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Abstract

Objectives To provide a standard for total abdominal muscle mass (TAM) quantification on computed tomography (CT) and

investigate its association with cardiovascular risk in a primary prevention setting.

Methods We included 3016 Framingham Heart Study participants free of cardiovascular disease (CVD) who underwent ab-

dominal CT between 2002 and 2005. On a single CT slice at the level of L3/L4, we segmented (1) TAM-Area, (2) TAM-Index (=

TAM-Area/height) and, (3) TAM-Fraction (= TAM-Area/total cross-sectional CT-area). We tested the association of these

muscle mass measures with prevalent and incident cardiometabolic risk factors and incident CVD events during a follow-up

of 11.0 + 2.7 years.

Results In this community-based sample (49% women, mean age: 50.0 £ 10.0 years), all muscle quantity measures were

significantly associated with prevalent and incident cardiometabolic risk factors and CVD events. However, only TAM-

Fraction remained significantly associated with key outcomes (e.g., adj. OR 0.68 [0.55, 0.84] and HR 0.73 [0.57, 0.92] for

incident hypertension and CVD events, respectively) after adjustment for age, sex, body mass index, and waist circumference.

Moreover, only higher TAM-Fraction was associated with a lower risk (e.g., adj. OR: 0.56 [0.36-0.89] for incident diabetes

versus TAM-Area: adj. OR 1.26 [0.79-2.01] and TAM-Index: 1.09 [0.75-1.58]).

Conclusion TAM-Fraction on a single CT slice at L3/L4 is a novel body composition marker of cardiometabolic risk in a primary

prevention setting that has the potential to improve risk stratification beyond traditional measures of obesity.

Key Points

o In this analysis of the Framingham Heart Study (n = 3016), TAM-F on a single slice CT was more closely associated with
prevalent and incident cardiometabolic risk factors as compared to TAM alone or TAM indexed to body surface area.

* TAM-F on a single abdominal CT slice at the level of L3/L4 could serve as a standard measure of muscle mass and improve risk
prediction
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Abbreviations

BMI Body mass index

CSA Cross-sectional area

CVD Cardiovascular disease

TAM Total abdominal muscle mass
TAM-A Total abdominal muscle area
TAM-F  Total abdominal muscle fraction
TAM-I  Total abdominal muscle index
WC Waist circumference
Introduction

Cardiovascular disease (CVD) is the leading cause of death in
the USA and worldwide [1]. Physical inactivity is associated
with cardiometabolic risk factors and is highlighted as one of
the key modifiable risk factors for CVD in the current primary
prevention guidelines [2]. Because reliable quantification of
daily routine physical activity is challenging, measures of
body composition, including obesity and muscle mass, have
been proposed as possible objective surrogate markers be-
cause they closely associate with the level of physical activity
and cardiorespiratory fitness [3, 4].

However, in clinical research, muscle mass has been eval-
uated predominantly in the context of sarcopenia in patients
with chronic diseases, such as chronic lung disease, valvular
heart disease, or cancer, demonstrating an association of lower
muscle mass with increased morbidity and mortality [5 — 8].
For example, among 2115 obese patients with solid tumors of
the respiratory and gastrointestinal tract, low muscle mass on
CT was associated with a fourfold increase in mortality [9].
These findings have been explained by muscle wasting due to
cancer or chronic disease but are considered a separate matter
from cardiovascular effects. In the cardiovascular area, high
muscle mass has been predominantly used as a surrogate
marker for metabolic fitness, associated with improved prog-
nosis. For instance, in patients with coronary artery disease
undergoing percutaneous intervention, those with higher mus-
cle mass showed the lowest risk for mortality and MACE,
which is interpreted as a positive effect of higher physical
activity for CV outcomes [10].

In contrast to a great body of literature on muscle mass in
patients with chronic disease [5 — 9], limited data are available
to describe normal distributions of muscle mass in healthy
individuals [11]. Low muscle mass on CT in individuals free
of chronic disease has been linked to nonalcoholic fatty liver
disease [12], and impaired pulmonary function [13]; however,
its association with cardiometabolic risk is incompletely un-
derstood [11, 14].

Another issue is that no standardized quantitative assess-
ment of TAM exists. The aforementioned include several an-
atomical locations, including the psoas [5], pectoralis [6],
paraspinal [7], and using absolute or relative muscle mass.

