was not a risk factor for in-
cident T2DM in an Australian community-dwelling cohort of
men with 5-year follow-up in the Men Androgen Inflamma-
tion Lifestyle Environment and Stress study [10]. In the Health
ABC study of white and black participants ages 70 to 79 years,
no association was observed between abdominal and thigh
muscle area measured by CT and incident T2DM [11]. How-
ever, there was a significant interaction with body mass index
(BMI) for muscle mass in women, so that greater abdominal
but not thigh muscle area predicted lower risk of incident T2DM
for normal-weight women only, whereas higher thigh muscle
mass was associated with greater risk of incident T2DM for
overweight/obese women in adjusted models. On the contrary,
Son et al. [12] reported low overall muscle mass was associated
with a higher risk of T2DM in Korean adults using bioelectri-
cal impedance for muscle measurement. These previous pro-
spective studies have limitations, such as inclusion of male or
elderly participants only, self-reported diagnosis of diabetes,
and use of bioelectrical impedance, the accuracy of which can
be affected by hydration status, age, medical conditions affect-
ing fluid and electrolyte balance, and other factors [13].

The aim of this study was therefore to investigate the associa-
tion of thigh muscle mass measured by CT imaging with insu-
lin sensitivity and incident T2DM over a 10-year follow-up in
a Japanese American cohort of men and women. We also ex-
amined whether generalized adiposity as reflected by BMI mod-
ifies the association between thigh muscle mass and incident
T2DM.

METHODS

Study subjects

The study received approval from the University of Washing-
ton Human Subjects Division and all subjects provided written
informed consent (Institutional Review Board number: 34469).
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Study subjects were from the Japanese American Community
Diabetes Study, a cohort of second- and third-generation Japa-
nese Americans of 100% Japanese ancestry. Details of the se-
lection and recruitment of the study subjects have been de-
scribed previously [14]. Briefly, study participants were select-
ed as volunteers from a community-wide comprehensive mail-
ing list and telephone directory that included almost 95% of
the Japanese American population in King County, WA, USA.
Participants had follow-up visits 10 to 11 years after the base-
line study visit. Among 658 subjects in the original cohort, 166
were excluded because they had diabetes at baseline. Addition-
ally, we excluded 12 subjects who did not have CT measure-
ments of thigh muscle at baseline and 81 subjects who did not
complete follow-up examinations. Thus, a total of 399 subjects
without diabetes mellitus at baseline were available for analysis.

Clinical and laboratory examination

Personal medical history and lifestyle factors were determined
using a standardized questionnaire. Family history of diabetes
was considered positive if any first-degree relative had diabe-
tes. Smoking status was divided into two categories (current
smoker, former/never smoker). Moderate alcohol consump-
tion was defined as intake of more than 6 g of ethanol per day
[15]. Physical activity level was estimated by the Paffenbarger
physical activity index questionnaire (usual kilocalories spent
weekly) [16], and regular physical activity was defined as more
than moderate intensity physical activity.

Blood samples were obtained after an overnight fast of at
least 10 hours. Insulin sensitivity was estimated by homeostasis
model assessment of insulin resistance (HOMA-IR) index cal-
culated as [fasting serum insulin (uU/mL) x fasting serum glu-
cose (mg/dL)]/405 [17] and the quantitative insulin sensitivity
check index (QUICKI) [18]. Diabetes was diagnosed by 75-g
oral glucose tolerance test (OGTT), fasting glucose level >126
mg/dL or 2-hour post-glucose load =200 mg/day, or by treat-
ment with oral glucose-lowering agents or insulin [19].

A single (1-cm) CT scan slice was obtained of the left thigh
at a level halfway between the greater trochanter and the supe-
rior margin of the patella and the abdomen at the level of the
umbilicus [20]. CT scans were analyzed using density contour
software. Tissue with a density of -250 to —-50 Hounsfield units
(HU) was classified as adipose tissue [20]. Total thigh and thigh
subcutaneous fat cross-sectional areas (cm?®) were measured
and thigh muscle mass was estimated by calculating the differ-
ence between total thigh area and thigh subcutaneous fat area
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because directly measured thigh muscle area was unavailable.
This proxy measure of thigh muscle area has been shown to be
highly correlated with directly measured thigh muscle area in
a validation study conducted in a Korean population (r=0.98;
95% confidence interval, 0.88 to 1.00) [21].

