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Abstract

Background: Lean muscle plays critical roles in physical functioning and metabolism. However,
little is known regarding associations between muscle and mortality in adults.

Objective: The purpose was to evaluate associations between abdominal muscle quantity (area)
and quality (density) with risk of all-cause mortality in a diverse cohort free of cardiovascular
disease.

Design: Data were taken from the Abdominal Body Composition, Inflammation, and
Cardiovascular Disease ancillary study of the Multi-Ethnic Study of Atherosclerosis prospective
cohort study. Participants were adults (45-85 years) free of extant cardiovascular disease, and of
Hispanic, African American, Chinese, or Caucasian descent. Of the original 6814 MESA
participants, a random, representative sample (n=1,974) participated in the ancillary body
composition study. Abdominal muscle area and density were measured from computed
tomography scans spanning L2-L4. Muscle density was measured as attenuation in Hounsfield
units, and area was quantified as cm2. Gender-stratified cox proportional hazard models assessed
the risk of all-cause mortality across gender-specific quartiles of muscle area and density adjusting
for confounders, with area and density entered simultaneously.
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Results: At baseline, the mean age for men (n=946) and women (n=955) was 61.5 and 62.5
years and median follow-up time was 10.6 and 10.9 years, respectively. Muscle density was
inversely associated with mortality, with the highest quartile of density showing a 73% reduction
in risk for men (HR=0.27, 95% CI=0.14-0.51; p-trend<0.001) and 57% reduction for women
(HR=0.43, 95% CI=0.18-1.01; p-trend=0.04) compared to the lowest quartile when adjusting for
mortality risk factors, lifestyle, BMI and visceral fat. There was no association between muscle
area and all-cause mortality for men (p-trend=0.58) or women (p-trend = 0.47).

Conclusions: Greater abdominal muscle density, but not muscle area, is associated with
markedly lower risk of all-cause mortality across a decade of follow up. Muscle quality may be a
powerful predictor of mortality in community dwelling adults.

Keywords
body composition; obesity; mortality; myosteatosis; muscle quality; muscle quantity

1. Introduction

Lean muscle plays a critical role in physical functioning and metabolism, yet the
associations between muscle and mortality are not well understood. To date, research on
muscle area as a risk factor for chronic disease and mortality has been inconsistent. While a
number of studies have shown increased muscle area is associated with lower risk of
diabetes,(1) cardiovascular disease,(2) and all-cause mortality,(3) others have found greater
muscle area to be associated with higher risk of diabetes,(4) hypertension,(5) and
cardiovascular disease.(2)

These inconsistencies may be due to the fact that muscle quality appears to be more
important for health than muscle quantity.(6) Fat infiltration in lean muscle, or myosteatosis,
is a measure of muscle quality, and occurs with aging. Myosteatosis can be measured as
muscle density on computed tomography (CT) scans, with lower muscle density comprising
more intramuscular fat.(7) Low-density muscle has been shown to predict reduced physical
functioning and strength, and increased risk of hospitalization and mortality in older adults
and frail clinical populations.(8-15) However, the association between muscle density and
all-cause mortality in a cohort of healthy, ethnically diverse adults has yet to be investigated.
Additionally, while several studies have evaluated muscle area and density as distinct
predictors of mortality, few have simultaneously adjusted for area and density, which would
allow for investigation of the independent associations of muscle size and quality with
mortality. Therefore, the purpose of the current analysis was to evaluate the independent
associations between muscle quantity (area) and quality (density) and all-cause mortality in
adults in the Multi-Ethnic Study of Atherosclerosis (MESA). We hypothesized that greater
muscle area and density would each be associated with lower all-cause mortality in mutually
adjusted models.
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2. Subjects and Methods

2.1 Study Overview & Participants

The Multi-Ethnic Study of Atherosclerosis (MESA) is a longitudinal study conducted across
six different communities in the United States with baseline data collected on 6,814 men and
women initially free of any known cardiovascular disease. Details of the study design have
been published previously.(16)

The Abdominal Body Composition, Inflammation, and Cardiovascular Disease ancillary
study (2002-2005) is composed of a random sample of the MESA cohort in which roughly
30% were selected to receive an abdominal CT scan at either visits 2 or 3. The ancillary
study sample (n=1,974) is roughly representative of the whole MESA cohort, and includes
males and post-menopausal women of Hispanic, African American, Chinese, and Caucasian
descent. All MESA participants that completed an abdominal computed tomography (CT)
scan as part of the body composition ancillary study were eligible for this analysis.

A total of 1,901 of the 1,974 participants with an abdominal CT scan had complete covariate
data and were included in analysis. Approval from the Institutional Review Board was
obtained at all six MESA study sites, and all participants provided written informed consent
prior to the study.

2.2 Body Composition Measures

Abdominal CT scans were obtained between 2002 and 2005, with approximately half the
study participants undergoing a CT scan at visit 2 and half at visit 3. An electron-beam CT
scanner (Imatron C-150) was used at three clinical sites — Northwestern University,
University of California Los Angeles, and Johns Hopkins University while multi-detector
CT scanners (Sensation 64 GE lightspeed, Siemens S4 Volume Zoom, and Siemens
Sensation 16) were used at the remaining three clinical sites — Columbia University, Wake
Forest University, and University of Minnesota. CT scans were set at a collimation of 3mm
with a slice thickness of 6 mm. CT scans were reconstructed using twenty-five 6-mm slices
with a 35 cm field of view. In total, six cross-sectional slices were taken with 2 at L2/L3, 2
at L3/L4, and 2 at the L4/L5 intervertebral disc spaces. Research technologists responsible
for interpreting CT scans were blinded to participants’ clinical information. The inter- and
intra-rater reliability of measurements for total abdominal area as well as measurements for
all muscle groups was 0.99 and 0.93-0.98 respectively.

