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Abstract
Objective—Increased fat infiltration in skeletal muscle has been associated with diabetes.
Quantitative computed tomography (QCT) can be used to measure muscle density, which reflects
the lipid content of skeletal muscle such that greater fat infiltration in skeletal muscle is associated
with lower muscle density. The relative contribution of genetic and environmental factors to fat
infiltration in skeletal muscle has not been assessed. Therefore, our aim is to determine genetic and
environmental contributions to measures of skeletal muscle composition, and describe their
associations with type 2 diabetes in multigenerational families of African ancestry.

Methods and Procedures—Peripheral QCT (pQCT) measures of skeletal muscle density were
obtained for the calf in 471 individuals (60% women; mean 43 years) belonging to eight large,
multigenerational Afro-Caribbean families (mean family size 51 individuals; 3,535 relative pairs).

Results—The proportion of variance in muscle density due to additive genetic effects (residual
heritability) was 35.0% (P < 0.001) and significant covariates (age, gender, BMI, and parity)
explained 55.0% of the total phenotypic variation in muscle density. Muscle density was lower (P <
0.001) in 62 diabetics (69.5 mg/cm3) than in 339 nondiabetics (74.3 mg/cm3) and remained
significant after adjusting for age, gender, and BMI (P = 0.005) or age, gender, and waist
circumference (P = 0.01).

Discussion—Our results provide new evidence that ectopic lipid deposition in skeletal muscle is
a heritable trait and is associated with diabetes, independent of overall and central obesity in families
of African heritage. Genome-wide screens and candidate gene studies are warranted to identify the
genetic factors contributing to ectopic deposition of skeletal muscle fat.

INTRODUCTION
Skeletal muscle accounts for ~80% of glucose disposal in the human body, and therefore, is
crucial for maintaining glucose homeostasis (1). Emerging evidence suggests that ectopic fat
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accumulation in skeletal muscle may be a major cause of insulin resistance and diabetes (2–
4).

Obesity and diabetes disproportionately affect populations of African origin (5,6). A number
of studies reported higher fasting insulin and insulin resistance in African Americans than in
other ethnicities across all ages, as well as among diabetic and nondiabetic, or lean and obese
individuals of African origin (7–11). The underlying basis for these ethnic differences is still
unclear. The increased prevalence of diabetes in populations of African origin cannot be
explained entirely by differences in overweight and obesity measured by BMI (11). Even
differences in abdominal visceral and abdominal subcutaneous adipose tissue (SAT) fail to
completely explain ethnic differences in insulin sensitivity (12,13). Some investigators
postulate that adipose tissue infiltration in skeletal muscle may at least partially account for
ethnic differences in insulin sensitivity and diabetes risk (12–14). Indeed, we and others have
demonstrated greater adipose infiltration in skeletal muscle despite comparable total body fat
among individuals of African heritage compared with whites (13,15–17).

Body fat and fat distribution are highly heritable traits (18–21). However, to our knowledge,
the relative contribution of genetic and environmental factors to adipose tissue infiltration in
skeletal muscle has not been assessed. Therefore, the primary aim of this study was to determine
the magnitude of genetic and environmental influences on peripheral quantitative computed
tomography (pQCT) measures of skeletal muscle composition in large, multigenerational
families of African origin, and to describe the association with type 2 diabetes.

METHODS AND PROCEDURES
Study sample

In 2003, we began The Tobago Family Health Study to understand better the role of inheritance,
lifestyle, and body weight and composition in the etiology of several common chronic diseases.
To date, we have recruited 471 individuals aged 18–103 years (mean age 43 years) belonging
to eight multigenerational families (mean family size 51 individuals) of African origin on the
Caribbean island of Tobago. These eight multigenerational families are of the following sizes:
102, 26, 49, 28, 113, 21, 38, and 94. Among these 471 individuals, we have the following
relationships: 361 parent-offspring, 495 full siblings, 101 grandparent–grandchildren, 1,137
avuncular, 61 half-sibs, and 1,380 cousins (3,535 relative pairs). To be eligible, a proband had
to be Afro Caribbean, have had a spouse who was willing to participate in the study, and have
at least six living offspring and/or siblings aged ≥18 years who were residing in Tobago.
Because we were interested in establishing a community-based sample of families, probands
and their family members were recruited without regard to their health status. Written informed
consent was obtained from every participant, using forms and procedures approved by the
Tobago Ministry of Health and Social Services and University of Pittsburgh Institutional
Review Boards.

