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BACKGROUND: Men and women are labeled as obese on the basis of a body mass index (BMI) using the same criterion despite
known differences in their fat distributions. Subcutaneous adipose tissue and visceral adipose tissue (VAT), as measured by
computed tomography, are advanced measures of obesity that closely correlate with cardiometabolic risk independent of
BMI. However, it remains unknown whether prognostic significance of anthropometric measures of adiposity versus VAT var-
ies in men versus women.

METHODS AND RESULTS: In 3482 FHS (Framingham Heart Study) participants (48.1% women; mean age, 50.8+10.3 years), we
tested the associations of computed tomography-based versus anthropometric measures of fat with cardiometabolic and
cardiovascular disease (CVD) risk. Mean follow-up was 12.7+2.1 years. In men, VAT, as compared with BMI, had a similar
strength of association with incident cardiometabolic risk factors (eg, adjusted odds ratio [OR], 2.36 [95% CI, 1.84-3.04] ver-
sus 2.66 [95% Cl, 2.04-3.47] for diabetes mellitus) and CVD events (eg, adjusted hazard ratio [HR], 1.32 [95% ClI, 0.97-1.80]
versus 1.74 [95% CI, 1.14-2.65] for CVD death). In women, however, VAT, when compared with BMI, conferred a markedly
greater association with incident cardiometabolic risk factors (eg, adjusted OR, 4.51 [95% CI, 3.13-6.50] versus 2.33 [95%
Cl, 1.88-3.04] for diabetes mellitus) as well as CVD events (eg, adjusted HR, 1.85 [95% ClI, 1.26-2.71] versus 1.19 [95% Cl,
1.01-1.40] for CVD death).

CONCLUSIONS: Anthropometric measures of obesity, including waist circumference and BMI, adequately capture VAT-
associated cardiometabolic and cardiovascular risk in men but not in women. In women, abdominal computed tomography—
based VAT measures permit more precise assessment of obesity-associated cardiometabolic and cardiovascular risk.
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are expected to be labeled as obese by the year

2030." This is concerning as there is strong evi-
dence on the association of obesity with increased
cardiometabolic and cardiovascular risk.>® In addition,
obesity is a risk factor for gallbladder disease, osteoar-
thritis, sleep apnea, chronic respiratory diseases, and
some cancers.*

It is estimated that 50% of both US men and women

Body mass index (BMI) and waist circumference
(WC) are widely available anthropometric measures of
overall and central adiposity, respectively, that are used
to define who is obese.>® Despite known sex-related
differences in body fat distribution, the same BMI cut-
off of >30 kg/m? is used to define obesity for both men
and women.”® In contrast, sex-specific thresholds
are used for WC, a surrogate of excess abdominal fat
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CLINICAL PERSPECTIVE

What Is New?

e Anthropometric measures of obesity, including
waist circumference and body mass index, as
universal classifiers of obesity, and the amount
of visceral adipose tissue (VAT) on computed to-
mography are associated with cardiometabolic
and cardiovascular risk in men and women.

e Waist circumference and body mass index ad-
equately capture VAT-associated cardiometa-
bolic and cardiovascular risk in men but not in
women.

e |n women, abdominal computed tomography—
based VAT measures permit more precise
assessment of obesity-associated cardiometa-
bolic and cardiovascular risk.

What Are the Clinical Implications?

e Compared with anthropometric measures of
obesity, quantification of VAT on computed to-
mography allows more accurate assessment of
obesity-associated cardiometabolic and car-
diovascular risk in women.

e |In men, body mass index shows a similar
strength of association with cardiometabolic
and cardiovascular risk when compared with
VAT.

e Sex-specific approaches for cardiometabolic
risk assessment, including standardization of
computed tomography-based measures of fat,
are warranted.

Nonstandard Abbreviations and Acronyms

FHS Framingham Heart Study

SAT subcutaneous adipose tissue
VAT visceral adipose tissue
wC waist circumference

linked especially with diabetes mellitus,>'° to define
upper limits of normal, with higher normal values in
men compared with women.®

Nevertheless, neither the current 2013 American
Heart Association/American College of Cardiology
guidelines on the management of obesity nor the
2019 American Heart Association/American College
of Cardiology Guideline on the Primary Prevention of
Cardiovascular Disease provides sex-specific guid-
ance. Both recommend measurement of WC in ad-
dition to BMI in individuals with a BMI >25 kg/m%
or BMI <35 kg/m?° respectively, in both men and
women.
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In contrast to anthropometric measures, computed
tomography (CT) can directly visualize and quantify adi-
pose tissue components, including visceral adipose tis-
sue (VAT)."'-3 Among imaging parameters of adiposity,
VAT is by far the strongest predictor of an adverse cardio-
vascular risk profile,’>'*> and predicts cardiometabolic
and cardiovascular risk even after adjustment for BMI in
both men and women.""'®"” The relationship between
increased VAT and increased cardiovascular risk is be-
lieved to be mediated in part by higher levels of proin-
flammatory cytokines with increasing VAT.'®'® Moreover,
CT data have also demonstrated significant sex-specific
differences in body fat distribution. For instance, women
have significantly higher subcutaneous adipose tissue
(SAT) volumes, and lower VAT volumes, when compared
with men; these sex-related differences are not captured
by BMI or WC. However, to our knowledge, the strength
of associations of VAT, SAT, and VAT/SAT ratio with car-
diometabolic and cardiovascular disease (CVD) risk has
not been directly compared with BMI and WC.