Semi-automated measurements for total tissue, lean muscle, and adipose tissue were
computed using Medical Imaging Processing Analysis and Visualization (MIPAV) software
version 4.1.2 (National Institutes of Health, Bethesda, Maryland). Attenuation in each tissue
compartment was measured in Hounsfield units (Hu). The four abdominal muscle groups
analyzed include the psoas, paraspinous, oblique, and rectus muscles. Lean muscle tissue
was defined as having an attenuation between 0 and 100 Hu while adipose tissue had an
attenuation between —90 and -130 Hu.

Pixel density values were calculated using the six cross-sectional CT scan images of the
L2/L3, L3/L4, and L4/L5 spine levels. Thereafter, abdominal muscle density, abdominal
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muscle area, and abdominal fat area were calculated. Abdominal muscle density was the
average attenuation measurement within the desired muscle’s fascial plane that fell within
the 0 to 100 Hu range. Abdominal muscle area was the summation of the number of pixels
that fell within the 0 to 100 Hu range within the desired muscle’s fascial plane. Abdominal
fat area was the summation of the number of pixels that fell within the =90 to —130 Hu range
within the desired muscle’s fascial plane.

2.3 All Cause Mortality

Study participants were asked to return to one of the six clinics two years after initial
baseline visit. Visit 2 took place between July 2002 and November 2003, and visit 3 took
place between January 2004 and June 2005. Additionally, participants were asked to
maintain regular phone contact every 9—12 months to report pertinent medical events. In the
event of a study participant death, next of kin was contacted to provide information
regarding the date and cause of death. This information was verified by the study team using
death certificates. Follow up time was measured from the time of their CT scan.

2.4 Covariates

For each participant, the visit at which they had a CT scan was considered “baseline,” and all
covariate measures were taken from that visit. Study participants’ self-reported information
regarding age, gender, race/ethnicity, alcohol intake, smoking status, and medication use was
obtained via questionnaire. Questionnaires were standardized and administered at visits 1, 2,
and 3. Data collection was matched to the visit at which the CT scan was taken. Height and
weight were measured via stadiometer after patients removed shoes and were instructed to
wear minimal clothing. Body mass index (BMI) was calculated by dividing weight in kg by
height in meters squared. Information regarding physical activity levels and sedentary
behavior were collected using the MESA Typical Week Physical Activity Survey, which was
adapted from the Cross-Cultural Activity Participation Study.(17)

Baseline measurements for kidney function (eGFR ml/min/1.73m?2) was measured using the
CKD Epidemiology Collaboration (CKD-EPI) equation. Blood pressure was recorded 3
times after a 5-minute resting period using an automated sphygmomanometer (Dinamap
automated oscillometric sphygmomanometer model Pro 100). The last two measurements
were averaged and used for analysis. Data collection occurred at visits 2 and 3 and were
matched to the visit at which the CT scan was taken.

Total cholesterol and HDL cholesterol were assessed using fasting venous blood samples
with cholesterol esterase/cholesterol oxidase reaction (Roche Diagnostics, Indianapolis,
Indiana) and triglyceride GB reagent (Roche Diagnostics, Indianapolis, Indiana). Depending
on the triglyceride levels, the Friedewald formula (<400 mg/dL) and nuclear magnetic
resonance spectroscopy (>400 mg/dL) were used to calculate LDL levels. Measurements
were matched to the corresponding visit at which an abdominal CT scan was taken (visits 2
and 3). Fasting glucose levels measured using a Vitros analyzer (Johnson & Johnson Clinical
Diagnostics, Rochester, New York) were used to categorize study participants as “normal”
(<100 mg/dL), “impaired fasting glucose” (100-125 mg/dL), or “diabetic” (=126 mg/dL) or
use of diabetes medication.
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2.5 Statistical Analyses/Calculations

All variables were assessed for normality and outliers. During this process, we noted that the
distributions for muscle density and area had little to no overlap for men and women. As an
additional preliminary step, we assessed whether the association between muscle density
and mortality was modified by gender, and found a strong interaction term (p=0.06).
Therefore, to provide the most informative analysis, all analyses were stratified by gender,
consistent with previous studies (4, 18-20). We used Pearson correlations to assess
correlations among body composition characteristics. Descriptive characteristics across
gender and across gender-specific quartiles of total abdominal muscle density and muscle
area were compared by ANOVA for continuous variables and chi-square for categorical
variables.

We used progressively adjusted multivariable Cox proportional hazard models to study total
mortality events as the dependent variable and gender-specific quartiles of muscle density
and of muscle area as the key independent variables. Muscle area and density were entered
simultaneously so each analysis was mutually adjusted for muscle area and density. Models
were also run separately for area and density without mutual adjustment and no appreciable
differences were found, therefore models were run with mutual adjustment to highlight
independent associations. Quartiles of muscle composition were modeled to avoid
assumption of a linear association and better portray the nature of the relationship. Model 1
adjusted for age, race/ethnicity and height. Model 2 included these variables in addition to
CVD risk factors and mortality confounders (systolic blood pressure, antihypertensive
medication use, total cholesterol, HDL cholesterol, statin use, cigarette smoking, diabetes,
cancer history and kidney function). Model 3 included Model 2 variables in addition to
physical activity and sedentary time. To assess the independent contribution of muscle
composition characteristics in relationship to adiposity, Model 4 added visceral fat and BMI.
Because quartile analyses were done with gender-specific quartiles, we also converted
abdominal muscle and density into z-scores for the whole sample (men and women) and
conducted progressively adjusted Cox models continuously per SD to assess linear
associations between muscle variables and mortality and to allow for more direct
comparison of results between men and women.

