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Abstract

Objective—Skeletal muscle fat infiltration (known as myosteatosis) is greater in African
compared with European ancestry men and may play an important role in the development of type
2 diabetes (T2D). However, prospective studies examining the magnitude of changes in
myosteatosis with aging and their metabolic consequences are sparse.

Methods—We examined longitudinal changes in peripheral quantitative computed tomography
measured calf myosteatosis [inter-muscular fat (mm?2) and skeletal muscle density as a measure of
intra-muscular fat (mg/cm3)] in 1,515 Afro-Caribbean men aged 40+ years recruited without
regard to their health status.

Results—During an average of 6.2 years of follow-up, we observed an age-related increase in
inter-muscular fat and a decrease in skeletal muscle density (all P<0.0001), which remained
significant in those who lost weight, gained weight, or remained weight-stable (all P<0.0001). In
addition, muscle density loss accelerated with increasing age (P<0.0001). Increased inter-muscular
fat during follow-up was associated with an increased incident risk of T2D independent of factors
known to be associated with T2D (Odds ratios per 1-SD increase in inter-muscular fat=1.29; 95%
Cl=1.08-1.53).

Conclusions—Our findings suggest that both inter- and intra- muscular fat increase with
advancing age and that inter-muscular fat contributes to development of T2D among African
ancestry men.
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INTRODUCTION

Increased accumulation of fat around and within organs that normally contain only small
amounts of fat, such as liver and skeletal muscle (referred to as ectopic fat), can impair the
normal physiological function of those organs[1]. Accumulation of ectopic fat may be
explained by inadequate capacity of subcutaneous fat storage[2, 3], and/or increased fatty
acid storage and reduced fatty acid oxidation[4-6]. Skeletal muscle fat infiltration (also
known as myosteatosis) is a unique ectopic fat depot with broad sequelae including poor
metabolic and musculoskeletal health[7, 8]. Despite the clinical significance, little is known
about the effects of aging on myosteatosis. Although cross-sectional studies suggest that
myosteatosis may increase with age[9-11], longitudinal studies are sparse. Previous studies
have shown that African ancestry men have more myosteatosis, independent of differences
in general adiposity[12-14], and greater risk for type 2 diabetes (T2D) compared to
Caucasian men[15-17]. In addition, myosteatosis has been associated with a greater
prevalence of T2D and insulin resistance[10, 18-20]. Therefore, a better documentation of
aging effects on and the metabolic consequences of myosteatosis are particularly needed in
large longitudinal studies among African ancestry individuals. In the present study in a large
cohort of middle aged and elderly Afro-Caribbean men who were followed for more than 6
years on average, we tested whether increasing age is associated with increased myosteatosis
independent of body weight changes, and whether myosteatosis increases the greatest
among the eldest men. In addition, we sought to determine if change in myosteatosis
predicts subsequent development of T2D in this cohort.

METHODS

Study population

From 1997-2003, 3,170 predominantly Afro-Caribbean men aged 40 and older were
recruited for population-based prostate cancer screening for the first time on the island of
Tobago, Trinidad & Tobago[21]. To be eligible, men had to be ambulatory, non-
institutionalized and not terminally ill. Recruitment for the initial screening was
accomplished by flyers, public service announcements, posters, informing health care
workers at local hospital and health centers, and word of mouth. Approximately 60% of all
age-eligible men on the island participated and participation was representative of the island
parishes.

From 2004-2007, men in the original cohort were invited to complete a peripheral
quantitative computed tomography (pQCT) scan. A total of 2,152 men underwent pQCT
scans of the tibia at this exam[22]. From 2010-2013, we invited these men to return for
repeat pQCT scans. Both the baseline and follow-up visits followed the same procedures for
questionnaire interviews, biospecimen collection, and pQCT scans[22]. A total of 1,515 men
completed the follow-up assessment, including the pQCT exam (82% of survivors). The
Institutional Review Boards of the University of Pittsburgh and the Tobago Ministry of
Health and Social Services approved this study and all participants provided written
informed consent before data collection.

