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ABSTRACT
Objective: Persons with diabetes have accelerated
muscle loss. The association of fasting and
postchallenge glucose levels per se to grip strength, a
clinical marker of poor physical function, and potential
sex differences in this relationship has not been
previously described.
Design: Longitudinal cohort.
Setting: USA.
Participants: Participants were community-dwelling
older adults (mean age 71.3 years) without self-
reported diabetes and/or use of diabetes medication
with glucose measured at baseline (1992–1996).
Measurements: Fasting plasma glucose (FPG) was
measured in 1019 women and 636 men. Two-hour
glucose (2HG) levels after a 75 g oral glucose tolerance
test were also available (women, n=870; men, n=559).
Dominant hand grip strength was assessed using a
hand-held dynamometer at 3.0±1.6 visits over a
median 7.0 years. Mixed linear models examined the
association of baseline glucose levels with grip
strength, accounting for repeated visits, and adjusting
for covariates.
Results: Sex-specific FPG quartiles were associated
with unadjusted differences in grip strength among
women (p=0.03) but not men (p=0.50). However,
in men, adjusting for age, education, height, weight,
peripheral neuropathy, physical activity, and
comorbidities, each SD (SD=17 mg/dL) higher FPG
was associated with persistently lower grip strength
(−0.44±0.22 kg, p=0.049); 2HG (SD=50 mg/dL) was
unrelated to grip strength (−0.39±0.25 kg, p=0.13).
In women, neither FPG (SD=16 mg/dL) nor 2HG
(SD=45 mg/dL) was associated with grip strength
(0.02±0.12 kg, p=0.90; and −0.20±0.14 kg, p=0.14;
respectively) after adjustment. The rate of change in
grip strength did not differ across FPG or 2HG
quartiles in either sex.
Conclusions: In age-adjusted analyses, elevated
fasting glucose levels are associated with persistently
lower grip strength in older men, but not women.
Future studies are needed to elucidate reasons for
these sex differences and may provide further insight
into accelerated loss of muscle function as a
complication of diabetes in older adults.

INTRODUCTION
Diabetes is associated with accelerated loss of
muscle mass and strength in the lower
extremities.1 However, reports from studies
exploring the association of diabetes with loss
of muscle function in the upper extremities
have been conflicting.1 2 In cross-sectional
studies, the loss of arm muscle was greatest in
those with longest duration of diabetes and
highest levels of HbA1c (glycated hemoglo-
bin),2 suggesting a potential role for dysglyce-
mia in this process. It remains unclear
whether the relationship between dysglycemia
and muscle strength varies by upper versus
lower extremity muscle, or whether the associ-
ation of dysglycemia with muscle strength is
confounded by use of therapies for diabetes
or comorbidities, particularly the presence of
peripheral neuropathy which was not consist-
ently considered in previous cohorts.
Inconsistent findings in previous studies

Key messages

▪ Diabetes is associated with the accelerated loss
of muscle function. However, it remains unclear
the degree to which elevated fasting versus post-
challenge glucose levels are related to lower grip
strength—often considered a clinical marker of
physical function—and if there are differences by
sex.

▪ In the present study, we found that elevated
fasting glucose levels are related to lower grip
strength in older men, but not women, and that
these differences persisted during follow-up. We
did not observe an association of 2 h glucose
levels following oral glucose tolerance testing
with grip strength in either sex.

