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Translational Article
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Background. Diabetes is associated with decreased muscle mass. The effect of higher levels of glucose and insulin on
muscle mass has not been studied in individuals without diabetes. We sought to determine the relationship of insulin and
glucose measurements from the oral glucose tolerance test (OGTT) with muscle mass in persons without diabetes.

Methods. We analyzed data from 587 participants in the Baltimore Longitudinal Study of Aging (mean age 67.3 years, range
26-95 years) without diabetes who underwent a 2-hour OGTT, including glucose and insulin measurements taken every
20 minutes and assessment of midthigh muscle cross-sectional area by computed tomography, taken as a proxy measure of
muscle mass. Linear regression models and Bayesian model averaging were used to explore the independent cross-sectional
association of various OGTT-derived measures and midthigh muscle cross-sectional area, independent of confounders.

Results. Individually, fasting glucose, fasting insulin, OGTT glucose (40, 60, 80, 100, and 120 minutes), OGTT insulin
(20, 60, 80, 100, and 120 minutes), homeostasis model assessment of insulin resistance, integrated glucose area, and in-
tegrated insulin area were inversely associated, and the Matsuda index was positively associated, with the midthigh
muscle cross-sectional area (standardized to body weight) after adjustment for age, sex, race, height, physical activity,
and peroneal motor nerve conduction velocity (all ps <.05). When considered together, the Matsuda index and fasting
glucose were the strongest predictors of lower midthigh muscle cross-sectional area after covariate adjustment.

Conclusions. Higher fasting and OGTT values of both glucose and insulin are associated with lower muscle mass. Lon-
gitudinal studies are needed to verify whether individuals free of diabetes that have higher glucose and insulin during an
OGTT are at risk for accelerated muscle mass decline with aging.
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TABETES is associated with accelerated loss of both

muscle mass and strength with aging (1-3). Low mus-
cle mass and poor muscle strength, in turn, can lead to func-
tional impairment in older adults (4,5). Diabetes-related
sarcopenia may explain why older adults with diabetes have
an increased risk of functional disability in a wide range of
physical tasks compared with adults without diabetes, in-
cluding significantly greater difficulties walking a quarter
mile or lifting objects overhead (6,7). Recent literature has
found that glucose intolerance and insulin resistance are
correlates of muscle strength even in individuals without
diabetes (8—10); however, similar correlations with muscle
mass have not been previously investigated in persons with-
out diabetes.
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Associations between higher glucose and/or insulin lev-
els and muscle strength have been reported among older
adults without diabetes signifying that chronic exposure,
independent of the diagnosis of diabetes, can affect muscle
function. A significant correlation between higher fasting
insulin levels and lower handgrip strength has been reported
in older men without diabetes in cross-sectional and pro-
spective analyses (8). Insulin resistance is also negatively
associated with quadriceps strength in older adults without
diabetes (9). Among both men and women, higher quartiles
of 2-hour glucose are significantly associated with lower
grip strength across the range of normal glucose tolerance
values (10). These findings suggest that higher levels of glu-
cose or insulin (reflecting decreased peripheral insulin sen-
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sitivity or insulin resistance) may also be the mechanism by
which diabetes causes accelerated decline of muscle mass.
A critical step in testing this hypothesis is to verify whether
the degree of glucose tolerance, as assessed, for example,
by an oral glucose tolerance test (OGTT) and/or insulin sen-
sitivity is associated with muscle mass independent of po-
tential confounders. As far as we know, this hypothesis has
not been previously tested.

In the present study, we sought to comprehensively ex-
amine and contrast the associations of various fasting
and OGTT-derived glucose and insulin measurements
with lower extremity muscle mass in participants of the
Baltimore Longitudinal Study of Aging who were free of
diabetes.

RESEARCH DESIGN AND METHODS

Study Population

The Baltimore Longitudinal Study of Aging is a longitu-
dinal cohort study conducted by the Intramural Research
Program of the National Institute on Aging, National Insti-
tutes of Health, since 1958. Baltimore Longitudinal Study
of Aging participants are community-dwelling men and
women recruited primarily from the Baltimore—Washington,
DC, area with above-average education, income, and access
to medical care (11). From 1958 to 1978, the initial cohort
was exclusively men; since 1978, women have been in-
cluded. Participants underwent extensive evaluations at pre-
defined intervals. A total of 587 participants (aged 26-95
years) who had recent OGTT results (complete glucose
measurements at 0, 20, 40, 60, 80, 100, and 120 minutes)
and computed tomography (CT) of the thigh performed on
the same visit between the years 2006 and 2010 were in-
cluded in this study. Individuals with diabetes (fasting glu-
cose 2126 mg/dL, 2-hour OGTT glucose =200 mg/dL,
self-reported history, or current use of oral hypoglycemic
agents or insulin) were excluded. Only participants with
normal glucose status or prediabetes (fasting glucose 100-
125 mg/dL and/or 2-hour OGTT 140-199 mg/dL) were
included. The research protocol was approved by the Intra-
mural Research Program of the National Institute on Aging
and the Institutional Review Board of the MedStar Health
Research Institute, Baltimore, Maryland. All participants
provided written informed consent.