Statistical analysis

Continuous variables are expressed as mean +standard devia-
tion, and categorical variables are expressed as numbers and
percentages. The distribution of HOMA-IR was skewed and
was therefore normalized using a logarithmic transformation
for all analyses. An independent t-test was used to compare
differences between means for continuous variables, and the
chi-square test was used for categorical data. Multiple linear
regression analysis was used to determine independent associ-
ations between insulin sensitivity at 10 years in relation to base-
line thigh muscle mass area. Logistic regression analyses were
conducted to estimate the associations between thigh muscle
mass area and incident T2DM while adjusting for covariates.
Interactions by BMI and sex with thigh muscle mass in rela-
tion to incident T2DM was assessed by insertion of first-order
interaction terms into the logistic model. The data were ana-

lyzed using IBM SPSS Statistics for Windows version 22.0 (IBM
Co., Armonk, NY, USA) and Stata version 14.2 (StataCorp,
College station, TX, USA). A two-sided P<0.05 was consid-
ered to indicate statistical significance.

RESULTS

Baseline clinical characteristics

At baseline, study participants had a mean age of 51.6 years,
51.5% were men and they had a mean BMI of 24.2 kg/m’ (Ta-
ble 1). Over a 10-year follow-up period, 88 of the 399 partici-
pants (22.1%) developed T2DM. Those developing incident
T2DM were older, had higher BMI, fasting plasma glucose,
HOMA-IR, QUICKI, total abdominal fat area, and a higher
prevalence of a family history of diabetes compared to those
who remained nondiabetic.

The association between thigh muscle area and insulin
resistance

Table 2 lists the association of baseline thigh muscle area with
HOMA-IR and QUICKI at 10-year follow-up. Thigh muscle
area was inversely associated with future HOMA-IR after ad-

Table 1. Clinical characteristics of study subjects by incident type 2 diabetes mellitus status at 10-year follow-up

Baseline 10-Year follow-up

Chameistsite Remained Developed Remained Developed

Total without diabe- diabetes Pvalue  without diabe- diabetes Pvalue

tes (n=311) (n=88) tes (n=311) (n=88)

Age, yr 51.6+11.8 50.0+11.6 57.1+11.2 <0.001 - - -
Male sex 206 (51.6) 159 (51.1) 47 (53.4) 0.705 . . .
Family history of diabetes 141 (35.3) 96 (30.9) 45 (51.1) <0.001 - - -
Current smoking 52(13.0) 39 (12.5) 13 (14.8) 0.583 - - -
Moderate alcohol consumption 79 (19.8) 63 (20.3) 16 (18.2) 0.666 - - -
Regular physical activity 96 (24.1) 78 (25.1) 18 (20.5) 0.370 - - -
Body mass index, kg/m’ 24.2+3.3 23.8+3.1 25.5+3.6 <0.001 249+35 26.4+4.2 0.001
Fasting plasma glucose, mg/dL 92.8+10.2 90.8+9.6 99.9+9.3 <0.001 95.9+8.5 116.7+22.8 <0.001
HOMA-IR* 3.1+1.8 2.8+1.5 4.1+£2.3 <0.001 32+1.6 5.8+3.6 <0.001
QUICKI 0.33+£0.03 0.33+0.03 0.32+0.02 <0.001 0.33+£0.02 0.31+£0.02 <0.001
Thigh muscle area, cm® 127.8+34.3 127.9+33.6 127.5+£37.0 0.926 124.8+34.7 119.0£33.6 0.279
Thigh subcutaneous fat area, cm’ 65.8+32.1 66.0+32.5 65.0+30.7 0.790 65.0+34.1 63.3+32.7 0.691
Total abdominal fat area, cm’ 4959+114.3  482.6+110.7 543.0+1151 <0.001 532.2+128.3  551.9+126.6 0.323

Values are presented as mean * standard deviation or number (%).