Data collection
Information on a wide range of lifestyle habits (current smoking (yes/no), current alcohol intake
(more than one drink per week (yes/no)), walking (minutes per week), TV viewing (hours/
week)), medical conditions, medication use, and reproductive characteristics in women (age
at menarche, menopause, parity, oral contraceptive use, etc) were assessed using standardized
interviewer-administered questionnaires that were reviewed with participants in the study
clinic. We recorded information on walking, because walking is the predominant form of
physical activity on the island. Height was measured to the nearest 0.1 cm using a wall-mounted
stadiometer. Weight was recorded to the nearest 0.1 kg without shoes on a balance-beam scale.

Miljkovic-Gacic et al. Page 2

Obesity (Silver Spring). Author manuscript; available in PMC 2010 July 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pQCT measures
A lower-leg pQCT scan was performed using the Stratec XCT-2000 device (Orthometrix,
White Plains, NY) in order to evaluate the total, muscle, and fat cross-sectional areas of the
calf. Scans were obtained at 66% of the tibial length, proximal to the terminal end of the tibia.
This site was chosen as it is the region of the lower leg with the largest circumference of the
calf with very little variability across individuals (22). Images of cross-sectional area of the
muscle, fat tissue, and density of skeletal muscle were analyzed by using the Stratec analysis
software (Version 5.5 D; Orthometrix, White Plains, NY). To maintain consistency, all images
were analyzed by a single investigator. Using various edge detection and thresholding steps,
the pQCT image can be segmented into various bone and soft tissue measures. For this project,
we selected measures of the calf cross-sectional area total adipose tissue (TAT), cross-sectional
area SAT, and the average calf muscle density. TAT was expressed in mm2. SAT percentage
(%) was determined as: (SAT cross-sectional area/TAT cross-sectional area) × 100. Muscle
density is expressed in mg/cm3 and is a valid measure of adipose tissue infiltration in skeletal
muscle (23). The coefficients of variation for pQCT measures were determined by repeat pQCT
scanning in 15 individuals. The coefficient of variations for TAT, SAT, and muscle density
were 10.8, 3.8, and 4.1%, respectively.

Blood sample collection, glucose measurement, and classification of diabetes
Blood samples were obtained in the morning by venipuncture after a 12-h fast. Whole blood
was drawn into sterile red top (serum) tubes, stood at room temperature for a minimum of 20
min to clot before centrifugation, and the serum aliquoted into 1.0 ml cryovials and frozen at
−20 °C, and transferred to −80 °C within a month. Serum glucose was available for 401
participants and was measured using an enzymatic procedure (24). The coefficient of variation
between runs is 1.8%. Diabetes was defined as fasting serum glucose ≥126 mg/dl (25) or
currently taking antidiabetic medication.