Oral Glucose Tolerance Testing

Participants stayed overnight on the research unit and re-
ceived the OGTT the next morning after a 10-hour fast.
Blood samples were drawn at O (fasting) and at 5, 10, 15,
20, 40, 60, 80, and 120 minutes after consuming 75 g of
glucose. Participants on steroid treatment within 3 months
prior to study visit were excluded from the OGTT. Plasma
glucose levels were measured using a glucose analyzer
(Beckman Instruments, Brea, CA). Plasma insulin was

measured using enzyme-linked immunosorbent assay (Mer-
codia, Uppsala, Sweden). The inter- and intra-assay coeffi-
cients of variation for insulin using this assay were
2.6%-3.6% and 2.8%-3.4%, respectively.

The 587 study participants had 5,804 glucose observa-
tions for analysis as follows: fasting, n = 587; 5 minutes,
n = 565; 10 minutes, n = 565; 15 minutes, n = 565; and 20
minutes through 120 minutes, n = 587 at each time point.
Among the 587 participants, there were 3,928 insulin obser-
vations as follows: fasting, n = 579; 5 minutes, n = 239; 10
minutes, n = 247; 15 minutes, n = 247; 20 minutes, n = 575;
40 minutes, n = 244; 60 minutes, n = 242; 80 minutes, n =
489; 100 minutes, n = 489; and 120 minutes, n = 577.

Assessment of Skeletal Muscle Mass

With the use of a Somatom Sensation 10 CT scanner
(Siemens, Malvern, PA), 10-mm (120 kVp, 200-250 mA)
cross-sectional images were obtained at the midfemur level,
considered to be the midpoint between the medial edge of
the greater trochanter and the intercondyloid fossa in scout
view images. A single cross-sectional image of the midthigh
was analyzed with the use of BonAlyse (BonAlyse Oy,
Jyvaskyla, Finland) software for processing CT images that
identifies muscle tissue, fat, and bone. The muscle outline
was traced manually, excluding subcutaneous fat and bone.
When muscle area is quantified, the BonAlyse software quan-
tifies voxels within a range corresponding to muscle density
(9271 mg/cm3) and excludes voxels corresponding to fat
density (-270 to 8 mg/cm?). Muscle density is a proxy mea-
sure of the quantity of contractile proteins per volume. To ob-
tain this measure, CT attenuation values expressed as
Hounsfield units were translated into measures of relative
density using an external phantom. The CV for average mus-
cle attenuation from single-slice CT scans of the midthigh
have previously been reported to be 0.51% for test-retest
variability and 3.3% for within-subject variance (12).

The total midthigh cross-sectional area (CSA) of non-
adipose, non-bone tissue within the deep fascial plane of the
left thigh was used as the measure of muscle mass. Cadaver
studies demonstrate that these methods provide an estimate
of muscle area that is highly correlated with direct anatomic
measures (13).

Measurements of CT CSA of the thigh muscle in square
millimeters were divided by body weight in kilograms to
provide a standardized measure of skeletal muscle mass,
similar to previous authors who referenced measurements
of skeletal muscle mass derived from bioimpedance analy-
sis to body weight (4).

Covariates

Height and weight were measured by standard methods.
Physical activity level was determined using a standardized
questionnaire, modeled from the well-validated Minnesota



76 KALYANI ET AL.

Leisure Time Physical Activity Questionnaire (14). Partici-
pants reported whether they had participated in a specific
activity at least 10 times in the past 12 months including
gardening, heavy chores, light house work, grocery shopping,
laundry, climbing stairs, walking for exercise, walking for
other purposes, aerobics, weight or circuit training, high-
intensity exercise activities, and moderate-intensity exer-
cise activities. If so, participants were then asked whether
they had done the activity in the past 7 days and the amount
of time spent doing the activity, including intensity level.
Information from the past week was used to calculate phys-
ical activity amounts. Each activity—intensity combination
was assigned a metabolic equivalent value that was used to
calculate the number of kilocalories per week per kilogram
body weight spent on that activity. An overall physical ac-
tivity score in kilocalories per week was calculated for each
participant by summing and multiplying the scores of all
performed activities by body weight. Similarly, a summary
score of walking for exercise (reported as brisk) and high-
intensity exercise activities such as jogging, swimming, cy-
cling, racquet sports, and use of gym equipment (eg, stair
stepping, elliptical and stationary cycling machines) was
created (15). Approximately 1.4% of these variables (height,
weight, physical activity) were missing.