▪ These results may have implications for strat-
egies to preserve muscle function and reduce
the burden of disability in persons with diabetes.
Future studies are needed to elucidate potential
mechanisms for the sex differences observed.
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exploring grip strength in persons with diabetes may be
due to sex differences in the loss of muscle function with
aging. Moreover, because grip strength is a reliable and
inexpensive measure, and a strong predictor of poor
physical functioning and mortality,3–5 grip strength could
be used in clinical practice to risk stratify older adults.
However, the degree to which dysglycemia per se is
related to longitudinal changes in grip strength has not
been previously investigated. Yet, exploring the associa-
tions between dysglycemia and grip strength may provide
insight into possible pathways through which diabetes is
related to poor physical functioning.
Sex differences in the loss of muscle function with aging

are present in the general population where men have
more rapid declines in muscle strength, mass, and quality
compared with women.6–12 Because of the wider dynamic
change of muscle strength in men than in women, differ-
ences due to pathology such as from chronic diseases may
be amplified. Indeed, in cross-sectional studies of persons
with diabetes, men have lower appendicular muscle
strength, both upper and lower, despite having greater
appendicular muscle mass compared with men without
diabetes.2 This association was not reported in women,
who despite greater arm and leg muscle mass in those with
diabetes compared with those without diabetes had abso-
lute arm and leg muscle strength at baseline that was not
significantly different.2 Since the findings reported above
were obtained in a single cohort (the Health, Aging, and
Body Composition Study) and among participants fol-
lowed for a relatively short duration, it is unclear whether
the same results would be found in persons followed for a
longer time and with repeated measures of grip strength.
Of note, elevated fasting glucose levels have been consist-
ently shown to be more common in older men than older
women, whereas elevated postchallenge glucose levels are
more common in older women than older men.13–17

Consequently, it remains unclear if sex differences in
muscle function among persons with diabetes may be due,
in part, to dissimilarity in fasting versus postchallenge
glucose levels in men compared with women.
The present study tested the following hypotheses:

(1) elevated glucose levels (both fasting and 2 h glucose
(2HG) levels after a 75 g oral glucose tolerance test
(OGTT)) are associated with decreased grip strength
among persons without known diabetes at baseline inde-
pendent of major confounders including demographics,
anthropometry, peripheral neuropathy, physical activity,
and comorbidities; and (2) sex differences exist in the
associations of fasting and postchallenge glucose levels
with grip strength during follow-up. We report these asso-
ciations among a population-based cohort of older men
and women from the Rancho Bernardo Study (RBS).

METHODS
Study population
The RBS is a population-based cohort study of mostly
non-Hispanic Caucasian, middle class residents (who

had moved from all over the USA) of a southern
California community. Between 1972 and 1974, approxi-
mately 82% (n=6629) of adult residents of this new
suburb participated in the NIH Lipid Research Clinic
Study of cardiovascular disease risk factors. Since then,
research clinic visits have been conducted at regular
intervals, all funded by the National Institutes of
Health.18

The present study reports on 1781 participants in the
1992–1996 (visit 7); 111 of whom were excluded for self-
reported diabetes and/or use of diabetes medications.
An additional six participants did not have 75 g OGTT
results available, leaving 1664 participants. Overall, 1655
participants (1019 women, 636 men) had measurement
of baseline fasting plasma glucose (FPG) and 9 partici-
pants (7 women, 2 men) did not have fasting glucose
available but only 2HG available. A total of 1420 partici-
pants (863 women, 557 men) had measurements of
both FPG and 2HG levels after OGTT. All participants
included in the study had at least one measure of grip
strength available at baseline or follow-up (4 participants
had a measurement during follow-up only). Subsequent
research clinic visits occurred in 1997–1999 (visit 8),
1999–2002 (visit 9), 2003–2006 (visit 10), and 2007–2009
(visit 11). The mean number±SD of visits (including
baseline) for participants in this study was 3.0±1.6.
The study was approved by the Institutional Review

Board of the University of California San Diego; all par-
ticipants gave written informed consent prior to
participation.

