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Abstract

Background/Objectives—Older adults with known diabetes are vulnerable to accelerated loss 

of lean body mass. However, the relationship of hyperglycemia per se with lean body mass is not 

fully understood. We sought to examine the independent relationship of hyperglycemia with 

relative lean body mass in older persons without a reported history of diabetes.

Design—Cross-sectional nationally representative survey.

Setting—United States.

Participants—We studied U.S. adults >50 years without known diabetes (n=5434) in the 

National Health and Nutrition Examination Survey (1999–2004).

Measurements—In linear regression models, we studied the relationship of measured HbA1c 

(<5.0%, 5.0–5.4%, 5.5–5.9%, 6.0–6.4%, ≥6.5%) with percent lean body mass, measured by dual-

energy x-ray absorptiometry, after accounting for potential confounders.

Results—Among older U.S. men and women, progressively higher HbA1c was associated with 

relatively lower total, appendicular, and trunk percent lean mass, independent of demographics 

and height (all p<0.05). Accounting for physical activity, C-reactive protein, and diabetes-related 

comorbidities (heart disease, peripheral arterial disease, arthritis, neuropathy, hip fracture, 

amputation, cancer, pulmonary disease), undiagnosed diabetes (i.e. HbA1c ≥6.5%) versus 

reference (<5.0%) in both men and women was associated with lower total (−3.5±0.8% and 

−2.9±0.8%), appendicular (−1.8±0.5% and −1.2±0.4%), and trunk percent lean mass (−1.2±0.4% 
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and −1.3±0.5%), respectively (all p<0.05). Persons at increased risk for diabetes (i.e. HbA1c 6.0–

6.4%) also had significant decrements at these sites versus reference.

Conclusions—Hyperglycemia is associated with relatively lower lean mass in a nationally 

representative population of older adults without history of diabetes. Future longitudinal studies 

are needed to investigate the relationship of hyperglycemia with the accelerated decline of skeletal 

muscle mass in older persons.
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Introduction

Older adults with diabetes are vulnerable to accelerated loss of skeletal muscle mass 

compared to adults without diabetes (1). Declines in lower extremity muscle mass, in 

particular, can be associated with decreased muscle strength and lead to muscle weakness, 

poor lower-extremity performance, and mobility loss, all of which have been reported in 

persons with diabetes, as well (2–4). However, the relationship of hyperglycemia per se to 

lower lean mass has not been fully investigated, yet this information is essential for the 

development of potentially novel therapeutic strategies to preserve muscle function for older 

adults in the future.

We have previously reported that longer diabetes duration is associated with proportionally 

larger decrements in muscle strength, muscle power, and gait speed (5). Nonetheless, it 

remains unclear if progressively elevated glucose levels are also associated with 

proportional declines in skeletal muscle mass, particularly in those who do not have a 

history of diagnosed diabetes. Insulin resistance as assessed using Homeostasis Model of 

Assessment – Insulin Resistance (HOMA-IR) has been associated with greater loss of total 

and appendicular lean mass among men without diabetes; in addition, insulin sensitizers 

may attenuate skeletal muscle loss in older men with diabetes (6–7). However, these 

previous studies were conducted in quite old adults (average age ~72 years) and the 

participants were all men. Because other studies suggest that women with diabetes may be at 

especially high-risk for loss of skeletal muscle mass (1), exploring associations of 

hyperglycemia with skeletal muscle mass in women is also important but has yet to be 

investigated.

In comparison to HOMA-IR, a surrogate measure of insulin resistance based upon fasting 

levels of glucose and insulin, hemoglobin A1c (HbA1c) reflects relatively long-term 

hyperglycemia over three months in both fasting and postprandial states and may be less 

subject to measurement error (8). Further, direct associations of hyperglycemia (measured 

by HbA1c) with skeletal muscle mass have not been previously described. In the present 

study, we sought to examine the following hypotheses: 1) progressively higher HbA1c 

levels are associated with relatively decreased skeletal muscle mass in both men and 

women; 2) persons with undiagnosed diabetes (i.e. HbA1c≥6.5%) have relatively lower lean 

mass compared to those without diabetes; 3) these associations are independent of potential 

confounders in a nationally representative population of older (>50 years) U.S. adults.