Because glucose intolerance is associated with peripheral
neuropathy even among persons without diabetes (16), and
motor neuropathy can lead to muscle loss, we explored the
contribution of peripheral nerve function to the association
of hyperglycemia and/or hyperinsulinemia with decreased
muscle mass. Peripheral nerve function was evaluated for
peroneal motor nerve conduction velocity (NCV) using
standard techniques (Nicolet Viking Select, Madison, WI)
(17). Testing was performed on the right leg if no contrain-
dications were present. Contraindications included amputa-
tion, ulcer, trauma, knee replacement, or surgery. The leg
was heated with a heating pad until it was 32°C , if initially
below this temperature. After cleansing the skin with alco-
hol or a degreaser, surface electrodes were placed on the leg
to be tested with conducting gel. For peroneal nerve testing,
the recording electrode was positioned on the extensor di-
giti minimi belly and the stimulating electrode was posi-
tioned where the peroneal nerve wraps around the fibular
head. Distal stimulation was placed 8.5 cm proximal to the
recording electrode, lateral to the tibialis anterior tendon,
and the ground was positioned on the fifth metatarsophalan-
geal joint, lateral to the long extensor tendons. NCV was
calculated in meters per second and rounded to the nearest
one decimal (n =472).

Statistical Analysis

For the 587 participants, missing insulin data were left
out of the analyses because most individuals had fasting in-
sulin and 20, 80, 100, and 120-minute levels, but may have
been missing multiple insulin values at other time points

during OGTT. Missing covariate information was similarly
handled.

Insulin resistance was estimated by the homeostasis
model assessment of insulin resistance (HOMA-IR), calcu-
lated using fasting glucose and insulin measurements simi-
lar to previous studies (18). Whole-body insulin sensitivity
was estimated using the Matsuda index, calculated as
10,000/square root of [(fasting glucose X fasting insulin) x
(mean glucose X mean insulin during OGTT)], which pro-
vides a good approximation of measurements obtained by
the euglycemic insulin clamp technique (19). Integration of
the glucose and insulin OGTT curves (ie, area under the
curve [AUC]) was calculated by the standard trapezoid
method. The insulin AUC was calculated using all available
data for the participant. The correlation between using all
measurements, and only the 20, 80, 100, and 120-minute
insulin measurements (which most participants had avail-
able) was 0.97, with the former insulin AUC being 8%
higher than the latter insulin AUC. Therefore, for partici-
pants who only had the latter measurements, the calculated
insulin AUC was multiplied by 1.08.

Differences in baseline characteristics by quartile of
muscle mass (standardized to body weight) were summa-
rized as means * standard deviation and tested by analysis
of covariance. To examine which OGTT measurements
were independently associated with muscle mass, a series
of linear regression models were created. Model 1 was ad-
justed for demographics (age, sex, race); model 2 was ad-
justed for model 1 + height; model 3 was adjusted for model
2 + physical activity (high-intensity activity and walking);
model 4 was adjusted for model 3 + neuropathy (peroneal
motor NCV). Additionally, we used Bayesian model aver-
aging, which explores uncertainty by fitting multiple regres-
sion models using different combinations of variables and
providing weighted probabilities that their coefficients are
not equal to zero (20), to identify the best set of predictors
for muscle mass across all feasible models.

A two-tailed p value <.05 was used to indicate statistical
significance. All analyses and graphs were completed using
R version 2.10.1 (R Project for Statistical Computing,
http://www.r-project.org).

RESsULTS

The mean age of participants was 67.3 years. The base-
line (unadjusted) characteristics of all participants by quar-
tile of midthigh muscle CSA (mm?), standardized to body
weight (kg), are shown in Table 1. From lowest to highest
quartile of midthigh muscle CSA, participants were signifi-
cantly younger, taller, and more likely to be men and non-
white. They were also more physically active. Mean
peroneal nerve motor NCV did not differ by quartile of
midthigh muscle CSA. The following OGTT measurements
were also significantly lower in participants in the higher
(vs lower) quartiles of muscle mass: fasting glucose,
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Table 1. Characteristics of All Participants Without Diabetes by Quartile of Midthigh Muscle CSA (mm?), Standardized to Body Weight (kg)