Fasting and postchallenge glucose
A baseline 75 g OGTT was administered between 0730
and 1100 h after a minimum 8 h overnight fast. Blood
samples were drawn by venipuncture at 0 and 2 h, and
serum and plasma were separated and frozen at −70°C.
Plasma glucose was measured by the glucose oxidase
method.17

Covariates
Information about demographics (age, race, sex, and
education), medical history, and peripheral neuropathy
was obtained through standard questionnaires. Height
and weight were measured while the participant was
wearing light clothing without shoes. Physical activity was
reported as physical exercise three or more times per
week. Neuropathy was self-reported as numbness or tin-
gling or sensation loss in the hands or feet, similar to
other studies.19 The presence of other comorbidities
also ascertained by questionnaire included the following:
cancer (excluding non-melanoma skin cancer), lung
surgery or emphysema, myocardial infarction or angina,
hypertension, osteoporosis, arthritis, or stroke.20

Grip strength
Bilateral grip strength was measured using a hand-held
dynamometer (Therapeutic Instruments Hand Dynometer,
Serial No. 0687083). At the start position, the participant’s
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elbow was flexed at a 90° angle with the forearm parallel
to the floor. The dynamometer was maximally squeezed
for a 3 s count while simultaneously lowering the arm to
full extension. Participants practiced this procedure once
per hand, after which measurements were recorded to the
nearest 0.5 kg. The instrumental precision error was
1.0%.21 Similar to other authors, grip strength in the dom-
inant hand was analyzed, defined as the hand with the
larger grip strength value in kilograms in the present
study.5 22–24

For 1019 women with FPG levels available, the
number of grip strength measures available was: one visit
(n=279), two visits (n=158), three visits (n=173), four
visits (n=146), and five visits (n=263). For 636 men, the
number of grip strength measures available was: one visit
(n=178), two visits (n=86), three visits (n=114), four
visits (n=88), and five visits (n=170).

Statistical analysis
Differences in baseline characteristics were summarized
as means±SD and compared across sex-specific quartiles
of FPG separately for men and women using analysis of
variance for continuous variables and χ2 tests for cat-
egorical variables.
Next, dominant hand grip strength was plotted against

age (in years) for participants in each FPG quartile
using a local regression (loess) function separately for
men and women, including baseline and follow-up data.
Similar figures were plotted for participants categorized
by sex-specific 2HG quartiles at baseline. Since there
were relatively fewer participants aged <50 years (n=47)
or >90 years (n=41), results are only shown for partici-
pants between the ages 50 and 90 years. We explored
the interactions of FPG×age and 2HG×age with grip
strength to test the hypothesis that age modified the
association of baseline glucose levels with grip strength.
Mixed linear models were utilized to examine the

regression of grip strength on baseline FPG (or 2HG)
levels with unstructured within-participant covariance
matrix. Other structures of the within-participant covari-
ance were also considered (ie, compound symmetry,
autoregressive (1), and Toeplitz) but the unstructured
covariance matrix had the best model fit based on statis-
tical parameters. Four models were fitted, which sequen-
tially included covariates of interest: model 1 was
unadjusted; model 2 was adjusted for age; model 3 was
adjusted for model 2+education; model 4 was adjusted
for model 3+height+weight; and model 5 was adjusted
for model 4+peripheral neuropathy, physical activity, and
the presence of individual comorbidities. Height and
weight were adjusted for separately in regression models,
similar to previous studies, given that higher body mass
index as an anthropometric measure can be related to
either increased muscle mass or adiposity.25 Peripheral
neuropathy and education were only available for the
baseline visit. The other covariates, including age,
height, weight, physical activity, and other comorbidities,
were included as time-varying variables in models. If any

of the variables were missing for a particular visit, that
visit was not included in the analysis.
In sensitivity analyses, we explored potential non-linear

associations by adding a quadratic term in models. We
performed sensitivity analyses excluding individuals with
undiagnosed diabetes (participants with no known
history of diabetes but who had FPG≥126 mg/dL or
2HG≥200 mg/dL) and those with undiagnosed diabetes
prescribed glucose-lowering therapies during follow-up.
We also performed a sensitivity analysis excluding
women on estrogen replacement therapy at baseline. We
conducted additional analyses to explore associations of
dysglycemia with poor grip strength in the non-
dominant (weaker) hand.
All p values presented are two-tailed, with p<0.05 con-

sidered statistically significant. Data were analyzed using
SAS V.9.0.