Obesity (Silver Soring). Author manuscript; available in PMC 2017 February 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Miljkovic et al. Page 3

Peripheral Quantitative Computed Tomography (pQCT) Quantification of Myosteatosis

Myosteatosis studies that utilize CT directly measure either inter-muscular fat (visible fat
beneath the fascia lata) and/or skeletal muscle density (lower skeletal muscle density is
indicative of greater intra-muscular fat content)[23, 24]. In our study, measures of
myosteatosis were obtained by pQCT scans of the calf, which were performed using the
Stratec XCT-2000. At both visits, 2.2 mm cross-sectional images of the calf skeletal muscle
composition were obtained at 66% of the tibia length, proximal to the terminal end of the
tibia, because this is the region with the largest circumference of the calf and has less
variability between individuals[25]. Standardized procedures for participant positioning and
data analysis were used for all scans[26]. A scout view was obtained prior to the
tomographic scan to define an anatomic reference line, to which the relative location of the
subsequent tomographic slice is automatically adjusted. It is recommended that the reference
line is placed through the flat portion of the distal tibia endplate[26]. Different tissues in the
analyses were separated according to different density thresholds, appropriate for soft tissue
segmentation, using the manufacturer's suggested analysis parameters[26]. Based on
calibration of the XCT scanner, fat, muscle or lean tissue, and cortical bone were measured
with mineral equivalent densities of 0, 80, and 1200 mg/cm?: respectively. Therefore,
muscle, fat and bone with an image can be separated using appropriate fixed and gradient
thresholds to separate the tissue compartments. Changes in muscle tissue to fat tissue were
detected as a shift in mineral equivalent density of the muscle from 80 to 0 mg/cm3.
Automatic threshold-based iterative edge detection-guided segmentation of muscle from
bone was performed using a density threshold of 280 mg/cm3 with contour mode 1 and peel
mode 2 (bone area and mass). Segmentation of muscle from subcutaneous fat followed a
threshold of 40 mg/cm3 with contour mode 3 and peel mode 1 (total muscle + bone mass/
content). The threshold of 40 mg/cm?3 was selected as it is halfway between the densities for
fat and water or muscle like tissues and represents a standard image processing threshold
selection for defining the gradient (or edge) between tissues. The units of bone mass/content
(or bone mineral content) are mg/cm. To determine muscle cross-sectional area, bone area
was subtracted from total bone mass/content + muscle area. Similarly, bone mass/content
was subtracted from total bone + muscle mass/content to derive muscle mass/content. After
subtraction of intermuscular adipose tissue cross-sectional area, muscle density was
computed by dividing total muscle mass (mg/cm) by muscle cross-sectional area (cm?).

Image processing and quality control procedures were completed by a single investigator
who was blinded to subjects’ outcome status (Stratec analysis software, Version 5.5). We
obtained cross-sectional area of total fat (mm?2), subcutaneous fat (mm?2), inter-muscular fat
(mm?), total muscle area (mm?2), and skeletal muscle density (mg/cm3). The coefficients of
variation (CV) were determined by repeat pQCT scanning in 15 individuals. The CVs for
total, subcutaneous, and inter-muscular fat, muscle density, and muscle area were 0.98%,
1.5%, 7.6%, 1.1%, and 0.95% respectively.

Anthropometric measurements

Body weight was measured in kilograms with participants wearing light clothing and
without shoes using a calibrated balance beam scale. Height was measured in centimeters
without participants wearing shoes using a wall-mounted height board. Two height
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measurements were made and the average used in analysis. Waist circumference was
measured at the umbilicus with an inelastic tape measure.

Other measurements

Trained interviewers and nurses administered questionnaires to participants. We collected
information pertaining to demographic characteristics, medical history, medication use,
personal and family medical history, physical activity, and lifestyle habits. Ethnicity/race
was self-reported and participants provided detailed information on the ethnic/racial origin
of their parents and grandparents. Men were asked to report their history of selected
medications as well as current medication use and were instructed to bring in all prescription
medications taken in the past 30 days to their clinic visit. Participants also rated their overall
health status compared to men their own age. Smoking was defined as having smoked at
least 100 cigarettes in their lifetime. Alcohol use was defined as having consumed 4 or more
drinks per week in the past 12 months. Self-reported information on walking was recorded
as walking is the predominant form of physical activity on the island of Tobago. We used
hours of walking per week as a measure of physical activity, and hours of television
watching per week as a measure of sedentary lifestyle.