KALYANI et al. Page 2

J Nutr Health Aging. Author manuscript; available in PMC 2015 April 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Methods

Study Design and Population

The National Health and Nutrition Examination Survey (NHANES) used a stratified 

multistage probability design to provide nationally representative estimates of the U.S. 

civilian non-institutionalized population (9). The present study was based on NHANES 

survey data from 1999–2004 which included assessment of dual-energy X-ray 

absorptiometry (DXA) in participants.

Of 7493 potential participants aged ≥50 years who were screened, 6776 participants 

attended the examination visit. Participants were not included in the study if they were 

pregnant (n=3), had highly variable data often due to equipment failure (n=183), or had data 

that could not be imputed for reasons such as amputation (n=37). The remaining 6553 

participants had DXA measurements available (including n=4740 participants with DXA 

measured at all sites, n=1260 with DXA data for at least one or all regions imputed, and 

n=553 with all DXA data imputed). A further 3 participants with missing diabetes status and 

1116 persons with known history of diabetes and/or use of insulin therapy were excluded, 

leaving 5434 participants for the present study.

Assessment of Diabetes and Hemoglobin A1c

Participants self-reported a physician diagnosis of diabetes and age of onset. Hemoglobin 

A1c (HbA1c) measurements were performed using Primus CLC330/CLC 385 (5) and were 

used to categorize participants without a reported history of diagnosed diabetes.

Measurement of Lean Body Mass (DXA)

The whole body dual-energy X-ray absorptiometry (DXA) examinations in NHANES were 

acquired according to the procedures recommended by the manufacturer on a QDR-4500A 

fan beam densitometer (Hologic, Inc., Bedford, MA). All subjects changed into paper gowns 

and were asked to remove all jewelry and other personal effects that could interfere with the 

DXA examination. The DXA examinations were reviewed and analyzed by the University 

of California, San Francisco Department of Radiology Bone Density Group using industry 

standard techniques. Analysis of all examinations was performed using Hologic Discovery 

software version 12.1. Examinations that contained artifacts which could affect the accuracy 

of the DXA results, such as prosthetic devices, implants or other extraneous objects had the 

regional and global DXA results for these examinations set to missing in the dataset. The 

precision of the DXA instrument used in the NHANES study has been reported previously 

and measurements for lean body mass from DXA instruments used in the NHANES survey 

were calibrated as described (10).

Fat mass and lean mass not including bone mineral content (BMC) measurements were 

available for a number of predefined anatomical regions. All measures of lean body mass 

(kg) were divided by total body weight (kg) and multiplied by 100% to give standardized 

estimates of % lean mass, similar to previous authors (2), to better account for lean mass 

relative to body size.
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Measurement of Covariates

Demographics and smoking was ascertained from the questionnaire. Height and weight were 

measured. Participants were asked if they did “any physical activities specifically designed 

to strengthen their muscles such as lifting weights, push-ups or sit-ups” over the past 30 

days. High sensitivity C-reactive protein (CRP) was measured using Behring Nephelometer 

(11).

History of comorbidities including arthritis, cardiovascular disease (CVD), chronic 

obstructive pulmonary disease (COPD), and cancer (excluding non-melanoma skin cancer), 

and hip fracture was self-reported. Peripheral arterial disease (PAD) using ankle-brachial 

index and peripheral neuropathy using monofilament testing were defined as previously 

described (12). Lower extremity amputations were documented.

Statistical Analyses

All analyses were performed using SAS software (version 9.3, SAS Institute Inc, Cary, NC) 

and incorporated population-based sampling weights to obtain unbiased, nationally 

representative estimates from the complex NHANES sampling design (9). Our analysis used 

the DXA data sets released by NHANES on the Center for Disease Control website: http://

www.cdc.gov/nchs/about/major/nhanes/dxx/dxa.htm. To prevent bias in the survey due to 

the fact that the missing data was not completely at random, missing data was multiply 

imputed at the National Center for Health Statistics as described in the technical 

documentation available on the above referenced website. Five complete records containing 

valid and/or imputed values were created for each survey participant to allow the assessment 

of variability due to imputation. For subgroup analysis, the DOMAIN statement was used to 

provide reliable estimates for survey data (13).