To determine whether different measures of abdominal
muscle are associated with cardiometabolic risk beyond tradi-
tional measures of obesity, we used an established data set of
abdominal CT in the community-based Framingham Hearts
Study [15, 16] to measure muscle mass as an area on a single
CT slice at the level of L3/L4, which represents an easy and
straight forward measure. Here, we describe normal distribu-
tions of muscle mass in the community and assess the associ-
ations of various muscle measures with prevalent and incident
cardiometabolic risk factors as well as incident CVD events
and propose a standard for muscle mass quantification when
assessing its association with CVD risk.

Materials and methods
Study cohort

We included participants from the Framingham Heart Study,
including the Offspring and 3™-generation cohorts, who un-
derwent routine thoracic and abdominal multidetector com-
puted tomography (MDCT) between 2002 and 2005 [15].
Of the 3,529 participants in the MDCT sub-study, 3,253 were
free of artifacts and evaluable for TAM-Area, TAM-Index,
and TAM-Fraction. We excluded 237 participants who had
prevalent CVD, resulting in a final sample size of 3016 indi-
viduals. Each patient gave informed consent and the study
protocol was approved by the Institutional Review Board.

Definition of cardiometabolic risk factors and CVD
events

The definition of cardiometabolic risk factors and CVD events
in the Framingham Heart Study have been described else-
where in detail [17]. In short, arterial hypertension was de-
fined as systolic blood pressure > 140 mm Hg or diastolic
blood pressure > 90 mm Hg or antihypertensive medication,
and diabetes as a fasting plasma glucose level > 126 mg/dL or
treatment with either insulin or a hypoglycemic agent.
Metabolic syndrome was determined according to the defini-
tion of Modified National Cholesterol Education Program
Adult Treatment Panel III guidelines [18]. Body mass index
(BMI), as a measure of general adiposity, was defined as the
weight (kilograms) divided by height squared (meters), and
waist circumference (WC), a measure of central adiposity,
was measured at the level of the umbilicus.

The physical activity index, a composite score, was calcu-
lated by adding the weighted time spent in each activity as
described previously [19].

We defined incident CVD as fatal or nonfatal myocardial
infarction, fatal or nonfatal stroke, angina, atherothrombotic
infarction of the brain, intermittent claudication, heart failure,
or CVD death.
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Computed tomography and quantification of muscle
mass

The technical imaging details have been extensively described
elsewhere [15, 20]. In short, participants underwent 8-slice
MDCT imaging of the abdomen and 25 continuous 5-mm thick
slices were recorded, covering 125 mm above the level of S1
vertebral level. We used the open-access software “3D Slicer,”
version 4.8.1 [21], to quantify muscle area on a single slice at
the level of L3/L4 based on previous reports [22]. This software
allows for easy segmentation processes and offers macro-based
solutions for fast imaging post-processing (see Fig. 1).

The abdominal slice at the level L3/L4 was identified man-
ually and each slice was checked for artifacts. Only slices
without any artifacts were used for analysis. Muscle was de-
fined based on signal intensity (=50 to 150 HU).

We report three different CT measures of muscle mass,
including (A) TAM area (TAM-Area), giving the area of mus-
cle on the single L3/L4 slice in a square centimeter, (B) TAM-
Index, indexing TAM-Area to the individual’s height squared,
and (C) TAM-Fraction, which is the percentage of TAM in
relation to the entire cross-sectional area at the level of L3/L4.

Statistical analysis

We report mean and standard deviation (SD) and total num-
bers and percentages for descriptive statistics.

Linear, logistic, and Cox proportional hazards regression
were performed to assess the associations of measures of mus-
cle mass (TAM-Area, TAM-Index, and TAM-Fraction) and
the following: (A) prevalent cardiometabolic risk factors, in-
cluding systolic blood pressure (SBP), fasting glucose, cho-
lesterol levels, triglyceride levels, Framingham Risk Score,
hypertension, diabetes, and metabolic syndrome; (B) incident
cardiometabolic risk factors (hypertension, diabetes, metabol-
ic syndrome), and C) incident CVD. Cross-sectional compar-
isons were performed at the baseline exam at the time of the
CT. For models predicting incident cardiometabolic risk fac-
tors, participants who had a prevalent cardiometabolic risk
factor of interest at or before baseline were excluded.

To allow for better comparison between different measures
of muscle mass, beta coefficients (adj. beta), odds ratios (ad;.
OR), and adjusted hazard ratios (adj. HR) are reported pera 1-
SD increase for each muscle mass measurement.