The dose-response relation of all-cause mortality risk with the continuous variables of
abdominal muscle density and muscle area were examined in 2 steps. First, we tested the
dose-response trajectory for nonlinearity by repeating model 4 after including restricted
cubic spline functions of muscle density and muscle area using the Regression Modeling
Strategies (rms) package in R (R Foundation for Statistical Computing; Vienna, Austria). To
test whether the shapes of the dose-response trajectories were sensitive to the number of
knots used, we ran models with 3 and 4 knots placed at the 10th, 50th, and 90th and the 5th,
35th, 65th, and 95th percentiles, respectively. Plots of the dose-response trajectories were
reviewed for each outcome for each model fit, and - 2 tests for nonlinearity were performed.
After determining the most appropriate functional form of the dose-response trajectories, we
plotted them for each exposure, specifying the 10th percentile of muscle density/muscle area
distribution as the referent category. Both muscle density and muscle area were converted to
z-scores to allow visual overlay on the same plot. The trajectories were not meaningfully
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different when modeled with 3 or 4 knots, so x 2 tests were performed for restricted cubic
spline models with 3 knots to maximize statistical power.

Proportional hazards assumptions were tested by including a multiplicative interaction term
of muscle characteristic by time in the model and assessing for significant interaction. All
results were nonsignificant. Tests for linear trend across quartiles were conducted by treating
each muscle quartile as a continuous linear variable in the regression models. To assess for
effect modification, the fully adjusted model (Model 3) included multiplicative interaction
terms for each muscle characteristic with age and race/ethnicity.

3. Results

3.1 Baseline characteristics.

Table 1 shows baseline sample characteristics for the whole sample, and for men and women
separately. Men had lower total cholesterol (184 vs. 198mg/dL), were more physically active
and less sedentary, but were also more likely to have diabetes (15.6% vs. 12%) and be
current smokers (13.4% vs. 10.3%). Compared to men, women had lower muscle area (80.4
vs. 116.4 cm2?/m2), lower mean muscle density (40.1 vs. 44.5 Hu) and less visceral fat (131.1
vs. 161.7 cm?), but higher subcutaneous fat (296.6 vs. 211.6 cm?).

Baseline characteristics stratified by muscle density quartiles are shown in Table 2 (men)
and Table 3 (women). For both men and women, those with greater muscle density were
younger, had lower systolic blood pressure, were less likely to use anti-hypertensives and
statins, had lower rates of diabetes, and were more physically active and less sedentary (for
all p-trend<0.01). Those with greater density also tended to have greater muscle area, less
visceral and subcutaneous fat, lower BMI, and smaller waist circumference (for all p-trend
<0.01).

Pearson correlations between various body composition characteristics are shown overall
and separately for men and women in Table 4. The strongest correlations were found
between BMI, subcutaneous fat, and waist circumference (r > 0.8 for all pairs for both
genders), while correlations between muscle measures and other measures of body
composition were smaller (though still statistically significant). For both men and women,
muscle density was positively correlated with muscle area (r = 0.43 and 0.51, respectively).
Associations between muscle density and all other measures of body composition were
inverse and moderate. In general, associations between muscle area and other measures of
body composition were smaller than those with muscle density.

3.2 Muscle characteristics and mortality.

Mean follow-up time for all-cause mortality was 10.6 (2.5) years for men and 10.9 (2.2)
years for women. Women had a lower overall mortality rate (12.5% vs. 19.9%, p < 0.01).
Mortality rates varied markedly across quartiles of muscle area and density, with the highest
mortality rate in the lowest quartiles for both area and density and the lowest mortality rate
in the highest quartiles. This was true for both men (Table 5) and women (Table 6).
Associations of muscle area and density and mortality by gender-specific quartiles and
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continuously by whole sample standard deviations (men and women together) are shown for
men in Table 5 and for women in Table 6.

3.3 Muscle characteristics and mortality in men.

For men, greater muscle density was associated with lower risk of mortality. This risk of
mortality decreased across quartiles of muscle density (p-trend <0.001), with men in the
highest quartile of density having one quarter the risk of death of those in the lowest quartile
(HR=0.27, 95% CI 0.14-0.51) in fully adjusted models. There was very little attenuation of
this association after adjusting for other covariates. In continuous models per standard
deviation, each SD increase in density was associated with approximately half the mortality
risk in fully adjusted models (HR = 0.51, 95% CI 0.41-0.64; p <0.001).

Muscle area, conversely, showed little association with mortality. In fully adjusted models,
men in the second and third quartiles showed slightly lower risk of mortality compared to
those in the first quartile (HR = 0.93, 95% CI 0.63-1.39; 0.91, 95% CI 0.57-1.48,
respectively) while those in the highest quartile showed an increase in mortality (HR = 1.31,
95% CI 0.77-2.22); however, none of these associations reached levels of statistical
significance. Each SD increase in area was associated with approximately 25% increased
risk of mortality in fully adjusted models (HR = 1.25, 95% CI 0.99-1.58), which approached
significance (p-trend 0.07).

Figure 1a shows the continuous dose-response associations of muscle density and muscle
area with all-cause mortality in men. The overall association for density was significant
(p<0.001) and linear (p for non-linear = 0.52), with mortality risk decreasing with greater
muscle density. The association for area was marginally significant (p=0.05), suggesting a
threshold association (p for non-linear = 0.08) such that muscle area above the mean was
associated with increasing risk of mortality.

3.4 Muscle characteristics and mortality in women.

Results for women were similar (Table 6). Specifically, mortality risk decreased over
quartiles of greater muscle density, with those in the highest quartile experiencing one-third
the risk of death in minimally adjusted models (HR = 0.34, 95% CI 0.15-0.74). This was
only slightly attenuated after adjusting for other risk factors, physical activity, and body
composition (HR = 0.43, 95% CI 0.18-1.01). Each SD increase in density was associated
with approximately 20% reduction in mortality in fully adjusted models (HR = 0.79, 95% ClI
0.59-1.06; p-trend 0.12).