RESULTS
The mean baseline age (±SD) of 1656 participants was
71.3±11.4 years. The mean length of follow-up for parti-
cipants was 7.4±5.7 years and similar for both sexes.
Table 1 shows unadjusted baseline participant

characteristics by sex-specific FPG quartile among men.
Weight and 2HG increased with increasing FPG quartiles
(p<0.001). Higher rates of chronic diseases were
reported with increasing FPG quartiles (p=0.004). Grip
strength and other participant characteristics did not
differ significantly by FPG quartiles. For men, the mean
number of grip strength measures available for each par-
ticipant by quartile of FPG was as follows: quartile 1
(n=3.0), quartile 2 (n=3.0), quartile 3 (n=3.0), and quar-
tile 4 (n=2.8). Table 2 shows that among women, mean
age (p<0.001) and education (p=0.02) increased with
higher baseline FPG quartile. Weight and 2HG also
increased with increasing FPG quartiles (p<0.001 for
both). However, in contrast to men, grip strength was
significantly different across FPG quartiles at baseline
(p=0.03). For women, the mean number of grip
strength measures available for each participant by quar-
tile of FPG was as follows: quartile 1 (n=3.0), quartile 2
(n=3.0), quartile 3 (n=2.8), and quartile 4 (n=2.8).
Other participant characteristics did not differ by FPG
quartiles among women.
The age trajectory of grip strength, using both base-

line and follow-up data were available for men and
women categorized by baseline quartile of FPG and
2HG is shown in figure 1A (men) and 1B (women).
Grip strength was lower among men in the highest FPG
quartile compared with those in lower FPG quartiles
after approximately the age of 65 years (figure 1A).
Conversely, as shown in figure 1B, grip strength tended
to be slightly higher in women in the highest versus
lowest FPG quartile until the age of 85 years, but differ-
ences narrowed beyond this age. Figure 2A, B shows no
consistent differences with aging for the highest versus
lowest 2HG quartiles for men or women. However, there
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was no significant interaction with age by FPG (or 2HG)
for either men or women (all p values >0.05).
Mixed linear models examining mean differences in

grip strength for each sex-specific SD increase in FPG (or
2HG) level during follow-up were performed. Among
men and adjusting for age and education (table 3),
increasing FPG levels (SD=17 mg/dL) were not related to
grip strength (−0.20±0.24 kg per SD increase of FPG,
p=0.39; model 2), but they were significantly associated
with lower mean grip strength after further adjusting for
height and weight (−0.43±0.22 kg per SD increase of FPG,
p=0.045; model 3). These results remained significant in
models adjusting for peripheral neuropathy, physical activ-
ity, and the presence of individual comorbidities (−0.44
±0.22 kg per SD increase of FPG, p=0.049; model 4).

Unadjusted, increasing 2HG levels (SD=50 mg/dL) were
associated with significantly lower grip strength measures
in men (−1.68±0.33 kg per SD increase of 2HG, p<0.001;
model 1), but this association was no longer significant
after adjusting for age and education (−0.29±0.28 kg per
SD increase of 2HG, p=0.30; model 2), and remained non-
significant in fully adjusted models (−0.39±0.25 per SD
increase of 2HG, p=0.13; model 4). Among women,
neither FPG (SD=16 mg/dL) nor 2HG (SD=45 mg/dL)
was associated with grip strength after adjustment for cov-
ariates (table 3).
Among men, in sensitivity analyses, excluding those

with undiagnosed diabetes (n=60), increasing FPG
was negatively but non-significantly associated with
lower grip strength measures in fully adjusted models

Table 1 Unadjusted baseline participant characteristics by fasting plasma glucose quartile for men (n=636)*

Quartile 1

(70–91 mg/dL)