Quartile 1 Quartile 2 Quartile 3 Quartile 4
(71-127 mm?kg)  (127-147 mm?/kg) (147-165 mmZ/kg) (165-228 mmZ/kg) p
Subjects (1) 147 148 145 147
OGTT
Glucose (mg/dL)
Fasting 90.97 £ 8.76 89.76 £ 8.74 89.53+£8.12 88.48 £8.27 <.001
5 min 110.32 £ 13.40 98.25 + 12.60 96.46 £ 11.01 95.38 £ 11.46 .003
10 min 110.19 £ 15.69 109.62 £ 16.19 106.86 £ 13.59 106.47 £ 15.24 .09
15 min 120.06 £ 16.62 121.34 £ 19.54 118.21 £ 16.65 116.15 £ 17.66 .08
20 min 129.07 £ 18.95 130.82 £ 21.26 127.61 £ 18.25 126.02 £20.43 .19
40 min 144.48 +27.66 149.12 £ 28.77 146.94 £27.78 14229 +32.44 21
60 min 145.76 £ 36.39 148.99 + 37.26 147.46 £35.73 138.18 £42.06 .07
80 min 139.22 +39.16 140.35 + 38.37 136.87 £35.20 127.13 £49.32 .01
100 min 131.93 £ 37.96 131.21 £37.39 127.30 £ 33.52 117.52 £32.99 .002
120 min 120.53 £ 31.07 118.28 +31.49 116.28 £ 30.07 104.61 £29.48 <.001
Insulin (WU/mL)
Fasting 9.66 + 6.08 8.84 £5.50 8.88 £8.39 7.87+£7.04 17
5 min 16.99 + 11.22 1643+ 11.78 14.60 £ 10.36 15.08 £ 13.24 .67
10 min 26.19 £ 13.58 26.78 £ 17.22 25.63 +16.29 25.24 + 18.51 .96
15 min 35.57+18.53 37.84 £27.84 33.39+£22.34 33.93+£22.03 72
20 min 49.70 £ 30.75 45.44 + 30.00 45.04 £ 36.11 41.88 £32.03 23
40 min 65.76 £ 44.61 73.97 £ 49.05 70.47 £ 59.56 67.21 +41.88 .80
60 min 79.20 £ 82.17 80.59 £ 54.25 82.53 £ 63.37 65.80 +41.28 .39
80 min 78.55+£56.51 74.98 + 49.84 76.28 + 60.39 56.09 +41.88 .002
100 min 72.83 £53.55 74.41 £54.72 68.07 + 52.81 51.83 £43.26 .002
120 min 71.74 £79.03 62.11 £ 49.10 59.47 £53.35 40.90 £ 39.60 <.001
HOMA-IR units 220+ 1.57 1.98 +1.34 1.97 £ 1.94 1.73+1.61 A1
Glucose area (mg/min/dL)* 15,924 + 3,188 16,083 £ 3,118 15,758 £ 2,862 14,928 + 3,207 .007
Insulin area (WU/min/mL)* 7,887+ 5,179 7,657 + 4,431 7,394 £ 5,165 5,916 £ 3,784 .004
Matsuda index 498 +2.85 5.27£3.00 5.80+3.19 7.27+4.82 <.001
Covariates
Age (y) 7374+ 11.23 69.66 + 10.28 66.47+11.93 59.39 + 12.22 <.001
Male (%) 21.8 41.2 62.1 76.2 <.001
White (%) 68.1 67.3 71.3 54.1 .01
Height (cm) 165.43 £ 8.32 168.44 £ 9.23 172.01 £9.52 172.93 £ 8.87 <.001
High-intensity 1,173.33 £ 1,285.66 1,653.56 £ 1,982.01 2,192.32 £2091.81 2,322.12 + 1843.79 <.001
activity/walking (kcal/wk)
Peroneal motor nerve 46.26 £5.28 47.20+4.48 47.27+£6.36 47.76 £ 5.61 .20

conduction velocity (m/s)

Notes: Data are means + SD unless otherwise indicated. CSA = cross-sectional area; HOMA-IR = homeostasis model assessment of insulin resistance; OGTT =

oral glucose tolerance test.
*Integrated areas under the curve.

S5-minute glucose, 80-minute glucose, 80-minute insulin,
100-minute glucose, 100-minute insulin, 120-minute glu-
cose, 120-minute insulin, integrated glucose area, and inte-
grated insulin area. The Matsuda index increased with
higher (vs lower) quartiles of muscle mass. Fasting insulin,
all other OGTT glucose and insulin measurements, and
HOMA-IR were similar across quartiles of muscle mass.
In age-, sex-, and race-adjusted linear regression models
where midthigh muscle CSA (standardized to body weight)
was considered as a continuous dependent variable, higher
fasting glucose levels and higher OGTT glucose levels at all
time points except 10 minutes (p = .07) were significantly
associated with lower midthigh muscle CSA (all ps < .05;
Table 2, model 1). Adjustment for height (Table 2, model 2)
slightly increased the size of the coefficients but did not al-
ter the significance of the associations, except for the asso-
ciation of 10-minute glucose with mid-thigh muscle CSA,
which became of borderline significance (p = .05). Further

adjustment for physical activity (Table 2, model 3) slightly
attenuated the size of the coefficients but, again, did not
change the significance of the associations except for
10-minute glucose, which was no longer significant (p =
.12). Additional adjustment for neuropathy (Table 2, model
4) reduced the size of the regression coefficients at 5 mi-
nutes (p = .07), 15 minutes (p = .06), and 20 minutes (p =
.06). However, the negative associations of fasting glucose
and OGTT glucose measurements at 40, 60, 80, 100, and
120 minutes with mid-thigh muscle CSA remained signifi-
cant in fully adjusted models (all ps < .01).