Medical Conditions

Obesity was defined as BMI =30 kg/m?2. T2D was defined as fasting serum glucose
>126mg/dl or currently taking anti-diabetic medication. Hypertension was defined as a
systolic blood pressure of 2140 mmHg and/or diastolic blood pressure of =90 mmHg or
currently taking antihypertensive medication.

Statistical Analysis

Percent changes in adiposity and muscle variables were calculated for each individual as
[(follow-up—baseline)/baseline]*100%. Mean percent changes were then calculated as the
average of individual percent changes for the whole sample. We present baseline and
follow-up variables as median (IQR) instead of mean+SD for very skewed traits (total,
subcutaneous and inter-muscular fats). Analysis of covariance (ANCOVA) was used to
compare changes in these phenotypes across age groups 40-54, 55-64, and 65+ years.
Covariates of interest included follow-up time, and baseline adiposity/muscle phenotype of
interest, BMI (for myosteatosis), lifestyle factors (smoking status, physical activity level,
and alcohol intake), muscle area, and T2D status. To examine the effect of body weight
change on myosteatosis, participants were stratified into three categories: those who gained
>3% of their baseline body weight were classified as having gained weight; those who lost
>3% of their body weight were considered to have lost weight[27]; and the remaining
participants were considered to be weight-stable. The association of weight change category
with inter-muscular fat and muscle density changes were analyzed using ANCOVA with
adjustment for the same covariates as in the analysis across age groups. Finally, logistic
regression was used to determine the odds of incident diabetes among men free of diabetes
at baseline by change in myosteatosis and other measured adiposity phenotypes while
adjusting for follow-up time and covariates associated with diabetes in our study including
baseline age, baseline adiposity phenotype of interest, lifestyle factors, and BMI (for
myosteatosis). Odds ratios (OR) and 95% CI were calculated per 1-SD increase in body
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weight, BMI, waist circumference, and inter-muscular fat, and per 1-SD decrease in muscle
density. All statistical analyses were performed using the Statistical Analysis System (SAS,
version 9.1; SAS Institute, Cary, NC).

RESULTS

Baseline Characteristics

A total of 1,515 men had complete calf skeletal muscle composition data at the follow-up
visit (Table 1). Men who participated in the follow-up exam were younger (56.9 vs. 62.7
years), more likely to report excellent/good health (93.7% vs. 85.7%), and had a lower
prevalence of T2D (17.2% vs. 26.7%) compared to those who did not participate in the
follow-up exam (data not shown, p<0001 for all).

Percent change in anthropometric measures and skeletal muscle composition

Over an average of 6.2 years follow-up (range: 4.9-9.1 years), we observed a significant
(Table 2) increase in waist circumference and total, subcutaneous, and inter-muscular fat,
and a significant decrease in skeletal muscle density and muscle cross-sectional area (all
p<0.001). There was no significant mean change in body weight or BMI during follow-up.

Percent change in skeletal muscle composition across age groups

At baseline, older men from our study (aged 65+ years) had greater inter-muscular fat and
lower muscle density compared to younger men (Table 3; p<0.0001 for both). Over the
follow-up period, the percent increase in total and subcutaneous fat, and the percent decrease
in muscle density and muscle area were greatest at older ages (all p-values for
trend<0.0071). However, increases in inter-muscular fat showed no differences across age
groups. Results remained similar after adjustment for follow-up time and baseline BMI,
lifestyle factors, muscle cross-sectional area, myosteatosis measure of interest, and presence
of diabetes (data not shown, all p-values for age-group trend<0.05, except for inter-muscular
fat where p=0.49).

Percent change in myosteatosis by weight change categories

Percent change in inter-muscular fat and muscle density by weight change group are shown
in Figure 1. The percent increase in inter-muscular fat was significant among men who
experienced >3% weight loss, remained weight stable, or experienced >3% weight gain
(Figure 1A, all percent change p-values<0.0001). Despite some amount of increase in inter-
muscular fat among all weight-change categories, changes in men who lost weight or were
weight stable were statistically similar (p>0.05), while men who gained weight had
statistically greater increase in inter-muscular fat (pairwise p-values<0.0001). Similarly, the
percent decrease in muscle density was significant among men who experienced weight loss,
remained weight stable, or experienced weight gain (Figure 1B, all percent change p-
values<0.0001). Despite some amount of decrease in muscle density among all weight-
change categories, changes in men who lost weight or were weight stable were statistically
similar (p>0.05), while men who gained weight had statistically greater decrease in muscle
density (pairwise p-values<0.0001). The results remained similar after adjustment for
follow-up time and baseline BMI, lifestyle factors, muscle cross-sectional area, myosteatosis
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measure of interest, and presence of diabetes (all p-values<0.001, data not shown). There
was no significant difference in baseline inter-muscular fat or muscle density between
weight change groups (data not shown).