HOMA-IR, homeostasis model assessment of insulin resistance; QUICKI, quantitative insulin sensitivity check index.
*Log-transformed values were used for statistical comparisons. P values represent the difference between groups for each variable using inde-

pendent t-tests and chi-square tests, as appropriate.
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Table 2. Multivariate linear regression analysis of the prediction of HOMA-IR and QUICKI at 10-year follow-up

HOMA-IR QUICKI
Independent variable Model 1 Model 2 Model 1 Model 2
B Pvalue B Pvalue B Pvalue g Pvalue

Age, yr -0.020 0.695 -0.119 0.034 0.043 0.408 0.141 0.013
Female sex -0.224 0.004 -0.058 0.524 0.201 0.012 0.030 0.741
BML, kg/m* 0.326 <0.001 0.290 0.004 -0.360 <0.001 -0.308 0.003
Thigh muscle area, cm® -0.254 0.010 -0.232 0.020 0.244 0.017 0.224 0.027
HOMA-IR 0.420 <0.001 0.342 <0.001 - - - -
QUICKI = = = = 0.372 <0.001 0.298 <0.001
Fasting plasma glucose, mg/dL - - 0.171 0.001 - - -0.168 0.002
Total abdominal fat area, cm? - - 0.105 0.187 - - -0.128 0.117
Thigh subcutaneous fat area, cm’ - - -0.135 0.033 - - 0.148 0.021

Model 1: adjusted for baseline traits (age, sex, BMI, thigh muscle area, and HOMA-IR); Model 2: model 1+fasting plasma glucose, total abdomi-
nal fat area, and thigh subcutaneous fat area.

HOMA-IR, homeostasis model assessment of insulin resistance; QUICKI, quantitative insulin sensitivity check index; BMI, body mass index.
*Data are expressed as standardized .

Table 3. Multivariate logistic regression analysis of the prediction of incident type 2 diabetes mellitus at 10-year follow-up

Model 1 Model 2

Coefficient Pvalue Coefficient Pvalue
Age, yr 0.069 <0.001 0.041 0.021
Female sex -0.394 0.445 0.591 0.376
Family history of diabetes 0.848 0.002 0.800 0.006
HOMA-IR 0.333 <0.001 0.194 0.026
BML, kg/m* -0.289 0.064 -0.333 0.073
Thigh muscle area, cm’ -0.071 0.030 -0.075 0.029
BMIx thigh muscle area 0.003 0.018 0.003 0.018
Fasting plasma glucose, mg/dL - - 0.088 <0.001
Total abdominal fat area, cm? - - 0.001 0.782
Thigh subcutaneous fat area, cm’ - - —-0.005 0.425

Model 1: adjusted for baseline traits (age, sex, BMI, thigh muscle area, and HOMA-IR); Model 2: model 1+fasting plasma glucose, total abdomi-
nal fat area, and thigh subcutaneous fat area.
HOMA-IR, homeostasis model assessment of insulin resistance; BMI, body mass index.

justment for age, sex, BMI, and baseline HOMA-IR (Model 1).
This association persisted after further adjustment for fasting
plasma glucose, total abdominal fat area, and thigh subcutane-
ous fat area (Model 2). In addition, thigh muscle area was in-
dependently associated with QUICKI as another insulin sensi-
tivity surrogate index.

The association between thigh muscle area and incident
T2DM
When we investigated the association between thigh muscle
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area and incident T2DM in multivariate logistic regression
analysis, there was no significant association between thigh
muscle area and incident T2DM after adjustment for age, sex,
BMI, family history of diabetes, and HOMA-IR. However,
when we examined an interaction between BMI and thigh
muscle area using the first-order interaction terms inserted
into the same logistic model, there was a significant positive
interaction between BMI and estimated thigh muscle area (in-
teraction term coeflicient 0.003, P=0.022), with the coeflicient
for thigh muscle having a negative sign and being statistically
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Fig. 1. Adjusted marginal plots showing body mass index
(BMI) interaction effects on the association between thigh
muscle area and probability of 10-year incident type 2 diabetes
mellitus. Probabilities of type 2 diabetes mellitus are shown for
subjects with BMI 20, 25, 30 kg/m” after adjusting for age, sex,
family history of diabetes, and homeostasis model assessment
of insulin resistance.