Similarly, in the analysis adjusted for demographics,
higher fasting insulin levels and higher OGTT insulin levels
at all time points except 5 minutes (p = .05) and 10 minutes
(p = .09) were significantly associated with lower muscle
midthigh muscle CSA (all ps < .05; Table 2, model 1). Ad-
justment for height (Table 2, model 2) slightly changed the
size of the coefficients but did not alter the significance of the
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Table 2. Linear Regression Models Exploring the Association of Glucose (per mg/dL) and Insulin (per pU/mL) Measurements From OGTT
With Midthigh Muscle CSA (mm?), Standardized to Body Weight (kg), Among Adults Without Diabetes

Model 1, Demographics* Model 2, Height*

Model 3, Physical Activity*

Model 4, Neuropathy*

B+ SE P B+SE P B+ SE P B+ SE )4
Glucose
Fasting -0.51%£0.11 <.001 -0.53£0.11 <.001 -0.51£0.11 <.001 -0.48 £0.12 <.001
5 min —-0.22 £ 0.08 .005 —-0.23 £0.08 .003 —-0.20 £ 0.08 .01 -0.16 £ 0.09 .07
10 min —0.11 £0.06 .07 -0.12£0.06 .05 -0.10 £ 0.06 12 -0.09 £0.07 .19
15 min —-0.14 £ 0.05 .009 -0.15£0.05 .005 —0.12 £ 0.05 .02 -0.11 £0.06 .06
20 min -0.11£0.04 .02 -0.12£0.05 .01 —-0.10 £ 0.05 .03 —-0.09 £ 0.05 .06
40 min —-0.11£0.03 <.001 -0.12£0.03 <.001 —0.11£0.03 <.001 -0.10£0.03 .005
60 min —-0.08 £ 0.02 .001 —-0.09 £0.02 <.001 —-0.09 £ 0.02 <.001 —-0.08 £ 0.03 .003
80 min —-0.08 £ 0.02 <.001 -0.10£0.02 <.001 -0.10£0.02 <.001 —-0.09 £0.03 <.001
100 min —-0.09+£0.03 <.001 -0.11£0.03 <.001 -0.11£0.03 <.001 —-0.09 £ 0.03 .002
120 min —-0.11£0.03 <.001 -0.13£0.03 <.001 -0.12+0.03 <.001 -0.10 £ 0.04 .002
Insulin
Fasting -0.77£0.13 <.001 -0.73£0.13 <.001 -0.71£0.13 <.001 -0.60 £ 0.15 <.001
5 min -0.221+0.11 .05 -0.20£0.11 .07 -0.15+0.11 18 -0.06 £0.13 .67
10 min -0.14 £ 0.08 .09 —0.14 £ 0.08 .08 —-0.10£0.08 .20 -0.06 £0.10 51
15 min —0.14 £ 0.06 .02 —0.14 £ 0.06 .01 —0.12 £ 0.06 .04 —-0.09 £ 0.08 25
20 min -0.12£0.03 <.001 -0.12£0.03 <.001 —-0.11£0.03 <.001 -0.10£0.03 .002
40 min —-0.09 £0.03 .001 —-0.09 £0.03 .001 —-0.08 £0.03 .005 —-0.06 £ 0.03 .05
60 min —-0.09 £ 0.02 <.001 —-0.09 £0.02 <.001 —0.09 £ 0.02 <.001 —-0.08 £0.02 <.001
80 min -0.10£0.02 <.001 -0.11£0.02 <.001 -0.11£0.02 <.001 -0.10£0.02 <.001
100 min —0.09 £ 0.02 <.001 -0.10£0.02 <.001 -0.10+£0.02 <.001 -0.09 £0.02 <.001
120 min —-0.09 £ 0.02 <.001 -0.10£0.02 <.001 -0.10£0.02 <.001 -0.10£0.02 <.001
HOMA-IR -3.32+0.56 <.001 -3.21£0.55 <.001 —-3.06 £ 0.56 <.001 -2.70 £ 0.63 <.001
Integrated glucose area —0.001 £0.0003 <.001 —0.001 + 0.0003 <.001 —0.001 £ 0.0003 <.001 —0.001 £ 0.0003 <.001
Integrated insulin area  —0.001 £ 0.0002 <.001 —-0.001 £ 0.0002 <.001 —-0.001 £ 0.0002 <.001 —-0.001 + 0.0002 <.001
Matsuda index 2.02+0.26 <.001 2.04£0.25 <.001 1.98 £0.25 <.001 2.00£0.30 <.001