All regression models were performed (A) age- and sex-
adjusted, and (B) age-, sex-, BMI-, and WC-adjusted.

We furthermore report age- and sex-adjusted Pearson cor-
relation coefficients to describe the association between mea-
sures of muscle mass with anthropometric measurements, in-
cluding BMI and WC, and established risk factors, including
the Framingham Risk Score.

A two-sided alpha level of 0.05 or less was considered
statistically significant. All statistical analyses were performed
using SAS v9.4.

Results
Study population

A total of 3016 participants (1088 Offspring and 1928 third-
generation cohorts) free of CVD were analyzed. Table 1 lists
the baseline characteristics of the entire study cohort. The mean
age was 50.0 + 10.0 years and 1472 (48.8%) were women.
Prevalence of arterial hypertension, diabetes, and metabolic
syndrome was 26.3%, 4.9%, and 24.3%, respectively. The
mean BMI was 27.4 kg/m2 (SD = 4.8) and a total of 25.4%
were labeled as obese based on a BMI of > 30 kg/m®.

Mean TAM-Area was 163.5 +43.5 cm?, ranging from 78.7
to 333.5 cm®. When indexed to height in m?, TAM-Index was
55.7 + 11.2 em*/m? (range 29.6-107.8), and TAM-Fraction
was 0.24 + 0.06 (range 0.11-0.51).

Association of muscle mass with anthropometric
measures

There was a significant correlation between all measures of
CT muscle mass and BMI and WC (Table 2, p < 0.0001 for
all; Fig. 2). After adjustment for age and sex, TAM-Area and
TAM-Index were positively correlated with BMI ( = 0.578

Fig. 1 After identification of the slice L3/L4 (panel A) and definition of
the patient’s cross-sectional area (CSA, green, panel B), we used a signal
intensity-based threshold approach (-50 to 150 HU) to identify muscle
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Table 1
cardiovascular disease

Baseline characteristics participants free of prevalent

Variable

All participants* (N = 3016)

Demographics and anthropometrics
Age - years
Female sex
Body weight - kg
Body height - m
BMI - kg/m®
Waist circumference - inches
Risk factors
Hypertension
Use of antihypertensive drugs
Systolic blood pressure — mm Hg
Diastolic blood pressure — mm Hg
Diabetes
Fasting glucose - mmol/L
Total cholesterol - mmol/L
HDL cholesterol - mmol/L
LDL cholesterol - mmol/L
Triglycerides, mmol/L
Use of lipid-lowering drugs
Current smoking
Physical activity index
Framingham risk score
ASCVD risk score
CT Muscle mass parameters
TAM-Area — cm?
TAM-Index — cm*/m?
TAM-Fraction - (%)

50.0 (10.0)
1472 (48.8)
78.7 (16.1)
1.7 (0.1)
27.4 (4.8)
37.9 (6.0)

793 (26.3)
483 (16.0)
121 (18)

77 @1

148 (4.9)
98 (18)

197 35)

54 (17)

118 31)
124 (87)
345 (11.4)
382 (12.7)
37.57 (1.32)
0.09 (0.09)
0.06 (0.09)

163.5 (43.5)
55.7(11.2)
0.24 (0.06)

*Values are mean (SD) for continuous variables and % for categorical

ones

BMI indicates body mass index; HDL, high-density lipoprotein; LDL,

low-density lipoprotein; ASCVD,

Atherosclerotic Cardiovascular

Disease; TAM, total abdominal muscle

Table 2 Correlation analyses
between total abdominal muscle
area, index, and fraction (TAM-
Area, TAM-Index, TAM-
Fraction) with conventional
measures of adiposity and
cardiovascular risk scores

and 0.621, p <.0001 each) and WC (» = 0.470 and 0.420, p <
.0001 each). In contrast, TAM-Fraction was negatively corre-
lated with both anthropometric measures of adiposity (r =
—0.655 and —0.662, for BMI and WC respectively; p <
.0001 for both).