Conversely, and similar to males, muscle area showed little association with mortality. The
highest quartile of muscle area showed an increased mortality risk compared to the lowest
(HR =1.38, 95% CI 0.71-2.67); however, this was not statistically significant, and the effect
was reduced when adjusting for other covariates (HR = 1.11, 95% CI 0.54-2.29).

Figure 1b shows continuous dose-response associations of muscle density and area in
women. While the overall association for muscle density was not statistically significant (p-
overall=0.22), the shape of the association shows that increasing muscle density is
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associated with decreasing mortality risk. There was no association of muscle area with
mortality in women (p-overall = 0.99).

There were no significant interactions between quartiles of muscle area or density with age
or race in either gender (for all p>0.2, data not shown).

4. Discussion

Consistent with our hypotheses, our results showed that greater muscle density was
associated with lower risk of all-cause mortality across 10.6 years of follow up in a diverse
cohort of adults. This association was remarkably robust in both men and women, and
showed little to no attenuation after adjusting for demographics, cardiovascular risk factors,
lifestyle, and other measures of body composition. Compared to those in the lowest quartile
of muscle density, women in the highest quartile had less than half the risk of death (HR =
0.45) and men in the highest quartile had only one quarter the risk of death (HR = 0.26) in
fully adjusted models. Moreover, there was a linear dose-dependent relationship among both
men and women, with each quartile of muscle density being more protective. These results
are consistent with recent studies showing an inverse association between muscle density
and mortality in older Caucasian men(21) and older Caucasian men and women in
Iceland(3). Importantly, as we did not find any significant statistical interaction by age or
race/ethnicity, our findings show this association remains robust in a younger, healthier, and
more ethnically diverse cohort, and over a longer follow-up period.

Contrary to our hypothesis, muscle area generally showed weak associations with mortality.
However, in the continuous dose-response plot for males, we observed a threshold effect
such that men with above median muscle area had an increased risk of mortality when fully
adjusting for muscle density and other confounders. Consistent with this, Ye et al. found that
greater upper extremity muscle mass predicted greater risk of hypertension,(5) and Larsen et
al. showed that higher muscle area predicted greater risk of incident type 2 diabetes in older
adults after adjusting for other measures of body composition.(4) Relatedly, there is
evidence that athletes with large muscle mass, such as football players, have higher rates of
hypertension than endurance athletes or non-athletes with a similar BMI.(22-24) Few of
these analyses adjusted for muscle density, thus it is possible that higher muscle area in
some individuals included large amounts of intramuscular fat. Muscle density and area are
positively correlated (r=0.45 in males, 0.58 in women). Thus, individuals with higher muscle
area tend to have higher muscle density. However, in our analyses, after adjustment for
muscle density, higher amounts of muscle area in men showed increased mortality risk even
after adjusting for measures of adiposity.

These results suggest that mortality may be more closely tied to muscle quality (density)
than quantity. In a weight loss intervention with older men, Prior et al. showed that weight
loss and exercise lead to reductions in low-density muscle, which in turn was tied to
improved glucose metabolism.(25) It is possible that the greatest protective effects are seen
not necessarily in having more muscle, but in having less intramuscular fat. Importantly, the
study by Prior et al. shows that muscle density is modifiable with lifestyle change.(25)
Multiple other studies have shown that increasing physical activity, including resistance
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training, not only improves strength and metabolic and cardiovascular risk factors, but does
so independent of changes in muscle size.(6, 26) Despite this, however, a number of studies
have identified muscle size as being protective against morbidity and mortality.(1, 3) Given
that muscle area and density are positively correlated, it is possible that in some cases this
association was driven more by density than area. The findings reported here emphasize the
need to mutually adjust for muscle size and density to capture the independent effects of
each of these components of muscle.

While results for men and women were generally in the same direction, associations were
weaker for women. This may be due partially to a smaller range of values for women,
resulting in narrower quartiles. However, in continuous analyses per whole sample SD,
associations for women were still much weaker, with a 20% reduction in mortality per SD of
density for women vs. 50% for men. This could suggest that muscle quality is less important
for women; however, given the much lower mortality rate in women, it is likely that any
associations with mortality would be smaller in women than men. Associations between
muscle density and mortality also were mostly linear for men, while for women there
appeared to be a threshold effect. Further exploration of gender differences is needed to
more fully explore whether the different associations between muscle quality and mortality
for men and women are qualitative or purely quantitative.

It is unclear at this point whether this negative association with mortality is unique to
specific muscle groups. Previous studies linking muscle density and mortality have been
limited, and have used different muscle groups including the legs(3, 21), abdomen (27), and
chest.(18) It is uncertain whether associations with mortality are stronger for particular
muscle groups as, to date, these measures have not been compared directly. It was previously
reported that the association between skeletal muscle adiposity and insulin resistance is
specific for particular abdominal muscle groups;(28) a next step in this line of research is to
investigate whether the association with mortality also differs across muscle groups, and
which mechanisms may be responsible. Relatedly, more work is needed exploring
independent associations between mortality and various ectopic fat depots. Limited research
has found associations between mortality and pericardial fat,(29) with mixed findings for
liver fat and mortality.(30) However, most studies have been conducted in small and/or
homogenous samples, and few have simultaneously considered the potential role of lean
muscle or intramuscular fat.

The mechanisms linking muscle density with all-cause mortality are still unclear. As muscle
density is a measure of both muscle and fat, it is uncertain whether this association is driven
by changes to the muscle, to ectopic fat deposition, or a combination. Possible mechanisms
between skeletal muscle adiposity and mortality may occur through numerous molecular
pathways (31), and likely involve effects on inflammation and oxidative stress(31-33) and
impaired insulin sensitivity. Increased fat accumulation in the myocytes may be responsible
for the suppression of insulin signaling, or may disrupt mitochondrial function.(34, 35) As
intramuscular fat and other ectopic fat depots have been linked to insulin resistance(36),
hyperinsulinemia(28) and incident diabetes,(37) these mechanisms may have important
clinical implications, particularly for metabolic health. Targeting muscle density may
improve glucose metabolism (25, 26) and be an appropriate therapeutic target in the
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management of diabetes. It appears muscle density has important associations for physical
health as well as endocrine function, though clearly more work is needed in this important
area.