Notes: CSA = cross-sectional area; HOMA-IR = homeostasis model assessment of insulin resistance; OGTT = oral glucose tolerance test.
*Model 1: adjusted for demographics (age, sex, race); model 2: adjusted for model 1 + height; model 3: adjusted for model 2 + physical activity (high intensity
and walking); model 4: adjusted for model 3 + neuropathy (peroneal motor nerve conduction velocity).

associations. Further adjustment for physical activity (Table 2,
model 3) slightly attenuated the size of the coefficients
but did not change the significance of the associations. After
additional adjustment for neuropathy (Table 2, model 4), the
size of the coefficients was reduced such that associations at
15 minutes (p = .25) and 40 minutes (p = .05) were no longer
significant. However, the negative associations of fasting in-
sulin and OGTT insulin at 20, 60, 80, 100, and 120 minutes
with midthigh muscle CSA remained statistically significant
in fully adjusted models (all ps < .005).

Derived measures including HOMA-IR, integrated glu-
cose area, and integrated insulin area were all significantly
negatively associated, and the Matsuda index was signifi-
cantly positively associated (indicating increased insulin
sensitivity), with midthigh muscle CSA in demographics-
adjusted models (all ps < .001; Table 2, model 1). Further
sequential adjustment for height (Table 2, model 2), physi-
cal activity (Table 2, model 3), and neuropathy (Table 2,
model 4) slightly attenuated the size of the coefficients;
however, HOMA-IR, the Matsuda index, integrated glucose
area, and integrated insulin area remained significantly
associated with midthigh muscle CSA in fully adjusted
models (all ps <.001).

In regression models using Bayesian model averaging,
the Matsuda index had the highest probability (>99%),

followed by fasting glucose (16.6%), 20-minute glucose
(9.3%), and 10-minute glucose (7.2%) that the regression
coefficient was nonzero (zero = no association with muscle
mass) after accounting for demographics (Table 3, model 1).
After further adjustment for height, only the Matsuda index
(>99%) and fasting glucose (12.2%) had a probability
greater than 10% that the regression coefficient was non-
zero (Table 3, model 2). In models adjusted for physical
activity (Table 3, model 3), these probabilities were largely
unchanged. In fully adjusted models including peroneal
motor NCV (Table 3, model 4), the Matsuda index (>99%)
and fasting glucose (11.7%) remained the predictors most
strongly associated with muscle mass (Table 3, model 4).
Among the covariates, age, sex, race, and height each had a
probability of greater than 99%; physical activity had a
probability of 36.0%; and peroneal motor NCV had a prob-
ability of 2.4% of having coefficients that were significantly
different from zero in fully adjusted linear regression mod-
els where they were included.

CONCLUSIONS

In a population of healthy community-dwelling older
adults without diabetes, higher fasting and OGTT glucose
levels (at 40, 60, 80, 100, and 120 minutes), fasting and
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Table 3. Bayesian Model Averaging for Linear Regression Models Exploring the Association of Glucose (per mg/dL) and Insulin (per pU/mL)
Measurements From OGTT and Covariates With Midthigh Muscle CSA (mm?), Standardized to Body Weight (kg), Among Individuals Without
Diabetes

Model 1, Demographics*

Model 2, Height*

Model 3, Physical Activity* Model 4, Neuropathy*

B+ SE % B+ SE % B+ SE % B+ SE %

Glucose

Fasting -0.05+0.14 16.6 -0.03 £0.10 12.2 -0.03 £0.10 11.7 -0.03 £0.10 11.7

5 min 0 0 0 0 0 0 0 0

10 min 0.008 £ 0.04 7.2 0.008 + 0.04 7.2 0.007 £0.03 6.9 0.007 £ 0.03 6.9

15 min 0 0 0 0 0 0 0 0

20 min 0.009 £ 0.04 9.3 0.002+0.1 39 0.002 £ 0.02 4.6 0.002 £ 0.02 4.6

40 min 0.001 £0.01 3.6 0 0 0 0 0 0

60 min 0.0006 £ 0.007 32 0 0 0 0 0 0

80 min 0 0 —0.0009 £ 0.008 3.8 —0.0006 £ 0.006 2.5 —0.0006 £ 0.006 2.5

100 min —0.0004 £ 0.006 3.0 —-0.001 £ 0.008 39 —-0.0007 £ 0.007 2.6 —0.0006 £ 0.006 2.6