Table 3 depicts differences in TAM-Area, TAM-Index,
and TAM-Fraction between individuals without and with
BMI indicative of obesity. Individuals with obesity had sig-
nificantly higher TAM-Area (182.9 + 45.3 versus 156.9 +
40.8 kg/m?, p < .0001) and TAM-Index (62.5 + 11.4 versus
53.4+10.2 cm*/m?, p <.0001) but lower TAM-Fraction (0.20
+0.04 versus 0.26 £ 0.06, p < .0001) as compared to individ-
uals without obesity. We observed the same pattern when
comparing individuals with and without hypertension and di-
abetes. Patients with hypertension and diabetes had higher
TAM-Area and TAM-Index but lower TAM-Fraction when
compared to their disease-free counterparts (details, see
Table 3).

Association of muscle mass with prevalent
cardiometabolic risk factors

TAM-Area, TAM-Index, and TAM-Fraction were signifi-
cantly associated with prevalent cardiometabolic risk
(Tables 4 and 5). However, the directionality of the associa-
tion was substantially different between the measures. In gen-
eral, higher TAM-Area and TAM-Index were associated with
an altered risk profile (e.g., for TAM-Area: adj. Beta 3.81
[95%CI: 2.67, 4.96], p < .0001 for systolic blood pressure;
5.09[95%CI: 3.86, 6.31], p <.0001 for fasting glucose, per 1-
SD increase after adjustment for age and sex respectively) and
higher prevalence of cardiometabolic risk factors (e.g., for
TAM-Index: adj. OR 1.65 [95%CTI: 1.45,1.87] for hyperten-
sion, and 1.72 [95%CI: 1.37, 2.15] for diabetes, p < .0001
each, per 1-SD increase, age- and sex-adjusted).

In contrast, higher TAM-Fraction was associated with sig-
nificantly more favorable risk profile (e.g., adj. Beta —4.16
[95% CI: —4.86, —3.46], p < .0001 for systolic blood pressure,
per 1-SD increase, adjusted for age and sex) and lower

Age and sex adjusted

TAM-Area TAM-Index TAM-Fraction
Variable Rho P Rho P Rho P
BMI 0.5780 <.0001 0.6212 <.0001 —0.6552 <.0001
Waist circumference 0.4695 <.0001 0.4197 <.0001 —-0.6615 <.0001
Framingham risk Score 0.0910 <.0001 0.1274 <.0001 —-0.1614 <.0001
ASCVD risk score 0.0737 <.0001 0.1106 <.0001 —0.0659 0.0003

BMI indicates body mass index; ASCVD, atherosclerotic cardiovascular disease; TAM, total abdominal muscle
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Fig. 2 Linear prediction plots 40 4
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prevalence of hypertension, diabetes, and metabolic syndrome After further adjustment for anthropometric measures of

(adj. OR 0.52 [95%CT: 0.46, 0.59], 0.45 [95%CT: 0.35, 0.59], overall and central adiposity (BMI and WC), TAM-Area
and 0.36 [95%CI: 0.32, 0.41], p < .0001 for all, adjusted for =~ and TAM-Index were not significantly associated with key
age and sex). risk factors (see Table 2). However, higher TAM-Fraction

Table3  Mean values of total abdominal muscle area, index, and fraction (TAM-Area, TAM-Index, TAM-Fraction) when stratified by the presence of
obesity, hypertension, and diabetes

Obesity Hypertension Diabetes

Variable  Statistics No (74.6%)  Yes (25.4%) p No (73.7%)  Yes (263%) p No (95.1%)  Yes (4.9%)  p

TAM- Mean 156.87 (40.79) 18291 (45.26) <.0001 162.24 (43.04) 166.93 (44.45) 0.0091 162.99 (43.34) 172.89 (44.78) 0.0068
Area (S.D.)

TAM- Mean 53.40 (10.15) 62.46 (11.36) <.0001 55.08 (11.00) 57.43 (11.50) <.0001 55.54 (11.13) 58.69 (11.73) 0.0009
Index (S.D.)

TAM- Mean 0.26 (0.06) 0.20 (0.04) <.0001 0.25 (0.06) 0.22 (0.05) <.0001 0.24 (0.06) 0.21 (0.05) <.0001
Fraction  (S.D.)