significant (-0.071; P=0.030) (Table 3, model 1). In addition,
interaction between BMI and thigh muscle area remained sig-
nificant after insertion of fasting plasma glucose, total abdomi-
nal fat area, and thigh subcutaneous fat area as additional co-
variates into the model of Table 3 (model 2). There was no sig-
nificant interaction between sex and thigh muscle (interaction
term coefficient, -0.024; P=0.159) when these interactions
were inserted into the logistic model in Table 3.

In Fig. 1, the calculated probability of incident T2DM from
the logistic regression model from Table 3 that includes the
thigh musclexBMI interaction is shown across the range of
thigh muscle area for three values of BMI, demonstrating that
the protective effect exists for lower levels of BMI but disap-
pears in the obese range (BMI=30 kg/m?).

DISCUSSION

These prospective data demonstrate that baseline thigh muscle
mass area was inversely associated with future insulin resis-
tance. We also observed an interaction between thigh muscle
area and BMI in relation to T2DM. Namely, greater thigh mus-
cle area was associated with lower risk of incident T2DM over
10 years for leaner subjects independent of age, sex, family his-
tory of diabetes, HOMA-IR, fasting plasma glucose, total ab-
dominal fat area, and thigh subcutaneous fat area at baseline.
We observed an inverse association between thigh muscle area
and HOMA-IR change over 10 years that did not significantly
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vary by BML Thus greater muscle area was associated with less
insulin resistance after 10 years but not a lower risk of T2DM
in the presence of greater general adiposity. The potential ben-
efit of less insulin resistance in association with greater muscle
area may be overridden by higher general adiposity with re-
gard to future T2DM risk.

Previous studies reported that lower body muscle such as leg
muscle was more associated with insulin resistance than was
upper body muscle [22,23]. Furthermore, the rate of loss of
lower limb muscle was more than twice the rate of loss of up-
per limb muscle with aging [2,24,25]. Considering these char-
acteristics and their large muscle content, preservation of leg
muscles should be considered as a main target in the strategy
to prevent insulin resistance and incident T2DM. However,
there has been little prospective research on this topic.

We found that low thigh muscle area is independently asso-
ciated with greater insulin resistance after 10 years in relatively
healthy middle-aged and older Japanese Americans. To our
knowledge, this is the first longitudinal study showing the long
term association between thigh muscle mass and future insulin
resistance. These findings support a previous cross-sectional
study that demonstrated an inverse association between mus-
cle mass and insulin resistance [4].

The association between baseline thigh muscle area and in-
cident T2DM was modified by BMI in our cohort; that is, great-
er thigh muscle area predicted lower risk of incident T2DM
among leaner participants. The association between thigh mus-
cle area and T2DM risk was diminished at higher levels of BML
Our findings thus support earlier findings from cross-sectional
studies. Although measurement of lower limb circumferences
is a simple method to reflect both leg muscle and fat mass, there
was also a strong interaction between thigh circumference and
obesity in relation to diabetes prevalence in a large-scale, cross-
sectional study [26]. Smaller thigh circumference was associat-
ed with diabetes, but this association was stronger among non-
obese individuals. This study, though, could not convincingly
demonstrate an association between thigh muscle and diabetes
risk due to its cross-sectional design, which prevents ascertain-
ment of temporal sequence, and also its measurement of thigh
circumference which reflects a combination of thigh fat and
muscle mass. In another cross-sectional study of postmeno-
pausal women that also suggested an association between great-
er muscle mass and lower T2DM prevalence, abdominal mus-
cle area was inversely related with T2DM prevalence, especially
for women with a BMI <25 kg/m* [5].
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To our knowledge the current study extends findings of the
only other investigation that assessed risk of incident T2DM
by regional muscle mass area using imaging (Health ABC Study),
and which was conducted in an elderly Caucasian and African
American population [10]. Ethnicity is an important determi-
nant of body composition, with Asians known to have less
muscle mass and more body fat compared to Western popula-
tions at the same BMI [27]. These characteristics are related
with a higher risk of insulin resistance and T2DM [28,29]. In
addition, our population with a mean age of 51.6 years was rel-
atively younger than those of the Health ABC Study, so our
findings reflect the impact of a relatively higher range of mus-
cle mass on the development of T2DM before advanced age-
related sarcopenia. In addition, we used the OGTT along with
a history of clinical diagnosis for identifying incident T2DM,
and therefore were more likely to detect its occurrence as com-
pared to the Health ABC Study that relied on fasting glucose
and clinical history only [30].