Quartile 2

(91–97 mg/dL)

Quartile 3

(97–103 mg/dL)

Quartile 4

(103–336 mg/dL) p Value

N 159 158 160 159

Age (years) 71.8 (12.6) 69.9 (10.6) 70.7 (11.2) 71.9 (9.6) 0.32
Race

Caucasian (%) 84 86 83 88 0.58
Education

More than high school (%) 88 87 84 86 0.47
Height (m) 1.8 (0.07) 1.7 (0.07) 1.8 (0.06) 1.7 (0.07) 0.53
Weight (kg) 76.7 (10.6) 79.3 (12.9) 81.1 (10.9) 85.0 (14.4) <0.001
Peripheral neuropathy (%) 13 9 15 13 0.40
Exercise ≥3 times/week (%) 77 79 76 70 0.28
Chronic disease (%)† 60 45 50 63 0.004
Fasting glucose (mg/dL) 87 (3.7) 94 (1.4) 99 (1.7) 117 (27.3) <0.001
2 h glucose (mg/dL) 117 (33.2) 129 (37.7) 134 (36.3) 174 (66.0) <0.001
Grip strength (kg) 37.1 (9.0) 38.2 (7.9) 37.4 (8.5) 36.7 (8.7) 0.50
*Means (SD) are shown for continuous variables.
†The presence of at least one chronic disease: cancer (excluding non-melanoma skin cancer), lung surgery or emphysema, myocardial
infarction or angina, hypertension, osteoporosis, arthritis, or stroke.

Table 2 Unadjusted baseline participant characteristics by fasting plasma glucose quartile for women (n=1019)*

Quartile 1

(59–87 mg/dL)

Quartile 2

(87–92 mg/dL)

Quartile 3

(92–98 mg/dL)

Quartile 4

(98–388 mg/dL) p Value

N 249 260 253 257

Age (years) 68.2 (12.6) 71.2 (11.7) 72.6 (11.0) 73.0 (10.5) <0.001
Race

Caucasian (%) 83 82 79 82 0.87
Education

More than high school (%) 72 68 70 74 0.02
Height (m) 1.6 (0.07) 1.6 (0.06) 1.6 (0.06) 1.6 (0.07) 0.09
Weight (kg) 61.4 (9.5) 63.3 (11.8) 62.5 (10.8) 67.8 (14.1) <0.001
Exercise ≥3 times/week (%) 73 67 68 67 0.43
Chronic disease (%)† 53 54 57 61 0.24
Peripheral neuropathy (%) 12 14 11 13 0.75
Fasting glucose (mg/dL) 83 (3.9) 89 (1.4) 95 (1.98) 109 (25.3) <0.001
2 h glucose (mg/dL) 119 (34.9) 127 (39.9) 139 (38.5) 159 (54.2) <0.001
Grip strength (kg) 20.9 (5.3) 19.7 (5.4) 19.6 (5.4) 20.1 (5.9) 0.03
*Means (SD) are shown for continuous variables.
†The presence of at least one chronic disease: cancer (excluding non-melanoma skin cancer), lung surgery or emphysema, myocardial
infarction or angina, hypertension, osteoporosis, arthritis, or stroke.
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(−0.36±0.25 kg per SD increase of FPG, p=0.15;
SD=8.6 mg/dL). The relatively lower mean value for
grip strength observed in FPG quartile 4 among men
may have been related to the presence of persons with
undiagnosed diabetes in this category. No significant
associations with grip strength were found for 2HG
among men in fully adjusted models (−0.12±0.27 kg per
SD increase, p=0.66; SD=32.6 mg/dL). Among women,
excluding those with undiagnosed diabetes (n=78),

increasing FPG was negatively but non-significantly asso-
ciated with lower grip strength measures in fully adjusted
models (−0.23±0.14 kg per SD increase, p=0.09;
SD=8.5 mg/dL). No significant associations with grip
strength were found for 2HG among women in fully
adjusted models (−0.04±0.15 kg per SD increase, p=0.77;
SD=32.4 mg/dL). Also, in analyses which included a
quadratic term for FPG or 2HG, respectively, non-linear
associations were not found among men or women in
fully adjusted models.
In sensitivity analysis, excluding persons with undiag-

nosed diabetes who were initiated on glucose-lowering
therapies during follow-up (excluding 15 men and