120 min 0.0003 £ 0.007 2.9 0 0 0 0 0 0
Insulin®

Fasting 0 0 0.004 £ 0.05 32 0.002 £ 0.04 2.1 0 0

20 min 0.001 £0.01 3.9 0.002 £0.01 42 0.002 £0.01 4.9 0.002 £0.01 4.9

120 min —0.0003 £ 0.005 3.0 —0.001 £ 0.008 4.7 —0.001 £ 0.008 5.1 —0.001 £ 0.008 5.1
HOMA-IR 0 0 0 0 0 0 0 0
Integrated glucose area 0 0 —0.000003 £ 0.00007 2.9 0 0 0 0
Integrated insulin area —0.000003 £ 0.00006 2.9  -0.000008 = 0.00007 3.6 —0.000005 £ 0.00006 24 —0.000005 £ 0.00006 24
Matsuda index 1.96 £ 0.34 >99 1.98 £0.34 >99 1.98 £0.34 >99 1.98 £0.34 >99
Age (pery) -0.97£0.10 >99 -1.01£0.10 >99 -1.09£0.10 >99 -1.09£0.10 >99
Gender

Male Reference Reference Reference Reference

Female -29.33+£2.29 >99 —40.93 £3.30 >99 -40.62 £3.31 >99 -40.62 £ 3.31 >99
Race

Black Reference Reference Reference Reference

White -11.38 £2.35 >99 -10.55+2.28 >99 -10.59+£2.28 >99 -10.59+£2.28 >99
Height (per cm) — — -0.86 £0.18 >99 -0.87£0.18 >99 -0.87£0.18 >99
High intensity activity/ — — — — 0.0005 + 0.0008 36.1 0.0005 £ 0.0008 36.0

walking (per kcal/wk)
Peroneal motor NCV — — — — — 0.004 +0.05 24

(per m/s)

Notes: CSA = cross-sectional area; HOMA-IR = homeostasis model assessment of insulin resistance; OGTT = oral glucose tolerance test.

*Model 1: adjusted for demographics (age, sex, race); model 2: adjusted for model 1 + height; model 3: adjusted for model 2 + physical activity (high intensity
and walking); model 4: adjusted for model 3 + neuropathy (peroneal motor nerve conduction velocity).

TRepresents probability of each OGTT measurement or covariate being included in linear regression models.

“Insulin measurements at other time points not collected on all individuals so excluded from this analysis.

OGTT insulin levels (at 20, 60, 80, 100, and 120 minutes),
HOMA-IR, glucose AUC, and insulin AUC, and lower insu-
lin sensitivity as determined by the Matsuda index were all
significantly and independently associated with decreased
midthigh muscle CSA (standardized to body weight) in
models adjusted for demographics, height, physical activity,
and neuropathy. When considered together, the Matsuda in-
dex and fasting glucose were the most significant predictors
of midthigh muscle CSA in fully adjusted models.

To our knowledge, this is the first study to explore the
association of either fasting or postchallenge glucose and
insulin measurements from OGTT directly with muscle
mass in individuals free of diabetes, although associations
with muscle strength have been reported. One study re-
ported a cross-sectional association of higher fasting insulin
levels and decreased grip strength (8). Our findings simi-
larly demonstrate that higher fasting insulin levels are as-
sociated with lower muscle mass. Other studies have
described an association of insulin resistance (HOMA-IR)

with decreased quadriceps strength (9). We also found that
HOMA-IR was inversely associated with lower muscle
mass independent of confounders. Furthermore, higher
120-minute glucose levels are associated with decreased
grip strength independent of weight among adults without
diabetes (10). We similarly found that higher 120-minute
glucose levels in addition to many other OGTT levels of
glucose and insulin are associated with lower muscle mass
after accounting for weight and other covariates.

Whereas in the general population the relationship be-
tween muscle strength and mobility is widely acknowledged,
whether muscle mass independently contributes to mobility
is still an open question (5,21). Our findings raise the hy-
pothesis that at least in patients with glucose intolerance, the
association of higher glucose and insulin levels with muscle
strength demonstrated by previous studies (8—10) is medi-
ated, in part, by reduced muscle mass. We were able to ac-
count for possible related factors such as demographics,
height, physical activity, and neuropathy. Furthermore, we
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referenced CT-derived measurements of midthigh CSA to
body weight to better ascertain reduced relative skeletal
muscle mass, which was not done in previous studies explor-
ing differences in muscle mass by diabetes status (3).