TAM indicates total abdominal muscle
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Table 4  Association total abdominal muscle area, index, and fraction (TAM-Area, TAM-Index, TAM-Fraction) with prevalent cardiometabolic risk

factors
Model A* Model B#*
Outcome Predictor Adjusted Beta per 1SD Increase p Adjusted Beta per 1SD Increase p
SBP TAM-Area 3.81(2.67,4.96) <.0001 -1.05(-2.42,0.32) 0.1328
TAM-Index 3.46 (2.60 , 4.32) <.0001 -0.11 (-1.21, 1.00) 0.8496
TAM-Fraction —4.16 (—4.86 , —3.46) <.0001 —1.54 (-2.50,—0.58) 0.0017
DBP TAM-Area 2.00 (0.56 , 3.43) 0.0063 -0.41 (-2.17,1.34) 0.6466
TAM-Index 1.67 (0.59 , 2.75) 0.0025 -0.31(-1.72,1.11) 0.6718
TAM-Fraction —2.08 (-2.97,-1.19) <.0001 -091 (-2.14,0.32) 0.1471
Fasting glucose TAM-Area 5.09 (3.86 , 6.31) <.0001 0.39 (-1.07, 1.85) 0.6007
TAM-Index 3.95(3.03,4.87) <.0001 0.30 (-0.88 , 1.48) 0.6160
TAM-Fraction —3.85 (—4.60 , —3.10) <.0001 —0.43 (-1.45, 0.60) 0.4123
Total cholesterol TAM-Area 2.57(0.16 ,4.97) 0.0362 —0.53 (-3.46,2.41) 0.7260
TAM-Index 4.57 (2.77,6.37) <.0001 4.02 (1.66 , 6.38) 0.0008
TAM-Fraction —4.34 (-5.83 , —2.86) <.0001 —4.06 (=6.12,-2.01) 0.0001
HDL cholesterol TAM-Area =5.79 (-6.79 , —4.79) <.0001 -1.22 (-2.41,-0.03) 0.0448
TAM-Index —4.03 (-4.79 ,-3.27) <.0001 -0.21 (-1.18,0.75) 0.6656
TAM-Fraction 3.90(3.28,4.52) <.0001 0.42 (042, 1.26) 0.3262
LDL cholesterol TAM-Area 3.72 (1.56 , 5.88) 0.0008 0.18 (—2.47,2.83) 0.8937
TAM-Index 4.77 (3.14, 6.39) <.0001 3.40(1.28,5.52) 0.0017
TAM-Fraction —4.03 (-5.35,-2.70) <.0001 —2.67 (—4.51,-0.84) 0.0043
Log triglycerides TAM-Area 25.31(19.49, 31.12) <.0001 3.84 (-3.17, 10.84) 0.2828
TAM-Index 20.67 (16.30 , 25.03) <.0001 5.31(-0.32,10.93) 0.0646
TAM-Fraction —22.50 (—26.07 , —18.94) <.0001 —10.30 (-15.20 , —5.39) <.0001
Physical activity index TAM-Area 0.56 (0.05, 1.06) 0.0319 1.37 (0.75, 1.99) <.0001
TAM-Index 0.72 (0.33, 1.10) 0.0003 1.53 (1.03, 2.03) <.0001
TAM-Fraction 0.82(0.50, 1.13) <.0001 0.85(0.41, 1.29) 0.0002
Framingham risk score TAM-Area 0.01 (0.01, 0.02) <.0001 —0.00 (-0.01, 0.00) 0.1246
TAM-Index 0.01 (0.01, 0.01) <.0001 0.00 (-0.00, 0.01) 0.7097
TAM-Fraction -0.01 (-=0.02,-0.01) <.0001 —-0.00 (-0.01 , —0.00) 0.0332

SBP indicates systolic blood pressure; DBP, diastolic blood pressure; HDL, high-density lipoprotein; LDL, low-density lipoprotein.

*Model A adjusts for age and sex
**Model B adjusts for age, sex, BMI, and WC

remained significantly associated with a more favorable risk
profile (e.g. adj. Beta —1.54 [-2.50, —0.58], p = 0.0017 for
systolic blood pressure, per 1-SD increase) and a lower prev-
alence of hypertension and metabolic syndrome (adj. OR 0.74
[95%CI: 0.63, 0.87], p = 0.0002 and 0.76 [95%CI: 0.63,
0.90], p = 0.0015).

Association with incident cardiometabolic risk factors

During 6.4 years of follow-up, a total of 192 (7.0%) inci-
dent cases of diabetes were observed, as were 1,005
(36.4%) of hypertension, and 825 (30.5%) of metabolic
syndrome.

The association between measures of muscle mass with
incident cardiometabolic events is displayed in Table 6.