Figure 1 Mean decline in grip strength with aging by

baseline quartile of fasting plasma glucose (FPG). For men

(A), grip strength was lower among men in the highest FPG

quartile compared with those in lower FPG quartiles after

approximately the age of 65 years. For women (B), grip

strength tended to be slightly higher in women in the highest

versus lowest FPG quartile until the age of 85 years, but

differences narrowed beyond this age. However, the rate of

grip strength decline with age did not significantly differ by

FPG quartile for either men or women (both p values >0.05).

Figure 2 Mean decline in grip strength with aging is shown

for participants categorized by baseline quartile of 2 h glucose

(2HG). For men (A) and women (B), there are no consistent

findings across 2HG quartiles with aging. The rate of grip

strength decline with age did not significantly differ by 2HG

quartile for either men or women (both p values >0.05).
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18 women), we found that the association was more sig-
nificant for FPG (−0.49±0.19 kg per SD increase, p=0.01;
SD=13 mg/dL) and grip strength, with a trend toward
significance for 2HG (−0.40±0.21 kg per SD increase,
p=0.06; SD=42 mg/dL), among men in fully adjusted
models, compared with the primary analysis. The results
in sensitivity analysis were overall unchanged for the
association of FPG (0.11±0.12 kg per SD increase,
p=0.34; SD=14 mg/dL) and 2HG (−0.07±0.14 kg per SD
increase, p=0.62; SD=44 mg/dL) with grip strength
among women in fully adjusted models.
Among women, excluding those using estrogen

replacement therapy (n=460) at baseline, FPG (−0.05
±0.16 kg per SD increase, p=0.75; SD=20 mg/dL) and
2HG (−0.26±0.18 kg per SD increase, p=0.16;
SD=47 mg/dL) remained non-significantly associated
with lower grip strength measures in fully adjusted
models.
In additional sensitivity analyses exploring associations

of dysglycemia with grip strength in the non-dominant
hand, FPG was significantly associated with grip strength
in men in models adjusting for age, education, height,
weight, and peripheral neuropathy (−0.53±0.24 kg per
SD increase of FPG, p=0.03; model 4); results were
similar for 2HG (−0.65±0.28 kg per SD increase of 2HG,
p=0.02; model 4). However, after excluding those with
undiagnosed diabetes, the associations of FPG and 2HG
with non-dominant hand grip strength were no longer
significant among men. No significant associations were
observed for either FPG or 2HG with non-dominant
grip strength among women in any of the models.

DISCUSSION
In the present study, we found that among men without
history of diabetes followed for an average of 7 years,
increasing levels of FPG were associated with persistently
lower grip strength. Even after accounting for potential
confounders such as age, education, height, weight,
physical activity, peripheral neuropathy, and comorbid-
ities among men, the association of higher FPG with
persistently lower grip strength remained significant.
Such associations were not observed among women in
our study, and 2HG was not associated with differences
in grip strength among either men or women. Previous
cross-sectional studies have reported that diabetes status
(diagnosed and undiagnosed) was associated with sig-
nificantly lower grip strength, in men but not
women.2 26 However, one longitudinal study demon-
strated no differences in grip strength over time in older
adults by diabetes status.1 To our knowledge, our study is
the first to specifically report the association of dysglyce-
mia (FPG vs 2HG levels) with differences in grip
strength among persons without known diabetes. We did
not see an association of fasting glucose level with
change in grip strength during aging. Rather, men with
higher fasting glucose levels had lower grip strength at
baseline and that difference persisted over time in those
with repeated measurements. The duration of follow-up
in our study was much longer than those in previous
reports of grip strength in persons with diabetes
(∼3 years) which may have contributed to our ability to
detect significant differences.1 Sex differences have been
previously reported in the cross-sectional association of