CT-derived measurement of midthigh CSA is a valid fea-
sible method that has been used as a proxy measure of skel-
etal muscle mass in previous studies (1,5) and correlates well
with other more invasive techniques. Higgmark and col-
leagues (22) were the first to demonstrate the usefulness of
CT scanning for measuring CSA of the thigh muscle and that
mean muscle fiber diameter was closely correlated with ra-
diographic measurements. Thigh muscle area is a better pre-
dictor of muscle mass compared with midarm muscle area
(23). In cadavers, CT imaging for measurement of appen-
dicular skeletal muscle area (excluding adipose tissue) is ac-
curate and correlates well with direct tissue measurement (3).

However, our study has several limitations. Baltimore
Longitudinal Study of Aging participants are relatively
well-educated health care—seeking population of community-
dwelling volunteers; thus, our results may not be generaliz-
able to all adults. Because our study is cross-sectional, we
could not exclude possible reverse causality; it is, in fact,
possible that individuals with lower muscle mass may have
decreased glucose metabolism resulting in increased levels
of blood glucose and/or insulin. Further longitudinal studies
that explore the relationship of higher glucose and insulin
levels with sarcopenia independent of diabetes are needed
to better clarify the directionality of the association assessed
in this study. We may have had decreased power to observe
associations, especially in regards to the relationship of
OGTT insulin measurements with muscle mass at time
points other than fasting, and 20 and 120 minutes because
not all participants had measurements at other times. Yet,
we were still able to discern significant associations be-
tween OGTT glucose and insulin levels at numerous time
points with muscle mass in fully adjusted models. Lastly,
although midthigh muscle CSA is considered a good as-
sessment of muscle mass and has also been used in previous
studies (1,5), this more accurately reflects muscle area and
not volume; however, small differences in midthigh muscle
CSA as ascertained by CT have been linked to poorer lower
extremity performance in older adults (5).

The mechanisms by which higher glucose levels may
be related to sarcopenia are not fully understood and may
be direct or indirect. A chronic proinflammatory state
may be evident in older persons and is associated with
both higher glucose levels (24) and subsequent loss of
muscle mass and strength (25). In addition, low levels of
insulin-like growth factor-1 have been associated with
both insulin resistance (26) and sarcopenia (25); thus,
hormonal pathways may also underlie the relationship of
hyperglycemia with sarcopenia. Interestingly, frailty, a
condition characterized by increased vulnerability to
stressors and functional decline especially in older adults,
has been associated with higher glucose levels, sarcopenia,

inflammation, and low insulin-like growth factor-1 levels
(27), and may be the final common clinical manifestation of
these pathways. Mitochondrial dysfunction could also po-
tentially lead to both hyperglycemia and sarcopenia. Direct
glucose toxicity on muscle tissue may have a role and could
explain the significant association of higher levels of post-
challenge glucose levels with sarcopenia. Lastly, sarcopenia
itself can lead to decreased surface area for insulin-medi-
ated (ie, GLUT4) glucose uptake; this may lead to a vicious
cycle in which higher glucose levels further exacerbate
muscle loss resulting in rapid declines that eventually mani-
fest clinically as functional impairment.

Higher insulin levels in individuals without diabetes
reflect decreased insulin sensitivity in peripheral muscle.
In relative insulin deficiency states such as diabetes, de-
creased insulin-mediated capillary recruitment in skeletal
muscle (28) can lead to decreased vasodilation and skeletal
muscle blood flow, ultimately resulting in decreased glu-
cose uptake and muscle wasting. Decreased insulin-stimu-
lated mitochondrial production of nitric oxide synthase is
directly associated with insulin resistance (29) and could
also have a role in skeletal muscle vasodilation and glucose
uptake.

Fasting levels of glucose and insulin are not difficult to
obtain in clinical practice yet may help identify individuals
at risk for accelerated muscle loss. Performance of an
OGTT may offer additional insight, especially if fasting
levels are normal. The strong association of higher levels of
glucose and insulin (though within the nondiabetic range)
with sarcopenia may provide a compelling reason to per-
form future studies that investigate whether glucose-lowering
and/or insulin-sensitizing strategies may be beneficial in
older individuals who have some degree of insulin resis-
tance, in order to preserve functional status. Though we did
not specifically ascertain functional status in our study, the
association of sarcopenia with poor physical function is
well established (4,5). However, as recent literature has
demonstrated (30), glucose-lowering therapy that is too ag-
gressive may also be associated with adverse effects on
mortality, and potential limitations of this therapy would
need to be addressed. In addition, because greater muscle
mass may be associated with improved glucose metabo-
lism, other interventions (eg, exercise) that seek to improve
muscle mass among persons without diabetes may also
lower the risk of developing diabetes and prevent deteriora-
tion of glucose metabolism over time. Further studies are
needed to confirm the exact mechanisms and direction of
these associations but may ultimately lead to the use of
medications that lower blood glucose and/or increase insu-
lin sensitivity to reduce the burden of physical disability
among vulnerable older adults.
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