The analysis of variance (ANOVA) test for continuous variables and Rao-Scott chi-square 

test for categorical variables was used to compare differences in baseline characteristics by 

HbA1c categories for men as follows: <5.0% (n=255), 5.0–5.4% (n=1028), 5.5–5.9% 

(n=1022), 6.0–6.4% (n=224), ≥6.5% (n=135), and women as follows: <5.0% (n=210), 5.0–

5.4% (n=1161), 5.5–5.9% (n=1073), 6.0–6.4% (n=224), ≥6.5% or undiagnosed diabetes 

(n=102). The HbA1c categories were chosen similar to previous studies exploring 

associations of hyperglycemia with other adverse complications (14). We included 

participants with undiagnosed diabetes in our study to better explore the implications of 

uncontrolled hyperglycemia on skeletal muscle mass.

The relationship of progressively higher HbA1c categories to % lean body mass at different 

sites (total, appendicular, trunk) was graphically explored, adjusted for age, race, education, 

smoking, and height. In these analyses, p-values for trend across higher HbA1c categories 

are shown.

Linear regression models were created to characterize the association of higher HbA1c 

categories versus reference (<5.0%) with % lean mass at different sites, after accounting for 

key covariates including: Model 1: demographic factors (age, race/ethnicity, education, 

smoking history) + height and Model 2: adjusted for physical activity + CRP + 

comorbidities (self-reported CVD, PAD, arthritis, hip fracture, lower extremity amputation, 
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cancer, COPD, peripheral neuropathy). We chose to adjust for these covariates given their 

role as potential confounders of the association between hyperglycemia and muscle 

outcomes (5). Since higher body-mass index may be due to relatively greater fat or lean 

mass, we chose instead to standardize lean mass to body weight in our outcome similar to 

other authors, and adjust for height (2).

Data are shown as mean ± standard error (SE) unless otherwise indicated. A p-value of less 

than 0.05 was considered statistically significant.

Results

Among U.S. men and women aged 50 years and older (Tables 1A and 1B), those 

participants in higher HbA1c categories were generally more likely to be older, non-White, 

less educated, and physically inactive compared to their counterparts with lower HbA1c 

levels. Body weight was greater, as was prevalence of neuropathy, among those persons in 

higher versus lower HbA1c categories. Total, appendicular, and trunk lean mass were all 

significantly different in both men and women by HbA1c categories (both p<0.001). Percent 

body fat also significantly differed in men and women according to HbA1c categories 

(p<0.001).

Figure 1 shows the association of HbA1c category with relative lean mass after adjustment 

for age, race, education, smoking, and height. Among older men, progressively higher 

HbA1c categories were associated with significantly lower percent lean mass at the total 

body (p-value for trend=0.005; Figure 1A), appendicular (p=0.009; Figure 1C), and trunk 

sites (p-value for trend=0.004; Figure 1E). Among older women, higher HbA1c categories 

were also associated with significantly lower percent lean mass at the total body (p-value for 

trend=0.005; Figure 1B), appendicular (p=0.003; Figure 1D), and trunk sites (p-value for 

trend=0.02; Figure 1F). For both men and women, when HbA1c categories 5.5–5.9%, 6.0– 

6.4%, and ≥ 6.5% were each compared to HbA1c <5.0% in Figure 1, the pair-wise statistical 

tests were significant for percent lean mass at the total body, appendicular, and trunk sites 

after adjusting for multiple comparisons (all p<0.001).