Similar to the association with prevalent cardiometabolic
risk, in age-and sex-adjusted analyses, higher TAM-Area
and TAM-Index were associated with a higher risk for
developing hypertension, diabetes, and CVD. In contrast,
higher TAM-Fraction was protective against all these in-
cident findings. After further adjustment for BMI and
WC, only TAM-Fraction was significantly associated
with lower risk for incident outcomes (adj. OR 0.68
[95%CTI: 0.55, 0.84] for hypertension, 0.57 [95%CI:
0.36, 0.89] for diabetes, p < 0.05 each; trend for metabol-
ic syndrome: 0.80 [95%CI: 0.64, 1.00], p = 0.053). Of
note, most associations were not significant for TAM-
Area and TAM-Index except for the higher risk of inci-
dent metabolic syndrome for TAM-Index (adj. OR 1.28
[95%CI: 1.00, 1.63], p = 0.049).
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Table5 Association total abdominal muscle area, index, and fraction (TAM-Area, TAM-Index, TAM-Fraction) with prevalent hypertension, diabetes,

and metabolic syndrome

Model A* Model B#*
Outcome Predictor Adjusted OR per 1SD Increase p Adjusted OR per 1SD Increase P
Prevalent hypertension TAM-Area 1.68 (1.42, 1.98) <.0001 0.87 (0.71, 1.07) 0.1988
TAM-Index 1.65 (1.45, 1.87) <.0001 1.03 (0.88, 1.22) 0.7042
TAM-Fraction 0.52 (0.46, 0.59) <.0001 0.74 (0.63, 0.87) 0.0002
Prevalent diabetes TAM-Area 2.20(1.62,2.97) <.0001 1.11 (0.76, 1.62) 0.5818
TAM-Index 1.72 (1.37,2.15) <.0001 0.95(0.71, 1.28) 0.7464
TAM-Fraction 0.45 (0.35, 0.59) <.0001 0.85(0.62, 1.18) 0.3398
Prevalent metabolic syndrome TAM-Area 3.41 (2.85, 4.09) <.0001 1.36 (1.10, 1.69) 0.0051
TAM-Index 2.45 (2.15, 2.80) <.0001 1.18 (1.00, 1.41) 0.0543
TAM-Fraction 0.36 (0.32,0.41) <.0001 0.76 (0.63, 0.90) 0.0015

*Model A adjusts for age and sex
**Model B adjusts for age, sex, BMI, and WC

Association with CVD events

During 11 years of follow-up, a total of 244 CVD events were
recorded. In age- and sex-adjusted analysis, a similar trend as
with incident cardiometabolic risk factors was observed, with
a higher risk for events with TAM-Area (adj. HR 1.35
[95%CI: 1.06, 1.72], p = 0.015) and TAM-Index (adj. HR
1.25 [95%CI: 1.05, 1.50], p = 0.014) but a lower risk for
TAM-Fraction (adj. HR 0.64 [0.53, 0.76], p < .0001). When

additionally adjusted for BMI and WC, only higher TAM-
Fraction remained significantly associated with a lower risk
for CVD events (adj. HR 0.73 [95%CI: 0.57, 0.92], p =
0.009).

Figure 2 displays the opposite direction of association be-
tween TAM-Area and TAM-Index, compared with TAM-
Fraction, with BMI and WC. Figure 3 displays the different
directionality between TAM-Area, TAM-Index, and TAM-
Fraction with prevalent and incident outcomes.

Table 6  Logistic regression model demonstrating the association between total abdominal muscle area, index, and fraction (TAM-Area, TAM-Index,
TAM-Fraction) and incident cardiometabolic risk factors as well as cardiovascular disease (CVD) events

Outcome Model A* Model B**
Predictor Adjusted OR or HR per 1SD increase p Adjusted OR or HR per 1SD increase p
Incident hypertension TAM-Area 1.54 (1.22,1.94) 0.0003  0.82(0.61, 1.09) 0.1739
TAM-Index 1.45 (1.22, 1.73) <.0001 0.91(0.73,1.14) 0.4244
TAM-Fraction  0.51 (0.44, 0.60) <.0001 0.68 (0.55,0.84) 0.0004
Incident diabetes TAM-Area 2.92 (2.02,4.22) <.0001 1.26(0.79,2.01) 0.3251
TAM-Index 2.20 (1.67, 2.90) <.0001 1.09(0.75, 1.58) 0.6447
TAM-Fraction  0.30 (0.21, 0.43) <.0001 0.57(0.36, 0.89) 0.0139
Incident metabolic syndrome  TAM-Area 2.18 (1.69, 2.81) <.0001 1.25(0.92, 1.69) 0.1556
TAM-Index 1.83 (1.51,2.21) <.0001 1.28(1.00, 1.63) 0.0486
TAM-Fraction 0.52 (0.44, 0.61) <.0001 0.80 (0.64, 1.00) 0.0533
Incident CVD TAM-Area 1.35 (1.06, 1.72) 0.0153  0.94 (0.70, 1.26) 0.6825
TAM-Index 1.25 (1.05, 1.50) 0.0142  0.92(0.73, 1.16) 0.4615
TAM-Fraction 0.64 (0.53, 0.76) <.0001 0.73 (0.57,0.92) 0.0094