Statistical analyses
First, the distributions of all the traits were assessed for non-normality and data were
transformed before statistical analysis to reduce non-normality. Subsequently, all outliers (±3.5
s.d.) were removed for each trait, and no more than four values were removed for a single
variable. We first performed a combined forward and backward stepwise linear regression
analysis, ignoring the nonindependence of the subjects, using the R statistical package (R,
Version 2.2.1; R Foundation for Statistical Computing, Vienna, Austria) (26). At this initial
screening stage, we used a liberal significance level (P ≤ 0.10) to keep the covariate in the
model. We subsequently evaluated each of the potentially significant covariates, using a
variance components framework that takes into account the correlations among family
members. Because of their presumed relationships with the obesity-related traits, age, gender,
and BMI were also evaluated as potential covariates in every variance components model, even
if they were not significant at the initial screening stage. These analyses were performed using
the program SOLAR (Solar, Version 2.1.4; Southwest Foundation for Biomedical Research,
San Antonio, TX) (27). On the basis of the pedigree information, the phenotype information,
and the potentially significant covariates, quantitative genetic methods were used to model the
total variation in all phenotypic parameters as a function of the mean trait value (additive
genetic effects, heritability residual, h2r), effects attributed by the measured covariates, and
the uncertain variation due to residual genetic and unmeasured environmental impact plus
random errors. To compare the effects of measured covariates (age, gender, BMI, current
smoking, current alcohol intake, minutes walking per week, postmenopausal status, parity, age
at menarche, and oral contraceptive use) across all traits (in original or its transformed form),
we report the strength of association between covariates and pQCT traits as a percent difference
in the pQCT trait per unit of the covariate, instead of the nonstandardized β-coefficients. For
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continuous covariates, the unit range was every 10 years for age and every 1 kg/m2 for BMI.
The unit range for dichotomous covariates equaled 1 (28). The percentage difference between
youngest and oldest age groups was calculated as: ((trait mean ≥60 age group - trait mean 18–
29 years age group)/(trait mean 18–29 years age group)) × 100% for each gender. Finally, All
P values that tested for gender differences, differences between age groups, or differences
between individuals with and without diabetes were computed using SOLAR univariate
regression analysis, which accounts for the nonindependence of the family data.

RESULTS
General characteristics of the study populations are presented in Table 1. Mean age of 187 men
and 284 women was ~43 years and ranged from 18 to 103 years. Participants were
predominantly women (60.3%) and moderately overweight (BMI 28.30 ± 6.40 kg/m2). More
men than women smoked (11% vs. 1%) and drank alcohol (29% vs. 9%) on a regular basis.
Approximately 1/3 of the women were postmenopausal and 1/3 used oral contraceptives. Men
were significantly taller, weight was similar in both genders, and BMI was significantly greater
in women.

We tested gender differences in lower extremity pQCT body composition traits after adjusting
for age and height. Women had more cross-sectional TAT in the calf than men (3,172 mm2

vs. 1,672.5 mm2, P < 0.001). SAT represented a higher percentage of the TAT cross-sectional
area in women than men (88.7% vs. 78.4%, P < 0.001), whereas skeletal muscle density was
lower in women than in men (72.4 mg/cm3 vs. 75.2 mg/cm3, P < 0.001), indicating more
adipose tissue infiltration in the skeletal muscle of female participants.

We next examined muscle density by gender and 10-year age group after adjusting for height
(Figure 1). Women had lower muscle density than men in every age group (all P values < 0.05),
although, among the eldest individuals the magnitude of the difference in muscle density did
not reach statistical significance possibly due to the small sample size in the oldest age group.
Muscle density decreased by 10% in men and by 12% in women between the participants in
the youngest group (18–29 years) and participants ≥60 years (Figure 1).

Table 2 shows the associations of anthropometric and lifestyle factors with pQCT body
composition traits. Percent SAT and muscle density decreased 1–5% every 10 years. Men had
up to 10% less TAT and percent SAT, but had 10% denser muscle than women. A one-unit
increase in BMI was associated with 1–5% increase in TAT, up to 1% increase in SAT, and
1–5% decrease in muscle density. Smoking had a negative association with TAT, which was
1–5% lower in smokers than in nonsmokers. Regular consumption of alcohol, physical activity
(measured as minutes of walking per week), and post-menopausal status had no impact on any
of the pQCT measures. Women who were taking oral contraceptives had 1–5% more TAT,
whereas women who were pregnant at least once in their lifetime had 5–10% less TAT and 1–
5% denser muscle.