The relationship between percent change in myosteatosis and incident type 2 diabetes

Among the 1212 men who did not have T2D at baseline, we identified 96 incident cases of
T2D at follow-up. We observed a significant positive association between inter-muscular fat
and odds of T2D after adjustment for baseline age (OR=1.27 per SD increase in inter-
muscular fat; 95% C1=1.04-1.56), which remained statistically significant (OR=1.29; 95%
Cl=1.08-1.53) after additional adjustment for follow-up time and other factors known to be
associated with diabetes risk, including baseline inter-muscular fat and baseline lifestyle
factors. After additional adjustment for baseline BMI, this association was slightly
weakened, but remained borderline statistically significant (OR=1.20; 95% CI1=0.995-1.43).
Adjusted means by incident diabetes status are shown in the Supplemental Table. No
significant relationships between incident T2D and 6-year change in skeletal muscle density,
body weight, BMI, or waist circumference were observed, regardless of the degree of
adjustment (data not shown). The values of inter-muscular fat and muscle density at baseline
and follow-up visit for non-diabetic men who did and did not develop T2D are shown
illustratively in Figure 2. Men who developed T2D at follow-up had greater inter-muscular
fat than those who did not develop T2D at both baseline (p=0.051) and follow-up
(p=0.0021) exams (Figure 2a). There was no difference in baseline or follow-up muscle
density in men who did or did not develop T2D (Figure 2b).

DISCUSSION

Our study examined longitudinal changes in calf measures of myosteatosis among 1,515
middle-aged and elderly men of African ancestry. To our knowledge, this is the largest study
in a population recruited without regard to health status and across a wide age range. Over
an average of 6 years, we observed a significant increase in inter-muscular fat and decrease
in skeletal muscle density. These changes in myosteatosis were independent of changes in
body weight. We also found that older men have even greater decreases in skeletal muscle
density, but at the same time they have a lower increase in inter-muscular fat. Finally, we
found that the increase in inter-muscular fat with aging is associated with development of
T2D, suggesting for the first time that inter-muscular fat may be an independent predictor of
the development of type 2 diabetes in African ancestry men.

The Health Aging and Body Composition Study previously examined longitudinal changes
in myosteatosis in older adults, with a focus on inter-muscular fat[28]. This study reported
that inter-muscular fat increases with aging among African-American (N=246) and white
(N=567) men as well as African-American (N=340) and white (N=525) women. Participants
in this study were all recruited to be 70-79 years old, healthy and very high-functioning[28].
Nonetheless, the annualized rate of increase in inter-muscular fat in this study was (~9.7%/
year) similar to the rate among men 65 and older in our study (11.3%/year). Other
longitudinal studies have shown that inter-muscular fat increases with aging, but these
studies were conducted in highly selected or very small samples, such as a osteoarthritis
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case-control study of 86 Caucasian women[29], and a longitudinal study of 26 healthy,
elderly African-American women[11]. The exact mechanisms underlying increases in
myosteatosis with aging in humans are largely unknown. There may be age-related changes
in the activation, proliferation and differentiation of skeletal muscle precursor cells into
adipocytes[30], and/or there may be increased fatty acid transport and reduced fatty acid
oxidation[4-6] with aging. Further studies are needed to better understand the clinical and
biological factors that cause myosteatosis increases with aging.