This study has a number of strengths, including a large, diverse cohort, gold standard CT
measurements of body composition, and thorough measures of important confounders. The
study sample was not only diverse but also free of clinical cardiovascular disease and
younger at baseline than other cohorts examining muscle and mortality, which increases
generalizability. Additionally, we were able to perform gender-stratified analyses, which is
important given the differing distributions in muscle density and area in men and women as
well as the potential influence of gender-specific hormones on mortality. Limitations include
fewer deaths and a smaller range of muscle area and density in women compared to men,
which may have reduced statistical precision and underestimated the effect for women.
Additionally, some covariates, such as physical activity and sedentary behavior, were
measured by self-report rather than objective measures, and no measure of fitness was
available. Finally, while the sample was younger and free of known CVD at baseline, there
was a relatively high baseline prevalence of diabetes and hypertension, which somewhat
limits generalizability to completely healthy, non-clinical populations.

5. Conclusions

Muscle quality has been under-studied compared to other measures of body composition.
We found that muscle density was robustly and strongly associated with all-cause mortality
in a diverse cohort of men and women. Men and women with greater abdominal muscle
density had significantly lower risk of mortality over 10.6 and 10.9 years of follow up
(respectively), independent of muscle area. The magnitude of the associations seen here
highlights muscle density as a particularly informative measure of risk in older adults.
Future directions include evaluation of interventions designed to improve muscle density
and exploring the feasibility of assessing muscle density as a mortality risk factor in clinical
settings.
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A. Mortality in men
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Figure la. Associations of Abdominal Muscle Density and Area with Total Mortality in Men (n=
931): MESA Body Composition (2002-2015)

Results are from cox proportional hazard models mutually adjusting for muscle density and
muscle area using restricted cubic splines with 3 knots controlling for age, race/ethnicity,
height, systolic BP, antihypertensive use, total cholesterol, HDL cholesterol, statin use,
diabetes, smoking history, cancer history, kidney function, physical activity, sedentary time,
visceral fat and BMI. The reference was set at the 10t percentile for density (37.4 Hu) and
area (86.6 cm?2). Respective HRs and 95% Cls for the 251 (40.9 Hu), 50t" (45.0 Hu), 75t
(48.0 Hu), 90t (50.3 Hu) and 95t (51.5 Hu) percentile of muscle density (compared to
reference) were 0.68 (0.56-0.82), 0.41 (0.29-0.56), 0.26 (0.16-0.41), 0.18 (0.09-0.35), and
0.15 (0.07-0.33). For muscle area (compared to reference), the HRs and 95% Cls for the
25t (99.1 cm?), 50t (115.2 cm?), 75t (132.9 cm?), 90t (148.1 cm?) and 95™ (156.0 cm?)
percentile were 0.96 (0.81-1.15), 0.99 (0.72-1.38), 1.23 (0.83-1.84), 1.62 (0.98-2.68), and
1.88 (1.05-3.39), respectively. Results were trimmed at the 15t and 99t" percentiles. Density:
p-overall <0.001, p-non-linear= 0.52, Area: p-overall= 0.05, p-non-linear= 0.08.
Abbreviations: MESA, Multi-ethnic Study of Atherosclerosis; BP, blood pressure; HDL,
high density lipoprotein; BMI, body mass index; HR, hazard ratio; Cl, confidence interval
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B. Mortality in women
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Figure 1b. Associations of Abdominal Muscle Density and Area with Total Mortality in Women
(n=941): MESA Body Composition (2002-2015)

Results are from cox proportional hazard models mutually adjusting for muscle density and
muscle area using restricted cubic splines with 3 knots controlling for age, race/ethnicity,
height, systolic BP, antihypertensive use, total cholesterol, HDL cholesterol, statin use,
diabetes, smoking history, cancer history, kidney function, physical activity, sedentary time,
visceral fat and BMI. The reference was set at the 10t percentile for density (33.1 Hu) and
area (59.3 cm?2). Respective HRs and 95% Cls for the 251 (36.3 Hu), 50t" (40.3 Hu), 75t
(43.9 Hu), 90t (46.6 Hu) and 95t (48.3 Hu) percentile of muscle density (compared to
reference) were 0.93 (0.73-1.19), 0.79 (0.51-1.22), 0.59 (0.32-1.09), 0.46 (0.19-1.10), and
0.38 (0.13-1.15). For muscle area (compared to reference), the HRs and 95% Cls for the
25t (67.7 cm?), 50t (79.1 cm?), 75t (92.0 cm?), 90t (103.8 cm?) and 951 (111.5 cm?)
percentile were 1.00 (0.80-1.25), 0.99 (0.64-1.53), 0.97 (0.55-1.68), 0.94 (0.44-1.98), and
0.92 (0.36-2.35), respectively. Results were trimmed at the 15t and 99t percentiles. Density:
p-overall= 0.22, p-non-linear= 0.41, Area: p-overall= 0.99, p-non-linear= 0.93.
Abbreviations: MESA, Multi-ethnic Study of Atherosclerosis; BP, blood pressure; HDL,
high density lipoprotein; BMI, body mass index; HR, hazard ratio; Cl, confidence interval

Metabolism. Author manuscript; available in PMC 2021 April 22.



Larsen et al. Page 16

Table 1.