Table 2 also shows residual heritability estimates for all pQCT body composition traits. After
removing the variation attributable to all significant covariates (Table 2), which explained 40–
63% of the total phenotypic variation in pQCT measured phenotypes, and 13% of the total
phenotypic variation in BMI, all tested traits were significantly heritable, with the proportion
of variance in pQCT fat traits due to additive genetic effects (residual heritability) ranging from
29 to 59%. Residual heritability of BMI was 44%. Interestingly, age and gender accounted for
most of the variation in percent SAT due to measured covariates, and were also important
correlates of muscle density (Table 2). These results indicate that genetic factors contribute
significantly to the observed variation in pQCT adipose tissue traits and BMI.
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In addition, considering existing gender differences in pQCT traits, and reported gender-
specific genetic effects for fat and fat-free mass (29), we further estimated gender-specific
heritability. Residual gender-specific heritability for all measured traits was significant (all P
values < 0.05) and there were no significant differences in genetic effects between the genders
(h2rmen and h2rwomen for BMI: 39 and 49%, respectively; h2rmen and h2rwomen for TAT: 62
and 69%, respectively; h2rmen and h2rwomen for percent SAT: 26 and 39%, respectively; and
h2rmen and h2rwomen for muscle density: 32% in both genders).

After adjusting for age and gender, no difference in BMI between individuals with and without
diabetes was observed, but TAT cross-sectional area (P = 0.003) was higher in diabetics
compared with nondiabetics. Furthermore, percent SAT was lower (P = 0.01) and muscle was
less dense (P = 0.005) in diabetics than in nondiabetics, independent of age, gender, and total
obesity (BMI) (Table 3). The difference in percent SAT and muscle density between diabetic
and nondiabetic individuals remained significant even after including age, gender, and central
obesity (waist circumference), as covariates (both P values < 0.05, data not shown).

DISCUSSION
To our knowledge, this report is the first to investigate the heritability of QCT measures of
adipose tissue infiltration in skeletal muscle. Our results suggest that a substantial degree of
variability in fat infiltration in muscle is explained by genetic factors, with 35% of the variance
attributable to polygenic influences, after accounting for environmental factors. These findings
support the hypothesis that genetic factors may contribute to ectopic lipid infiltration in skeletal
muscle among men and women of African origin, and suggest that further studies are warranted
to identify the genes and allelic variants contributing to adipose tissue infiltration in skeletal
muscle.

Our results also show that compared to men, women have greater adipose tissue infiltration in
the skeletal muscle, independent of gender differences in age and overall obesity. Further, in
both genders muscle density decreased across age groups. Previous studies in elderly white
and African Americans have also shown that women have substantially lower skeletal muscle
density (30). Moreover, a biopsy study has shown that women aged ≥60 have greater fat
infiltration in skeletal muscle (31). Cree et al. compared intramyocellular lipids measured by
magnetic resonance spectroscopy in young (aged 20–32 years) and elderly (aged 65–74 years)
and reported increased fat infiltration in the muscle of elderly compared to younger individuals
(32). Our findings across age and between genders among Afro-Caribbean families are
consistent with these reports.

In addition to age and gender, we examined a wide range of lifestyle and environmental factors
that might contribute to lower extremity body composition and fat infiltration. With increased
level of BMI, TAT, and SAT also increased, whereas the density of the muscle decreased,
indicating more fat infiltration in the muscle of individuals with higher BMI. Previous studies
of QCT which obtained midthigh muscle composition reported similar associations with
measures of total adiposity (3,33,34). Participants of our study who smoked cigarettes had less
TAT and lower BMI than nonsmokers, which is consistent with previous reports where
cigarette smoking has been associated with a lower BMI (35) and lower total body fat (35).
Parity had a strong negative association with both TAT and adipose tissue infiltration in the
muscle. This is not surprising, considering that parity has been associated with changes in body
fat distribution (36,37), possibly due to insulin resistance associated with pregnancy (38),
hormonal changes due to fewer ovulatory cycles (37), and specific accumulation of fat mass
in the femoral area during pregnancy (39).
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The physiological and molecular mechanisms responsible for lipid accumulation in skeletal
muscle are still unclear. Some have proposed that lipid accumulation in skeletal muscle may
be due to a reduction in the utilization of fatty acids (i.e., reduced lipolysis and lipid oxidation)
(40,41). Others have shown in animal models that increased activity of acyl-CoA synthetase
enzyme in skeletal muscle may contribute to the increased efficiency of fatty-acid uptake and
lipid accumulation in skeletal muscle of high fat–fed rats compared with lean controls (42).
Finally, other investigators have suggested that impaired skeletal muscle mitochondrial
function may predispose individuals to increase fatty infiltration in skeletal muscle (43). Still,
the precise causes that underlie this link remain to be further investigated. This study suggests
that there is a familial predisposition to fat infiltration in skeletal muscle. The identification of
the specific genetic factors involved may provide fundamental insight on the biological
pathways contributing to ectopic lipid accumulation in muscle.