Men who were older than 65 years had greater decrease in muscle density than younger
men, a trend that was not observed for inter-muscular fat, despite its significant overall
increase in the total study. This finding could be due to selective survival bias as we have
found that inter-muscular fat, but not intra-muscular fat, is associated with increased risk of
T2D in our cohort. It is possible that older men with a greater degree of inter-muscular fat
may have not been able to participate in our follow-up visit due to poorer health related to
T2D. For example, we found that men who did not return for the follow-up exam had a
greater prevalence of T2D at study entry compared to men who participated in the follow-up
exam. The less dramatic change in inter-muscular fat in the oldest group over time could
also be due to their greater inter-muscular fat at the baseline compared to the younger men,
although the same was true for intra-muscular fat. We can also speculate that in the elderly
men skeletal muscle fat infiltration may be preferentially accumulated intra- instead of inter-
muscularly. Future studies are warranted to test this hypothesis.

We also found that aging-related increases in inter-muscular fat and decreases in muscle
density occur even in those who lose or maintain body weight, although the changes were
greatest among those who gained body weight. Our findings confirm a previous report in
older individuals from the Health Aging and Body Composition Study[28] and suggest that
increases in myosteatosis may be a characteristic of skeletal muscle aging even in those who
lose body weight.

Finally, our prospective analysis is the first, to our knowledge, to demonstrate an association
of inter-muscular fat in the development of incident T2D. Several cross-sectional studies
have reported a positive association between myosteatosis and insulin resistance[31-33]. We
have found that inter-muscular fat is positively associated with T2D in African ancestry men
even among those who are lean[10]. Additionally, Goodpaster et al. reported a positive
cross-sectional association between thigh inter-muscular fat and T2D among 2964 elderly
men and women[18]. A positive association of inter-muscular fat with insulin resistance[20,
34] and T2D[35] has also been reported in a few other small cross-sectional studies.
Previous studies have also shown that while differences in total and central obesity account
for almost 50% of the excess diabetes risk in African ancestry women, they fail to explain
black-white differences in diabetes risk among men[16, 36]. Our findings support a role for
inter-muscular fat in T2D risk in African ancestry men. Large studies in other populations
are needed to more definitively test this hypothesis.

The mechanisms linking inter- and intra- muscular fat with T2D are still unclear and may be
different. Increased accumulation of inter-muscular fat may induce changes in muscle
metabolism and insulin sensitivity via local secretion of inflammatory adipokines from
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adipocytes surrounding muscle fibers[37]. Inter-muscular fat may also impair nutritive blood
flow to muscle and thus contribute to insulin resistance by impairing insulin action and
insulin diffusion capacity[38]. Additionally, a recent study reported that increased number of
inter-muscular adipocytes has a direct local impact on skeletal myocyte metabolism, causing
increased myotube mRNA expression of genes involved in oxidative metabolism[39]. This
study suggests that even a relatively small amount of inter-muscular fat may be sufficient to
drive myotubes into lipid oxidation and affect skeletal muscle metabolism. These effects
depended on the metabolic state of the system. As for intra-muscular fat, it has been
hypothesized that mitochondrial dysfunction present in T2D and aging leads to increased
intra-muscular fat[40], and thus, it is possible that increased intra-muscular fat is actually a
consequence of T2D. Further studies are needed to confirm if inter-muscular fat is causally
liked with T2D and to clarify if intra-muscular fat is a marker or mediator of insulin
resistance.

The present study has several potential limitations. Our cohort included middle-aged and
elderly African ancestry men and our findings may not apply to younger men, women or
other ethnic/racial groups. Also, there are likely cultural differences in the degree of
westernization between the sub-Saharan Africans, Afro-Caribbeans, and African-Americans;
thus, future studies should also include populations of African ancestry living outside of the
Caribbean region. We were unable to assess fat depots in other important non-adipose
tissues and organs, in particular in the visceral cavity and liver, so we were not able to test if
the observed associations were independent of other relevant ectopic fat depots.
Additionally, although a high proportion of eligible participants completed the follow-up
exam (80% of survivors), it is possible that incomplete recruitment may have biased results,
as some attrition may have been associated with diabetes risk. However, such bias would
yield underestimates of the true magnitude of associations. Lastly, in the current study, we
did not have objective measures of physical activity at baseline and follow-up exams.
However, at an ongoing second follow-up exam, we are collecting objective measures of
physical activity using arm-band accelerometers. So far in 48 men, we found a high
correlation between self-reported hours of walking per week and arm-band recorded total
hours of any physical activity per week (r=0.69, P=0.045). This confirms that the walking
variable used in the current analysis is indeed a good measure of physical activity in our
study.