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Baseline sample characteristics (N=1901): MESA (2002-2005)

Overall Men Women p—valuea

N 1901 946 955
Baseline Demographics
Age [years], mean (SD) 62.0 (9.7) 61.5(10.1) 62.5 (9.4) 0.04
Race/Ethnicity, n (%) 0.18

Non-Hispanic White 762 (40.1) 394 (41.6) 368 (38.5)

Chinese American 251 (13.2) 133 (14.1) 118 (12.4)

Black 398 (20.9) 173 (18.3) 225 (23.6)

Hispanic 490 (25.8) 246 (26) 244 (25.5)
Baseline Health/Behavior Characteristics
Systolic BP [mmHg], mean (SD) 124.8 (21.1) 123.6 (19.2) 125.9 (22.8) | 0.015
Antihypertensive Use, n (%) 778 (40.9) 367 (38.8) 411 (43.0) 0.11
Total Cholesterol [mg/dL], mean (SD) 191.1(35.2) 184.0 (34.4) 198.0 (34.7) <0.001
HDL Cholesterol [mg/dL], mean (SD) 51.1 (15.0) 45.8 (12.0) 56.4 (15.8) <0.001
Statin Use, n (%) 380 (20) 183 (19.3) 197 (20.6) 0.52
Diabetes, n (%) <0.001

Normal 1380 (72.6) 646 (68.3) 734 (76.9)

Impaired Fasting Glucose 258 (13.6) 152 (16.1) 106 (11.1)

Diabetes 263 (13.8) 148 (15.6) 115 (12.0)
Cigarette Use, n (%) <0.001

Never 913 (48.0) 362 (38.3) 551 (57.7)

Former 763 (40.1) 457 (48.3) 306 (32.0)

Current 225 (11.9) 127 (13.4) 98 (10.3)
Physical Activity [met-min/week], mean (SD) 4,945.2 (4716.6) | 5,666.8 (5357.3) | 4,231.9 (3855.6) <0.001
Sedentary Time [hr/day], mean (SD) 33(21) 3.2(2.0) 35(2.2) 0.004
Baseline Body Composition Measures
Abdominal Muscle Density [Hu], mean (SD) 42.2 (5.5) 445 (4.9) 40.1(5.2) <0.001
Abdominal Muscle Area [cm#m?], mean (SD) 98.3 (27.6) 116.4 (23.9) 80.4 (17.4) | <0.001
Abdominal Visceral Fat Area [cm?], mean (SD) 146.4 (68.0) 161.7 (71.4) 131.1(60.8) <0.001
Body Mass Index [kg/m?], mean (SD) 28.0(5.1) 27.6 (4.2) 28.3(5.7) 0.003
Abdominal Subcutaneous Fat Area [cm?], mean (SD) 253.8 (117.8) 211.6 (95.0) 296.6 (122.9) | <0.001
Waist Circumference [cm], mean (SD) 95.7 (12.9) 98.4 (11.5) 97.1 (15.7) 0.04
Height [cm], mean (SD) 166.3 (9.9) 172.9 (7.6) 159.7 (7.2) <0.001

a . . . .
Calculated from ANOVA for continuous or Chi-square for categorical variables

Abbreviations: MESA, Multi-Ethnic Study of Atherosclerosis; SD, standard deviation; BP, blood pressure; HDL, high density lipoprotein.
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Quartile 1 Quartile 2 Quartile 3 Quartile 4 p—valuea
27.5-40.9 Hu 40.9-45.0 Hu 45.0-48.0 Hu 48.0-56.8 Hu
n=236 n=237 n=236 n=237
Baseline Demographics
Age [years], mean (SD) 70.6 (9.0) 65.7 (9.4) 62.4 (9.2) 58.0 (7.5) <0.001
Race/Ethnicity, n (%) <0.001
Non-Hispanic White 125 (53.0) 95 (40.1) 94 (39.8) 80 (33.8)
Chinese American 21(8.9) 29 (12.2) 44 (18.6) 39 (16.5)
Black 26 (11.0) 37 (15.6) 39 (16.5) 71 (30.0)
Hispanic 64 (27.1) 76 (32.1) 59 (25.0) 47 (19.8)
Baseline Health/Behavior Characteristics
Systolic BP [mmHg], mean (SD) 126.8 (19.5) 125.3 (20.3) 121.3 (18.5) 121.7(18.0) | 0.003
Antihypertensive Use, n (%) 114 (48.3) 93 (39.2) 84 (35.6) 76 (32.1) 0.002
Total Cholesterol [mg/dL], mean (SD) 177.8 (35.0) 184.4 (34.5) 185.9 (32.9) 187.6 (34.9) 0.011
HDL Cholesterol [mg/dL], mean (SD) 44.4 (12.2) 45.8 (12.7) 46.2 (12.3) 46.4(109) | 0272
Statin Use, n (%) 59 (25.0) 52 (21.9) 37 (15.7) 35(14.8) | o0.011
Diabetes, n (%) 0.001
Normal 142 (60.2) 154 (65.0) 165 (69.9) 185 (78.1)
Impaired Fasting Glucose 46 (19.5) 37 (15.6) 44 (18.6) 25 (10.5)
Diabetes 48 (20.3) 46 (19.4) 27 (11.4) 27 (11.4)
Cigarette Use, n (%) 0.343
Never 78 (33.1) 95 (40.1) 94 (39.8) 95 (40.1)
Former 128 (54.2) 111 (46.8) 104 (44.1) 114 (48.1)
Current 30 (12.7) 31(13.1) 38 (16.1) 28 (11.8)
Physical Activity [met-min/week], mean (SD) 4,308.7 (4,170.9) | 5,402.6 (4,768.3) | 6,043.8 (5,913.9) | 6,802.5 (6,039.1) <0.001
Sedentary Time [hr/day], mean (SD) 3.7(2.2) 33(2.2) 3.1(1.9) 2.7(1.6) | <o0.001
Baseline Body Composition Measures
Abdominal Muscle Density [Hu], mean (SD) 37.6 (2.5) 43.3(1.1) 46.5 (0.9) 50.2 (1.7) <0.001
Abdominal Muscle Area [cm2/m?], mean (SD) 102.99 (20.95) 112.70 (22.56) 120.18 (21.67) 130.38 (21.59) <0.001
gtgl)ominal Visceral Fat Area [cm?], mean 201.9 (80.9) 171.6 (64.6) 145.9 (61.4) 128.1 (55.2) <0.001
Body Mass Index [kg/m?2], mean (SD) 29.2 (5.0) 27.6 (4.2) 26.9 (3.8) 27.0(36) | <0.001
Abdominal Subcutaneous Fat Area [cm?], 236.8 (102.2) 218.3(99.7) 200.9 (92.9) 195.2(81.3) | <0.001
mean (SD)
Waist Circumference [cm], mean (SD) 104.2 (12.8) 99.1 (11.2) 96.1 (10.6) 94.9 (9.7) <0.001
Height [cm], mean (SD) 172.4(7.3) 172.6 (7.9) 173.2 (7.5) 1738 (7.7) | <0.001