CVD indicates cardiovascular disease

*Model A adjusts for age and sex
**Model B adjusts for age, sex, BMI, and WC

@ Springer



7075

European Radiology (2022) 32:7068-7078

K[oAn0dsar uonoeI-N VI PUue ‘Xopul-]JNV.L ‘BIV-INV.L JO osearour (0S-| Iod udAIS a1e soner piezey pue sppQ SIOAd (QAD)
OSBASIP JL[NOSLAOIPIED PUE SI0JOB] YSLI OI[0qEISWOIPIEd JUApIoul pue jusjesdld im (UONOBII-NV L PUB ‘XOPU[-INV L ‘BaIV-]AV 1) UONORI PUE ‘X3PUI ‘BIE S[OSNU [BUIUOPJE [€)0} JO UONBIOOSSY € *Bi4

UH/HO Y H/HO oY M/ HO TPy
s L z0 s L 20 L z0
I | | | | i
—— QAo wepioul ano wepiou| —m— QA0 wspoul
— UI0pUAS lfoqEIL JUBPIOU] suioipufs aoqEIa —ah oWwoIpUAS DljogEIRLI JUspIoU]
- Se19qeIp Up sejoqe — a1 seioqep
—— UorsusladAY Jusp! uorsuepadf e ’ |
o owoipuAs oI uolenoid owoipuAs a110geIoN - SUIOIPUAS D1IOGEIBI 1UBlERaId
—— se1aqeip Welensig Selaqelp Welensig . se1eqeiD 1elenald
T UorsueyeAdy uslersiq uoisusLeAdy uslenaiq - uoisuspaAdy uslersig
.- QN0 wepioul .- —.— ano
- UI0pUAS D1foqEIBL JUaP! - —a— awoipuAs dljogeIew
—a— Se1aqeIp JuspIoU| —a— —a— setaqe
- UorsusBdAY uspIoUI . UorsusBdAY uspIoUI —.— uoisustadAY
HH  oWoipukg dloqEIo 1uslensid oWOIPUAS DlI0GEIOIN 1UBlERSId SUIOIPUAS D1IOGEIBN JUBIERSId
—a— se1aqeip welenaid —— Selaqeip elensig —a— Seleqei 1elenald
HH UorsueyeAdy uslersiq HH uoisusLeAdy uelenaig - uoisuepAdy uelensig
uonoel4-NVL X8pU|-NVL ealy-NvL
% [) _ﬁl V ”.I U

— =T

— =T

INIERESRE

o5 puE aby

Joyparsnipy

pringer

Qs



7076

European Radiology (2022) 32:7068-7078

Discussion

In a community-based cohort of participants free of CVD,
muscle mass assessed on a single-slice abdominal CT scan
associates with cardiometabolic and CVD risk. However,
among different CT measures of muscle mass, only for
TAM-Fraction (less muscle) was associated with higher car-
diometabolic risk, suggesting that further investigations defin-
ing a new obesity phenotype to improve risk stratification may
primarily focus on TAM-Fraction among the various ways to
measure muscle.

Physical activity and avoidance of excessive adipose tissue
play an important part in cardiometabolic disease prevention.
This is highlighted in the 2019 ACC/AHA Guideline on the
Primary Prevention of Cardiovascular Disease, which pro-
motes at least 150 min per week of accumulated moderate-
intensity physical activity or 75 min per week of vigorous-
intensity physical activity [2]. This recommendation targets
primarily the avoidance of obesity primarily as a key risk
factor for cardiometabolic risk, similar to the role of coronary
artery calcification as a risk factor for CVD [2]. However,
standardized quantification of physical activity is challenging
as self-reported data lack accuracy [23, 24] and functional
assessment of cardiorespiratory fitness is not feasible in a
population-based setting [25].