Table 3 Mixed linear models exploring differences in grip strength among persons without history of diabetes by baseline

fasting plasma glucose (FPG) and 2 h glucose (2HG) levels*

Model 1† Model 2† Model 3† Model 4† Model 5†

Men
FPG

Grip strength (kg) per 1 SD increase (mg/dL)‡ −0.15±0.30 −0.22±0.23 −0.20±0.24 −0.43±0.22 −0.44±0.22
p Value 0.61 0.33 0.39 0.045 0.049

2HG

Grip strength (kg) per 1 SD increase (mg/dL)§ −1.68±0.33 −0.31±0.28 −0.29±0.28 −0.42±0.25 −0.39±0.25
p Value <0.0001 0.28 0.30 0.10 0.13

Women
FPG

Grip strength (kg) per 1 SD increase (mg/dL)¶ −0.26±0.16 0.06±0.13 0.06±0.13 0.02±0.12 −0.02±0.12
p Value 0.11 0.066 0.67 0.89 0.90

2HG

Grip strength (kg) per 1 SD increase (mg/dL)** −0.86±0.17 −0.15±0.15 −0.15±0.15 −0.23±0.14 −0.20±0.14
p Value <0.0001 0.31 0.30 0.10 0.14

*Means±SE shown.
†Model 1: unadjusted. Model 2: adjusted for age. Model 3: adjusted for age and education. Model 4: adjusted for variables in model 2 and
height and weight. Model 5: adjusted for variables in model 3 and peripheral neuropathy, physical activity, and presence of individual
comorbidities.
‡FPG SD for men=17 mg/dL.
§2HG SD for men=50 mg/dL.
¶FPG SD for women=16 mg/dL.
**2HG SD for women=45 mg/dL.
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2HG levels with grip strength.26 Higher 2HG was asso-
ciated with reduced grip strength in men without dia-
betes, but this relationship was not as dramatic in
women; however, associations of FPG with grip strength
were not explored in the previous cross-sectional study.26

It is possible that we may not have observed a relation-
ship between 2HG and grip strength due to increased
variability of 2HG levels compared with FPG levels.27

Alternatively, elevated FPG levels broadly reflect hepatic
insulin resistance whereas elevated 2HG levels reflect
peripheral insulin resistance, and each biomarker of
glucose metabolism may have distinct associations with
muscle strength.
Of note, longitudinal studies exploring loss of skeletal

muscle mass by diabetes status have demonstrated the
greatest loss of appendicular muscle mass (both arms
and legs) in persons with undiagnosed diabetes, fol-
lowed by persons with diagnosed diabetes, and then
persons with no diabetes.1 These results may suggest a
potential role for dysglycemia in the observed decline of
appendicular lean mass. Further, among older men
without history of diabetes, increasing quartiles of
insulin resistance (assessed by Homeostatic Model
Assessment-Insulin Resistance (HOMA-IR)) were asso-
ciated with greater loss of appendicular and total lean
body mass over an average of ∼5 years.28 Although we
focused on associations of dysglycemia with grip
strength, these prior results together with those of our
study suggest that dysglycemia may have a more wide-
ranging impact on upper extremity muscle function that
should be further explored in future studies. Other
authors have described sex differences in the loss of
lower extremity strength in the general population with
aging,6 and reported a significant interaction effect of
diabetes and sex on longitudinal changes in thigh
muscle cross-sectional area by CT but no sex differences
in grip strength.29 In contrast, our study demonstrated
sex differences in the association of fasting glucose levels
with persistently lower grip strength over time in persons
without known diabetes and who were not on glucose-
lowering therapies that may have otherwise impacted
observed associations in previous studies.
The potential implications of our study are that dysgly-

cemia may be a risk factor for decreased grip strength, a
marker for lower overall muscle strength, particularly in
men and ultimately relate to the development of func-
tional limitations and physical disability in older adults.
Biological plausibility was suggested by the dose–
response relationship of elevated fasting glucose levels
with lower grip strength in men. Possible explanations
for the sex differences observed in our study may involve
differences in body composition between men and
women as well as differences in upper body strength
related to the fact that women tend to have a lower pro-
portion of lean tissue distributed in the upper body.7