a . . . .
Calculated from ANOVA for continuous or Chi-square for categorical variables

Abbreviations: MESA, Multi-Ethnic Study of Atherosclerosis; SD, standard deviation; BP, blood pressure; HDL, high density lipoprotein.
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Table 3.
Sample Characteristics by Muscle Density Quartiles in Women (n=955): MESA (2002-2005)
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Quartile 1 Quartile 2 Quartile 3 Quartile 4 p—valuea
25.9-35.3 Hu 36.3-40.3 Hu 40.3-43.9 Hu 43.9-54.1 Hu
n=238 n=239 n=238 n=240
Baseline Demographics
Age [years], mean (SD) 71.2 (8.4) 66.8 (8.6) 63.8 (8.5) 58.7 (7.3) <0.001
Race/Ethnicity, n (%) <0.001
Non-Hispanic White 92 (38.7) 121 (50.6) 93 (39.1) 62 (25.8)
Chinese 28 (11.8) 25 (10.5) 33(13.9) 32 (13.3)
Black 38 (16.0) 38 (15.9) 56 (23.5) 93 (38.8)
Hispanic 80 (33.6) 55 (23.0) 56 (23.5) 53 (22.1)
Baseline Health/Behavior Characteristics
Systolic BP [mmHg], mean (SD) 131.6 (23.8) 128.2 (22.9) 123.7 (21.5) 120.7 (21.4) | <0.001
Antihypertensive Use, n (%) 139 (58.4) 117 (49.0) 84 (35.4) 71 (29.6) <0.001
Total Cholesterol [mg/dL], mean (SD) 196.1 (36.0) 2015 (33.7) 197.0 (33.9) 197.1 (35.2) 0.328
HDL Cholesterol [mg/dL], mean (SD) 54.3 (13.7) 56.7 (16.9) 58.3 (16.5) 56.3(15.6) | 0.053
Statin Use, n (%) 66 (27.7) 47 (19.7) 49 (20.7) 35(14.6) | <0.001
Diabetes, n (%) 0.006
Normal 166 (69.7) 176 (73.6) 193 (81.1) 199 (82.9)
Impaired Fasting Glucose 34 (14.3) 32 (13.4) 17 (7.1) 23 (9.6)
Diabetes 38 (16.0) 31(13.0) 28 (11.8) 18 (7.5)
Cigarette Use, n (%) 0.048
Never 138 (58.0) 142 (59.4) 137 (57.6) 134 (55.8)
Former 86 (36.1) 76 (31.8) 74 (31.1) 70 (29.2)
Current 14 (5.9) 21(8.8) 27 (11.3) 36 (15.0)
Physical Activity [met-min/week], mean (SD) | 3,577.2 (3,805.7) | 4,319.8 (4,297.3) | 4,107.6 (3,851.4) | 5,032.1(3,787.7) | 0.001
Sedentary Time [hr/day], mean (SD) 3.8(2.3) 3.6(2.2) 35(2.2) 3.0(2.0) <0.001
Baseline Body Composition Measures
Abdominal Muscle Density [Hu], mean (SD) 33.2(25) 38.3(1.2) 42.1 (1.0) 465 (2.1) | <0.001
Abdominal Muscle Area [cm2/m?], mean (SD) 66.65 (12.66) 78.79 (14.10) 82.98 (15.03) 93.26 (16.16) <0.001
gtgl)ominal Visceral Fat Area [cm?], mean 166.3 (65.0) 142.6 (61.8) 117.3 (52.0) 99.2 (41.5) <0.001
Body Mass Index [kg/m?2], mean (SD) 30.5(6.2) 28.8 (5.8) 27.1(5.2) 27.0(4.9) | <0.001
Abdominal Subcutaneous Fat Area [cm?], 328.0 (136.5) 299.5 (123.7) 284.6 (114.4) 281.0(114.9) | <0.001
mean (SD)
Waist Circumference [cm], mean (SD) 105.1 (16.3) 99.2 (15.5) 93.5 (13.5) 91.0 (13.8) <0.001
Height [cm], mean (SD) 157.6 (7.1) 160.0 (7.4) 160.4 (6.8) 161.4 (6.9) | <0.001

a . . . .
Calculated from ANOVA for continuous or Chi-square for categorical variables

Abbreviations: MESA, Multi-Ethnic Study of Atherosclerosis; SD, standard deviation; BP, blood pressure; HDL, high density lipoprotein.
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Correlation Matrix for Abdominal Body Composition Characteristics (n=1,901): MESA Body Composition