Linear regression models among older U.S. men (Table 2) demonstrated that higher HbA1c 

categories (5.5–5.9%, 6.0– 6.4%, ≥6.5%) versus reference (<5.0%) were associated with 

significantly lower percent lean mass at the total body, appendicular, and trunk sites after 

accounting for age, race, education, smoking, and height (Model 1). After further accounting 

for physical activity, CRP, and diabetes-related comorbidities in the fully adjusted model 

(Model 2), these results were minimally changed. In particular, those with undiagnosed 

diabetes (HbA1c ≥6.5%) versus reference (HbA1c<5.0%) had significantly lower percent 

lean mass at the total body (−3.5 ± 0.8%, p<0.001), appendicular (−1.8 ± 0.5%; p=0.001), 

and trunk sites (−1.2 ± 0.4%, p=0.003). Older men with HbA1c levels between 5.5–5.9% or 

6.0–6.4% also had significantly lower percent lean mass at these sites compared to reference 

in fully adjusted models.

Among older U.S. women (Table 2), higher HbA1c categories (5.5–5.9%, 6.0–6.4%, ≥6.5%) 

versus reference (<5.0%) were also associated with significantly lower percent lean mass at 
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the total body, appendicular, and trunk sites after accounting for age, race, education, 

smoking, and height (Model 1). After further accounting for physical activity, CRP, and 

diabetes-related comorbidities in the fully adjusted model (Model 2), these results were 

minimally changed. In particular, those with undiagnosed diabetes (i.e. HbA1c ≥6.5%) 

versus (HbA1c<5.0%) had lower percent lean mass at the total body (− 2.9 ± 0.8%, 

p=0.001), appendicular (−1.2 ± 0.4%; p=0.003), and trunk sites (−1.3 ± 0.5%, p=0.01). 

Older women with HbA1c levels between 5.5–5.9% or 6.0–6.4% also had significantly 

lower percent lean mass at these sites compared to reference in fully adjusted models.

Discussion

Among older U.S. men and women without known history of diabetes, hyperglycemia was 

independently associated with decreased total, appendicular, and trunk lean mass relative to 

body size and after adjusting for confounders such as demographics, height, inflammation, 

physical activity, and neuropathy. Of note, those with undiagnosed diabetes had ~ 3– 4% 

comparatively lower total lean body mass than those with normal glucose levels. These 

findings raise the intriguing hypothesis that hyperglycemia may represent a modifiable 

factor associated with lower skeletal muscle mass in older adults, and is potentially related 

to the increased burden of disability previously reported in persons with diabetes (12).

Our findings are similar to previous groups that described the association of insulin 

resistance as assessed by fasting HOMA-IR with greater loss of total and appendicular lean 

mass in men without diabetes (6). However, in contrast, we directly assessed hyperglycemia 

using HbA1c which reflects relatively longer-term fasting and post-prandial glycemic 

exposure (8). Our study adds to previous studies by demonstrating that hyperglycemia, 

itself, is also associated with relatively lower total and appendicular lean mass in older 

adults without a known history of diabetes. In comparison to studies that examined 

associations of insulin resistance with lower skeletal muscle mass only in men, we examined 

associations of hyperglycemia with relatively lower skeletal muscle mass in both men and 

women and found similar findings by gender.

Similar to other authors (1), we further report that persons with undiagnosed diabetes have 

relatively lower lean mass compared to those without diabetes. While previous authors used 

a 75-gram oral glucose tolerance test to characterize glucose status, we used HbA1c which is 

a relatively newer criterion to identify undiagnosed diabetes (15). Interestingly, previous 

authors found that persons with undiagnosed diabetes had the greatest loss of skeletal 

muscle mass, more so than those with diagnosed diabetes (1), suggesting potential protective 

effects of glucose-lowering treatments but this requires further investigation. We extend 

these findings in our study by demonstrating that progressively higher hyperglycemia is 

related to proportionately greater loss of skeletal muscle mass, a novel finding.