Assessment of BMI as a marker of general adiposity is easy
and recommended annually in all adults and WC as an indi-
cator for central obesity in individuals at higher cardiometa-
bolic risk [2]. In contrast, no standardized measure is available
for muscle mass, another key body composition component
besides obesity. Muscle mass has been shown to correlate
with the level of physical activity [3]. It can easily be assessed
and quantified on computed tomography (CT) and magnetic
resonance imaging (MRI), commonly used imaging tech-
niques for various indications. In chronic disease, muscle
mass on CT as a surrogate for physical fitness is well estab-
lished. Low muscle mass—interpreted as a disease-associated
loss of function—is associated with worse outcomes. This has
been shown for patients with lung disease [26], valvular heart
disease [5], coronary artery disease [10], and especially cancer
[27].

In contrast to patients with chronic disease, only a few
studies report on muscle mass in population-based settings
[12, 13] and its association with CV risk is unknown.

Several factors may contribute to the fact that muscle mass
is not clinically used as a body composition component for
cardiometabolic risk assessment, including a lack of a stan-
dardized approach to assess and report muscle mass. Different
anatomic landmarks have been proposed, including the psoas
muscle [5], the pectoralis muscle [6], paraspinal muscles [7],
or skeletal muscle mass at the thigh level [8]. This substantial-
ly hampers direct comparison between studies. In our study,
we used a standardized approach to quantify muscle mass at

@ Springer

the level of L3/L4 on a single abdominal CT slice. This has
been shown to correlate almost perfectly with volumetric data
of adipose tissue in the Framingham Heart Study [22].

Furthermore, some authors report total muscle area (TAM-
Area) on a single or multiple tomographic slices [28, 29],
whereas others index muscle mass to body height or body
surface area (TAM-Index) [5, 12]. We chose to measure both
not-indexed TAM-Area as well as indexed to height because
these were reported in previous studies [5, 12, 28, 29]. In our
cohort, we provide for the first time descriptive data for TAM-
Area and TAM-Index and, in addition, introduce the concept
of TAM-Fraction as a novel body composition tool, represent-
ing the fraction of muscle mass of the entire tomographic L3/
L4 slice. Comparing these three measures of muscle mass, we
observed a different directionality in the associations of these
measures with the risk of outcome events. Higher TAM-Area
and TAM-Index were associated with a worse cardiometabol-
ic risk profile in age and sex-adjusted models. Similar findings
are reported by an analysis of the Multi-Ethnic Study of
Atherosclerosis (MESA), where higher TAM-Area, averaged
from several single slices between L2 and L5, was associated
with more CAC burden. This was in contrast to the authors’
hypothesis of a protective effect of higher muscle mass [29]
but is similar to our results for higher TAM-Area and TAM-
Index indicating higher cardiometabolic risk. This might, in
part, be explained by a close positive correlation between
TAM-Area and TAM-Index and both BMI and WC.

In contrast, TAM-Fraction is negatively correlated with
BMI and WC. Indeed, higher TAM-Fraction indicated a ben-
eficial cardiometabolic risk profile across a wide spectrum of
prevalent and incident risk factors. Higher TAM-Fraction, but
not TAM-Area or TAM-Index, remained significantly associ-
ated with lower prevalence of several cardiometabolic risk
factors, including hypertension and metabolic syndrome, and
lower risk for new-onset hypertension and diabetes and CVD
events even when adjusted for BMI and WC.

While the purpose of this paper was to introduce the con-
cept of TAM-Fraction as a novel body composition tool, rep-
resenting the fraction of muscle mass of the entire tomograph-
ic L3/L4 slice, future studies are warranted to investigate the
interplay between TAM-Fraction and more advanced mea-
sures of adiposity, including visceral and subcutaneous adi-
pose tissue, with the potential to define a more precise indi-
vidual obesity phenotype for improved CV risk prediction.

Limitations

Several limitations merit comment. As with any analyses from
the Framingham Heart Study, we were not able to assess
ethnic/race-related differences due to our predominant white
study sample. In addition, CT scans were performed between
2002 and 2005, when demographic characteristics, such as
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obesity rates, were different compared to the present [30]. This
analysis also lacks information on fat infiltration within the
skeletal muscle, which may be an important aspect.
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