It has been previously reported that diabetic individuals of European origin have lower total
and subcutaneous thigh fat than controls (44). Other studies in African Americans and
individuals of European origin reported an association between QCT obtained intermuscular
fat and insulin resistance (45,46), and additionally, that individuals with diabetes have lower
skeletal muscle density than those with normal glucose tolerance after adjusting for total fat
mass (47). In the Health Aging and Body Composition Study, older men and women with
metabolic syndrome had lower muscle density values (48). Similarly, individuals with diabetes
from our study had greater adipose tissue infiltration in skeletal muscle, independent of total
and central adiposity. Although the molecular mechanisms linking increased skeletal muscle
adipose tissue accumulation and the development of insulin resistance are unclear, several
human and animal studies have shown that fatty acid excess disrupts various aspects of the
insulin signaling cascade (49). Increased fat deposition in skeletal muscle may interfere with
glucose utilization by reducing tyrosine phosphorylation of the insulin receptor substrate, and
it may also impair the insulin receptor substrate/phosphatidylinositol 3-kinase (PI3K) pathway
and growth-factor-regulated protein kinase B (Akt/PKB) pathway of insulin signaling, insulin-
stimulated skeletal muscle glycogen synthesis and glucose transport (43,49–51). This could
cause insulin resistance in skeletal muscle and contribute, therefore, to the development of type
2 diabetes. Also, skeletal muscle adipose tissue accumulation can contribute to the production
of reactive oxygen species, which activates the glycosylation (52). However, our understanding
of the mechanisms linking fat accumulation in skeletal muscle and diabetes, and the reasons
why some individuals store more fat in insulin-sensitive tissues than others are still limited. A
better understating of these issues may lead to the development of new insulin-sensitizing
medications.

Previous studies reported that African Americans (both women and men) have more
intermuscular fat compared to whites and Asians, even after adjustment for differences in total
adiposity and other potential covariates (16,46). Other studies have shown that middle-aged
and older African-American women have lower muscle density than white women (13,53).
The underlying mechanisms for black–white differences in ectopic fat accumulation are still
unknown, but some studies have found decreased fat oxidation (54) and decreased lipolysis
(55) in African-American women compared to matched white women. Other studies suggest
that ectopic deposition of lipids may be higher in obese African-American women due to a
higher rate of fatty-acid uptake and a higher expression of fatty acid transporting proteins
(56). Importantly, no studies were conducted in populations of African origin outside of the
United States. Also, to our knowledge, no studies have examined the possible genetic
mechanisms for individual variability in ectopic adipose tissue accumulation in skeletal
muscle. Future genetic studies in this Afro-Caribbean population may help explain why
individuals of African origin are at increased risk for the development of obesity, insulin
resistance, and type 2 diabetes, and shed some light on the potential causes of the increased
ectopic fat accumulation in individuals of African origin.
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There are several potential limitations of our study. First, QCT cannot directly measure the
lipid content or detect the location of fat storage within or surrounding myocytes. Most previous
studies have utilized a single CT slice of the midthigh to assess fat infiltration in muscle (23,
34,48). By obtaining a single slice in the calf muscle, we were able to only measure a relatively
small depot of skeletal muscle adipose tissue compared to CT measures of the midthigh.
However, a recent study has shown that CT muscle density of the midthigh is significantly
correlated with muscle density of the calf (r = 0.62, P < 0.01), and additionally, that muscle
density measured by CT of the soleus muscle is associated with intramyocellular lipid measured
by magnetic resonance spectroscopy (r = −0.64, P < 0.01) (57). The authors therefore
concluded that both CT and magnetic resonance spectroscopy are reliable methods for
assessing skeletal muscle lipid content. Further, due to the relatively small sample size and
higher number of female participants, our findings of no significant differences in genetic
effects between the genders should be interpreted with caution and should be tested further in
future larger studies. Also, our relatively small total sample size and total number of pedigrees
may have influenced our heritability estimates. However, Wijsman and Amos (58) and Slate
et al. (59) showed that extended pedigrees, such as ours, may be more powerful than nuclear
pedigrees or sib-pairs in detecting and locating simulated disease loci (or quantitative strait
loci), and with fewer false positives. Finally, heritability estimates do not provide insight on
the number of loci that contribute to the variation in muscle composition related traits and
therefore, future studies of the genetic mechanisms contributing to skeletal muscle composition
are needed.