In conclusion, among middle-aged and elderly African ancestry men, both inter- and intra-
muscular fat accumulate with age, independent of body weight changes. Increases in intra-
muscular fat are greater among older men, while increases in inter-muscular fat appear to be
greater among younger men. Our study also adds new evidence to support a role of inter-
muscular fat in the development of T2D, although additional research is needed to confirm
these findings and better understand the mechanisms involved.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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What is already known about this subject?

»  Cross-sectional studies strongly suggest that skeletal muscle fat infiltration (i.e.
myosteatosis) may increase with advancing age, is associated with poor
metabolic health, and is greater among African ancestry men compared to
Caucasians. However, longitudinal studies examining changes in myosteatosis
with aging, and its clinical consequences are very sparse. Such studies are
particularly needed among high-risk race/ethnic population groups.

»  Existing studies have either been conducted among very small number of
participants or among the participants recruited to be old, healthy and very high-
functioning. No previous studies have examined myosteatosis and aging and
metabolic consequences of myosteatosis in a large, prospective study among
African ancestry individuals recruited across a wide age range and without
regard to their health status.

What does this study add?

e Our study shows that both inter- and intra- muscular fat increase with aging,
independent of body weight changes in middle-aged and older African ancestry
men, a population segment generally understudied. Our novelty also lies in the
fact that, unlike previous studies, our participants were recruited across a wide
age range and without regard to their health status.

e We also made the novel observation that while intra-muscular fat accelerates
with increasing age; in contrast, inter-muscular fat decelerates with increasing
age among African ancestry men.

»  Finally, our study is of great public health importance as it the first prospective,
large population-based study to examine and demonstrate a role of inter-
muscular fat in the development of type 2 diabetes.
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Calf skeletal muscle density at baseline and at follow-up among African ancestry men by
weight-change categories among African ancestry men
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Calf skeletal muscle density at baseline and at follow-up among African ancestry men
without diabetes at baseline
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Selected characteristics of 1,515 African Ancestry men at the baseline exam

Table 1

Baseline Visit 2004-2008

Age (years) 56.9+9.1
Current smokers (%) 10.6%
Walking per week (hours) 32+64
Excellent/Good Health (%) 93.8%
TV watching per week (hours) 13.3+8.2
> 3 drinks per week (%) 10.8%
Obesity (%) 23.5%
Type 2 Diabetes (%) 17.0%
Hypertension (%) 48.5%
Hypoglycemic drugs or insulin (%) 10.8%
Lipid-lowering (statins) (%) 4.3%
Anti-hypertensive drugs (%) 24.8%

Values are means + SD or percent

Obesity (Silver Soring). Author manuscript; available in PMC 2017 February 01.
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Baseline and follow-up anthropometric measures and skeletal muscle composition and their 6-year percent
changes in 1515 African Ancestry men

Values at Baseline Exam

Values at Follow-Up Exam

Percent Change

Body weight (kg) 84.2+15.0 839+ 143 -0.14+7.6
BMI (kg/m2) 274+46 27.3+43 -012+75
Waist circumference (cm) 92.6 +10.1 97.0+12.8 51+11.1"
Calf total fat (mm2)* 1703.0 (1261.3, 2195.3) 1745.38 (1288.6, 2310.0) 6.9 +30.67
Calf subcutaneous fat (mm?2)* 1326.38 (906.5, 1774.0) 1332.0 (910.8, 1804.5) 8.8 + 492t
Calf inter-muscular fat (mm?2)* 175.5 (90.0, 324.5) 209.75 (105.5, 396.3) 78.7 +£230.77
Calf muscle density (mg/cm3)* 738+£3.9 713%51 -3.4+4.4"
Calf skeletal muscle area (mm?) 7596.5 + 1271.4 7530.2 + 1482.9 -0.94 +10.07

Values are presented mean + SD #median (IQR) for skewed traits. Percent change values were calculated for each individual as [(follow-up value —

baseline value)/baseline value]*100% then the whole sample of 1515 men was averaged together to get the values shown above.

*For skeletal muscle density: Total N= 975

P-value for mean percent change different than zero: T<0.001

Obesity (Silver Soring). Author manuscript; available in PMC 2017 February 01.
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