We previously found that BMI acts as an effect modifier in
the relationship between hand grip strength and incident T2DM
in Japanese Americans, i.e., greater hand grip strength predicts
a lower risk of incident T2DM among normal weight partici-
pants [31]. Combining this finding in the same cohort with the
finding from the current analysis demonstrating a lower risk of
T2DM with greater thigh muscle area in normal weight partic-
ipants, it appears that obesity modifies the associations between
muscle mass or muscle strength and incident T2DM in a simi-
lar pattern in our population. Based on these findings, we can
assume that interventions aimed at increasing muscle mass and
strength in lean individuals may be more effective to reduce
the risk of T2DM than in overweight or obese individuals.

The underlying mechanism for the diminution of the inverse
relationship between baseline thigh muscle area and T2DM risk
at higher levels of BMI is not known. A possible reason is thigh
muscle mass may have a relatively smaller impact on the devel-
opment of T2DM in obese subjects due to preexisting metabolic
imbalance caused by obesity. Therefore, the potential protective
effects of greater muscle mass are overcome by much stronger
effects of adiposity on T2DM risk. Our finding of a significant
inverse association between thigh muscle area and future insu-
lin resistance that did not vary by BMI further supports this
theory, as this means that the potential mechanism for higher
T2DM risk (i.e., greater insulin resistance) affects lean and non-
lean similarly, and therefore must be overcome by other factors
in the non-lean that prevent expression of this lower risk.
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We noted that greater thigh subcutaneous fat area was asso-
ciated with higher insulin sensitivity at 10 years. This finding
might therefore be expected to result in lower risk of develop-
ing T2DM. However, we did not identify an association be-
tween thigh subcutaneous fat area and risk of T2DM in a pre-
vious analysis of these same data [32].

As for the strengths of our study, study participants were
from a well-designed community-based cohort with a long-
term follow-up period. This prospective study design permit-
ted assessment of thigh muscle area prior to the outcome as-
sessment, thereby helping to establish temporal sequence not
possible in cross-sectional research. Additional strengths in-
clude use of imaging to measure muscle areas, and also our fo-
cus on regional muscle as opposed the generalized lean mass.

There are several limitations to be considered in this study.
First, we estimated thigh muscle mass instead of directly mea-
suring thigh muscle area using imaging. However, this method
has been previously validated [21]. Second, we used HOMA-
IR and QUICKI as a surrogate for insulin sensitivity. Although
not the gold standard method, it is a frequently used tool for
assessing insulin sensitivity in large population based studies
[18,33]. Finally, as this study was restricted to middle-aged and
older Japanese Americans, caution should be taken when gen-
eralizing the results to other age or ethnic groups.

In conclusion, we found that thigh muscle area was inversely
associated with future insulin resistance over 10 years in Japa-
nese Americans. In addition, greater thigh muscle area was as-
sociated with lower risk of incident T2DM for leaner subjects
independent of insulin resistance. These results suggest an im-
portant role for muscle mass in the development of T2DM that
varies by degree of adiposity, and might lead to research to im-
prove our understanding of the roles of both lean and non-lean
body composition in the pathogenesis of hyperglycemia. Fur-
ther intervention studies are needed to confirm whether in-
creasing muscle mass can reduce the incidence of T2DM, and
whether such effects vary according to BMI.
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