In conclusion, our study provides the first comprehensive epidemiologic and genetic analysis
of adipose tissue infiltration in skeletal muscle. Our results suggest that ectopic fat deposition
in skeletal muscle is a heritable trait and is associated with diabetes, independent of overall
and central obesity. Additional studies are warranted to identify the specific genes that
influence ectopic adipose tissue infiltration in skeletal muscle. Such studies may provide new
insight into the pathophysiology and genetic susceptibility to diabetes and suggest new
therapeutic targets for the treatment and prevention of insulin resistance.
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Figure 1.
Lower extremity skeletal muscle adipose tissue infiltration across age and gender. All P values
for gender differences between age groups after adjustment for height <0.05, except for oldest
groups (≥70 years); sample size shown in the parentheses.
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Table 1

General characteristics of the tobago Family health study participants: total and by gender (unadjusted means ±
s.d.)

Total (N = 471) Men (N = 187) Women (N = 284)

Age (years) 42.68 ± 16.81 42.80 ± 16.90 42.60 ± 16.77

Anthropometric

 BMI (kg/m2)a 28.30 ± 6.40 26.68 ± 4.9 29.38 ± 7.0

 Waist circumference (cm) 89.87 ± 15.4 90.06 ± 12.4 89.74 ± 17.2

 Weight (kg) 82.25 ± 18.6 83.67 ± 17.3 81.30 ± 19.3

 Height (cm)a 170.68 ± 8.6 177.02 ± 7.4 166.48 ± 6.4

Lifestyle

 Alcohol use (>1 drink per week) (%)a 13.2 28.9 2.8

 Current smoking (%)a 4.9 11.4 0.7

 TV viewing (hours/week) 15.92 ± 8.0 16.60 ± 8.5 15.46 ± 7.7

 Time spent walking per week (minutes/week) 47.90 ± 96.7 52.57 ± 72.7 44.80 ± 109.8

Reproductive

 Use of oral contraceptives (%) N/A N/A 33.1

 Ever pregnant (%) N/A N/A 76.7

 Number of pregnancies N/A N/A 3.54 ± 2.6

 Postmenopausal status (%) N/A N/A 31.6

Medical conditions

 Diabetes (%)b 15.4 12.4 17.2

a
P value for gender difference <0.001.

b
Diabetes prevalence was estimated based on only 401 individuals who had available glucose data.
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Table 3

BMI and lower extremity pQct measured body composition: associations with diabetes (unadjusted means ± s.d.)

Characteristics Diabetic (n = 62) Nondiabetic (n = 339) P valuea

BMI (kg/m2)a 31.2 ± 6.6 27.8 ± 6.3 0.41

Total adipose tissue (mm2)a 2,701.5 ± 1,498.3 2,497.7 ± 1,226.4 0.002

Subcutaneous adipose tissue (%)b 78.6 ± 17.7 85.6 ± 11.4 0.01

Muscle density (mg/cm3)b 69.5 ± 6.5 74.3 ± 4.3 0.005

pQCT, peripheral quantitative computed tomography.

a
P value after adjusting for age and gender.

b
Adjusted for age, gender, and BMI.
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