Also, previous studies have found that men have larger
muscle fibers in both the upper and lower extremities
compared with women.30 Other possible explanations

for the observed sex differences include differences
related to hormonal etiologies. The greater loss of
muscle mass observed in men may be related to declines
in growth hormone and androgens with aging.12 The
antioxidant properties of estrogen in premenopausal
women particularly may be related to an attenuated
inflammatory response after exercise and protection
from exercise-induced muscle damage compared with
men, but findings of previous studies have been incon-
sistent and require further investigation.31–34 Physical
activity level may also differ by sex and impact changes
in muscle function with aging; however, we found that
associations were independent of activity level in our
study.
Several limitations to our study should be considered.

Rancho Bernardo was a typical suburb at the time that
included mostly white, well-educated, mostly married
participants. Results may not be generalizable to other
populations. Glucose levels were only assessed at base-
line because OGTT was performed only at this time; par-
ticipants’ glycemic status may have changed over time.
Future studies in other cohorts should examine the rela-
tionship of changes in glycemic status with grip strength
over time, and other glucose biomarkers such as HbA1c.
Persons with undiagnosed diabetes may have been pre-
scribed glucose-lowering therapies during follow-up
which impacted the significance of our findings.
However, in sensitivity analysis excluding these indivi-
duals, the association of FPG and grip strength in men
was more significant. Thus, the results of our primary
analysis represent relatively more conservative estimates.
Physical activity and peripheral neuropathy were self-
reported rather than objectively assessed; thus, the possi-
bility of residual confounding cannot be excluded.
Though repeated measures of grip strength were avail-
able in most participants, some individuals had only one
measure. However, the mixed linear model is able to
appropriately account for individuals with single or mul-
tiple measures available. The clinical implications of the
differences in grip strength observed remain unclear
and should be explored in future studies; however, a
decrement of even a few kilograms has been associated
with functional limitations and disability in older ages.4

Of note, the average annual decline in grip strength in
older women aged 65–79 years has been reported to be
approximately 0.5 kg/year in a previous study,35 and in
our study which included relatively younger participants,
the average annual decline in grip strength was 0.32 kg/
year for women and 0.61 kg/year for men (p value for
interaction by sex <0.001; data not shown). Thus, these
age-related changes are comparable in magnitude to the
grip strength differences in the highest versus lowest
FPG quartile observed among men in our study. Also,
we focused on associations of dysglycemia with upper
extremity strength in the present study; the degree to
which this correlates with similar changes in lower
extremity strength in these participants was not explored
in our study but should be explored in the future.
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The strengths of our study include the well-defined
protocols and characterization of participants in the
RBS. We also had relatively long follow-up with repeated
measures of grip strength in the majority of our partici-
pants. Given the relatively large sample size, we could
explore sex differences in observed associations. Because
all participants without known diabetes had an OGTT at
baseline, we were also able to contrast the associations of
both fasting and postchallenge glucose levels with grip
strength over time, which has not been previously inves-
tigated in other studies. Finally, we were able to assess
the relation between dysglycemia and grip strength
without concern of potential confounding by therapies
for diabetes. In conclusion, our longitudinal study
demonstrates sex differences in the association of fasting
glucose levels with decreased grip strength in older
adults. The role of sex hormones and possible mechan-
isms underlying the observed differences between men
and women warrant further investigation.
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