Hyperglycemia may be related to relatively decreased skeletal muscle mass through multiple 

pathways. Potential explanations include the relationship of hyperglycemia with elevated 

inflammatory factors, decreased physical activity and comorbidities such as neuropathy to 

the loss of skeletal muscle mass (16–19). However, we found that associations remained 

independent of these potential confounders in our study. Further, insulin resistance is related 
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to decreased muscle protein synthesis and disinhibition of muscle protein breakdown (20), 

and may indirectly relate to the lower lean mass we observed among men and women with 

hyperglycemia in our study. It is possible that persons with hyperglycemia have higher 

relative body fat which is also connected to the loss of skeletal muscle mass, however, fat 

mass gain and lean mass are distinct processes not necessarily present to the same degree (6) 

and require further exploration in longitudinal studies. In addition, glucose may have a direct 

toxic effect on skeletal muscle mitochondrial activity (21), leading to lower skeletal muscle 

function. Through multiple pathways, hyperglycemia may be linked to lower lean body 

mass in older adults.

The presence of relatively lower lean body mass in older adults likely has wide-ranging 

clinical implications. Previous authors have demonstrated that small changes in skeletal 

muscle mass are associated with poorer lower extremity performance in older adults (3). 

Lower skeletal muscle mass may also be associated with an increased risk of mortality (22, 

23) but studies are mixed (24). Thus, hyperglycemia may represent a potentially modifiable 

factor associated with lower skeletal muscle mass that could be targeted to preserve 

functional status in the future but requires further investigation.

Strengths of our study include the use of a nationally representative U.S. population of both 

men and women, allowing more directly for generalizability. NHANES also has rigorous 

and well-documented protocols that include multiply imputed data sets for persons with 

missing DXA results resulting in a comprehensive data set for analysis. We were also able 

to more specifically examine the association of hyperglycemia with lean mass given the 

availability of HbA1c on a large population of older U.S. adults in NHANES that were not 

on glucose-lowering therapies (i.e. including those with undiagnosed diabetes).

Limitations include the cross-sectional design of our study which limits inferences on 

temporality. Indeed, the reverse association of relatively low skeletal muscle mass with 

insulin resistance has been described (25). A cycle may occur in which hyperglycemia leads 

to low muscle mass, resulting in decreased surface area for glucose uptake, which then 

further exacerbates hyperglycemia and continues the cycle. However, in the present study, 

we were interested primarily in hyperglycemia as a potentially modifiable factor related to 

the outcome of lower lean mass that could be further explored in future intervention studies. 

We were also interested in exploring the associations of hyperglycemia with lean body mass 

relative to body size (i.e. percent lean mass); the relationship with absolute lean mass may 

be distinct. Also, persons with undiagnosed diabetes could have been misclassified into 

lower HbA1c categories given the lack of oral glucose tolerance testing information 

available in NHANES, though previous studies have shown reasonable agreement of HbA1c 

with fasting glucose for diagnosis of diabetes (15, 26). However, this possible 

misclassification would have biased our findings towards the null, yet we still observed 

significant associations of lower lean mass across higher categories of HbA1c. Lastly, 

although screening for peripheral neuropathy with monofilament is useful clinically (27), 

this test may not be as sensitive as nerve conduction velocities to detect neuropathy, and 

could have led to residual confounding in our study. Of note, peripheral neuropathy can also 

be present in those with prediabetes (19).
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In summary, our study demonstrates the relationship of progressive hyperglycemia with 

proportional decrements in skeletal muscle mass among older adults without a known 

history of diabetes, relative to body size and adjusting for confounders. These findings may 

be related to the subsequent declines in muscle strength, functional limitations, and physical 

disability previously reported in persons with diabetes (12). In contrast to studies that report 

a U-shaped association between HbA1c and other adverse outcomes such as mortality (14), 

we found a linear association of HbA1c with comparatively lower lean mass in older adults. 