(2002-2005)

a. Overall
Density Area VF BMI  WC SF H
Density 1 0.6 -029 -025 -03 -0.28 035
Area 1 0.18 0.12 0.11 -0.13 0.59
VF 1 0.56 0.67 0.32 0.15
BMI 1 087 079  -0.03*
wC 1 0.73 0.14
SF 1 -0.13
H 1
b. Men
Density Area VF BMI  WC SF H
Density 1 045 -041 -0.22 -032 -0.17 0.08
Area 1 0.10* 0.31 0.21 0.21 0.28
VF 1 0.57 0.67 0.45 0.06*
BMI 1 0.89 0.83 0.07
wcC 1 0.85 0.25
SF 1 0.21
H 1
c. Women
Density  Area VF BMI wcC SF H
Density 1 058 -045 -026 -038 -017 0.17
Area 1 -0.04* 0.14* 0* 0.1 0.25
VF 1 0.64 0.71 0.48 -0.06*
BMI 1 087 085 -0.02*
wC 1 0.82 0.07
SF 1 0.12
H 1

Reported are Pearson correlations among non-missing observations. P-value < 0.05 unless indicated by *. Abbreviations: MESA, Multi-Ethnic

Study of Atherosclerosis; MD, muscle density; MA, muscle area; VF, visceral fat; BMI, body mass index; SF, subcutaneous fat; WC, waist

circumference; H, height

Metabolism. Author manuscript; available in PMC 2021 April 22.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Larsen et al.

Multivariable Associations of Abdominal Muscle Density and Muscle Area with Total Mortality in Men

Table 5.

(N=946): MESA Body Composition (2002-2015)

Quartile 1 Quartile 2 Quartile 3 Quartile 4 p-trend Continuous
Density (Hu)  27.5-40.9 40.9-45.0 45.0-48.0 43.9-54.1 Per SD* p
Area (cm?) 15.9-33.3 33.3-38.3 38.3-44.1 44.1-75.6
Unadjusted deaths, n (%)
Density 98 (41.5) 48 (20.3) 27 (11.4) 15 (6.3) <0.001
Area 80 (34.2) 39 (15.4) 39(15.3) 30(11.6) <0.001
Model 1
Density 1(refy  0.58(0.40-0.83) 0.36(0.23-0.57) 0.25(0.14-0.47) <0.001  0.56 (0.47-0.67) <0.001
Area 1(refy  0.91(0.63-1.32) 0.99(0.63-1.56) 1.18(0.73-1.93) 0580  1.14(0.92-1.42)  0.22
Model 2
Density 1(refy  0.59(0.41-0.85) 0.37(0.23-0.59) 0.29 (0.16-0.54) <0.001  0.57 (0.47-0.69) <0.001
Area 1(refy  0.87(0.59-1.28) 0.88 (0.55-1.41) 1.03(0.62-1.72)  0.960  1.09 (0.87-1.36)  0.46
Model 3
Density 1(refy  0.60(0.42-0.87) 0.39(0.24-0.62) 0.32(0.17-0.59) <0.001  0.58 (0.48-0.71)  <0.001
Area 1(refy  0.90(0.61-1.32) 0.85(0.53-1.37) 1.10(0.66-1.83) 0.945  1.13(0.90-1.42)  0.29
Model 4
Density 1(refy  0.57(0.39-0.83) 0.33(0.20-0.55) 0.27 (0.14-0.51)  <0.001  0.51 (0.41-0.64) <0.001
Area 1(ref)  0.93(0.63-1.39) 0.91(0.57-1.48) 1.31(0.77-222) 0515 1.25(0.99-1.58)  0.07

Metabolism. Author manuscript; available in PMC 2021 April 22.



1duosnuey Joyiny

Larsen et al. Page 21

Table 6.

Multivariable Associations of Abdominal Muscle Density and Muscle Area with Total Mortality in Women
(N=955): MESA Body Composition (2002-2015)

1duosnuen Joyiny

Quartile 1 Quartile 2 Quartile 3 Quartile 4 Continuous
Density (Hu)  25.9-36.3 36.3-40.3 40.3-43.9 43.9-54.1 p-trend Per SD* p
Area (cm?) 13.7-26.7 26.7-30.9 30.9-35.7 35.7-57.1
Unadjusted deaths, n (%)
Density 56 (23.1) 30(11.5) 23(8.6) 10 (3.7) <0.001
Area 44 (17.2) 36 (13.9) 21(8.0) 18 (6.7) <0.001
Model 1
Density 1 (ref) 0.61(0.38-0.98) 0.56 (0.33-0.97) 0.34(0.15-0.74)  0.004  0.72(0.56-0.93) 0.01
Area 1 (ref) 1.03 (0.64-1.65) 1.06 (0.59-1.91) 1.38(0.71-2.67)  0.472  1.17 (0.78-1.75) 0.45
Model 2
Density 1 (ref) 0.65(0.40-1.07) 0.62(0.35-1.09) 0.40(0.18-0.91)  0.020  0.80(0.61-1.05) 0.11
Area 1(refy  0.95(0.58-1.56) 0.92 (0.50-1.69) 1.07 (0.53-2.16)  0.995  1.00 (0.65-1.53) 0.99
Model 3
Density 1 (ref) 0.65(0.39-1.06) 0.60(0.34-1.06) 0.40 (0.18-0.91)  0.018  0.79(0.61-1.04) 0.09
Area 1(refy  0.97(0.59-1.59) 0.95(0.51-1.74) 1.13(0.56-2.32) 0.882  1.05(0.68-1.62) 0.84
Model 4
Density 1(ref)  0.67(0.40-1.10) 0.63(0.35-1.14) 0.43(0.18-1.01) 0.042 079 (0.59-1.06) 0.12
Area 1(refy  0.97(0.59-1.60) 0.94 (0.51-1.73) 1.11(0.54-2.29) 0.925  1.05(0.67-1.63) 0.85

Data are hazard ratio (95% confidence interval); Model 1 adjusts for age, race/ethnicity and height; Model 2 adjusts for Model 1 + diabetes,
systolic blood pressure, antihypertensive medication, total cholesterol, HDL cholesterol, statin use, cigarette smoking, cancer history and kidney
function; Model 3 adjusts for Model 2 + physical activity and sedentary time; Model 4 adjusts for Model 3 + visceral fat and BMI.

*
Whole sample standard deviation (men and women together)
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