However, symptoms of hypoglycemia may also occur at relatively higher glucose levels in 

older patients with diabetes and the relationship to our findings is unclear (28). In addition, 

those with undiagnosed diabetes had significantly lower lean mass compared to participants 

with normal glucose status, in both men and women. Further longitudinal studies are needed 

to confirm the direction of these associations, and explore the potential role of glucose-

lowering therapies in preservation of lean mass in older adults.
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Figure 1. 
Association of HbA1c category with relatively lower lean body mass in older U.S. adults

Figure 1 shows the significant, negative relationship across higher hemoglobin A1c 

categories of total percent lean mass in men (1A, p-value for trend=0.005) and women (1B, 

p-value for trend=0.005), appendicular percent lean mass in men (1C, p-value for 

trend=0.009) and women (1D, p-value for trend=0.003); and trunk percent lean mass in men 

(1E, p-value for trend=0.004) and women (1F, p-value for trend=0.02) after adjustment for 

age, race, education, smoking, and height.
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Table 2

Linear regression models for the association of HbA1c category with percent lean body mass among older 

U.S. adults, NHANES 1999–2004*

Men Women

Total percent lean mass

 Model 1**

   HbA1c <5.0% Ref Ref

  HbA1c 5.0 – 5.4% −0.3 ± 0.6 −0.6 ± 0.5

  HbA1c 5.5 – 5.9% −1.7 ± 0.6† −2.4 ± 0.5‡

  HbA1c 6.0 – 6.4% −2.7 ± 0.8† −3.1 ± 0.8‡

  HbA1c ≥ 6.5% −3.2 ± 0.9‡ −3.1 ± 0.7‡

 Model 2**

   HbA1c <5.0% Ref

  HbA1c 5.0 – 5.4% −0.7 ± 0.6 −1.0 ± 0.6

  HbA1c 5.5 – 5.9% −2.0 ± 0.6† −2.4 ± 0.6‡

  HbA1c 6.0 – 6.4% −2.9 ± 0.7‡ −3.0 ± 0.9‡

  HbA1c ≥ 6.5% −3.5 ± 0.8‡ −2.9 ± 0.8‡

Appendicular percent lean mass

 Model 1**

   HbA1c <5.0% Ref Ref

  HbA1c 5.0 – 5.4% −0.1 ± 0.3 −0.2 ± 0.3

  HbA1c 5.5 – 5.9% −0.7 ± 0.3† −0.9 ± 0.3‡

  HbA1c 6.0 – 6.4% −1.5 ± 0.4‡ −1.0 ± 0.4†

  HbA1c ≥ 6.5% −1.6 ± 0.5† −1.5 ± 0.4‡

 Model 2**

   HbA1c <5.0% Ref Ref

  HbA1c 5.0 – 5.4% −0.3 ± 0.3 −0.3 ± 0.3

  HbA1c 5.5 – 5.9% −0.9 ± 0.4† −0.7 ± 0.3†

  HbA1c 6.0 – 6.4% −1.7 ± 0.4‡ −0.8 ± 0.4†

  HbA1c ≥ 6.5% −1.8 ± 0.5‡ −1.2 ± 0.4†

Trunk percent lean mass

 Model 1**

   HbA1c <5.0% Ref Ref

  HbA1c 5.0 – 5.4% −0.1 ± 0.3 −0.3 ± 0.3

  HbA1c 5.5 – 5.9% −0.7 ± 0.2† −1.3 ± 0.3‡

  HbA1c 6.0 – 6.4% −0.8 ± 0.4 −1.6 ± 0.4‡

  HbA1c ≥ 6.5% −1.1 ± 0.4† −1.2 ± 0.4†

 Model 2**
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Men Women

   HbA1c <5.0% Ref Ref

  HbA1c 5.0 – 5.4% −0.2 ± 0.3 −0.6 ± 0.3

  HbA1c 5.5 – 5.9% −0.7 ± 0.3† −1.4 ± 0.3‡

  HbA1c 6.0 – 6.4% −0.8 ± 0.3† −1.7 ± 0.5‡

  HbA1c ≥ 6.5% −1.2 ± 0.4† −1.3 ± 0.5†

*
Beta coefficients ± SE are shown

**
Model 1: demographics (age, race, education, and smoking) + height; Model 2: Model 1 + physical activity + CRP + comorbidities (self-reported 

CHD, PAD, arthritis, neuropathy, hip fracture, lower extremity amputation, cancer, COPD)

†
p<0.05 compared to reference group HbA1c <5.0%

‡
p≤0.001 compared to reference group HbA1c <5.0%
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