Thus, the objective of our analysis was to determine
whether anthropometric measures of obesity, including
BMI and WC, adequately represent VAT-associated car-
diometabolic and CVD risk similarly in men versus women.

Accordingly, we assessed sex-specific differences
in the associations of BMI, WC, VAT, SAT, and VAT/
SAT ratio with prevalent metabolic health status, inci-
dent cardiometabolic risk factors, and CVD events in
the FHS (Framingham Heart Study).

METHODS

Anonymized data and materials from the Framingham’s
Offspring and Third-Generation examination data are
available through the National Heart, Lung, and Blood
Institute’s BioLINCC and can be accessed by qualified
investigators with approval. Requests for Framingham
data should follow the process outlined in BioLINCC
(https://biclincc.nhlbi.nih.gov/home/).

Study Sample

Participants were drawn from the FHS, including the
Offspring and Third-Generation cohorts, who underwent
routine thoracic and abdominal multidetector CT be-
tween 2002 and 2005." Of the 3529 participants in the
multidetector CT substudy, 47 were excluded because
of missing data on metabolic status. The sample size for
this analysis, hence, comprised 3482 eligible individuals.
Institutional review board approval was obtained before
the study, and all subjects gave informed consent.

Anthropometric Measures of Fat

BMI was calculated as body mass in kilograms di-
vided by the square of body height in meters. WC was
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assessed at the level of the umbilicus and recorded as
previously described.?°

Adipose Tissue Imaging and
Quantification
The technical aspects of adipose tissue assessment
have been extensively described elsewhere.'*?! In short,
participants underwent 8-slice multidetector CT imaging
of the abdomen, and 25 continuous 5-mm-thick slices
were recorded, covering 125 mm above the level of S1
vertebral level. VAT and SAT volumes were quantified
using dedicated software (Aquarius 3D Workstation;
TeraRecon Inc, San Mateo, CA) by identifying fat using
a Hounsfield unit-based threshold of —195 to -45
Hounsfield units (window center, =120 Hounsfield units),
as previously described.'*?! Excellent intraclass corre-
lation coefficients (>0.99) for interreader comparisons
have been previously reported for both VAT and SAT.!42!
Presence of nonalcoholic fatty liver disease on CT
was defined as previously described.??

Definition of Metabolic Health Status

We defined being metabolically unhealthy as the
presence of >2 of the “National Cholesterol Education
Program—Adult Treatment Panel IlI” criteria. These
include (1) high triglycerides (>1.69 mmol/L [>150 mg/
dL]) or use of lipid-lowering drugs, (2) elevated systolic
blood pressure (=130 mm Hg) or diastolic blood pres-
sure (>85 mm Hg) or use of antihypertensive drugs, (3)
elevated blood glucose (=5.6 mmol/L [>100 mg/dL])
or any use of medications for diabetes mellitus (insu-
lin or oral glucose-lowering medications), and (4) low
high-density lipoprotein cholesterol (<1.03 mmol/L
[<40 mg/dL] in men and <1.29 mmol/L [<50 mg/dL]
in women). We excluded WC as part of the National
Cholesterol Education Program—Adult Treatment
Panel lll criteria because of previously reported collin-
earity with BMI,%2 and the nature of this study to com-
pare different measures of obesity with each other,
including WC.

Follow-Up and Outcome

Cardiometabolic risk factors were assessed during clinical
follow-up visits between 2005 and 2011, resulting in simi-
lar observation periods for participants in the Offspring
and Third-Generation cohorts. Cardiometabolic risk fac-
tors included (1) incident hypertriglyceridemia, defined as
high triglycerides (>1.69 mmol/L [>150 mg/dL]) or use of
lipid-lowering drugs, (2) hypertension, defined as systolic
blood pressure >140 mm Hg or diastolic blood pressure
>90 mm Hg, (3) diabetes mellitus, defined as a fasting
plasma glucose level >126 mg/dL or treatment with either
insulin or a hypoglycemic agent, and (4) low high-density
lipoprotein, defined as serum levels of <1.03 mmol/L
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(<40 mg/dL) in men and <1.29 mmol/L (<50 mg/dL) in
women, or use of lipid-lowering drugs.

We recorded CVD events during follow-up, defin-
ing hard CVD as fatal or nonfatal myocardial infarction
or fatal or nonfatal stroke, global CVD as hard CVD or
angina, atherothrombotic infarction of brain, or intermit-
tent claudication, and cardiovascular death as sudden or
nonsudden coronary heart disease death or CVD death.
Follow-up for CVD events was available until end of 2016.

Statistical Analysis

We report mean and SD as well as total numbers and
percentages for descriptive analyses. Comparisons
between men and women were performed using the
Student t-test for continuous variables and the x? test
or Fisher exact test for categorical variables.

Sex-specific logistic regression analyses, adjusted
for age and smoking, were performed to assess the
cross-sectional associations of measures of body fat
(BMI, WG, VAT, SAT, and VAT/SAT ratio) and (1) preva-
lence of being metabolically unhealthy and prospective
associations with (2) incident cardiometabolic risk fac-
tors (diabetes mellitus, hypertension, low high-density
lipoprotein, and hypertriglyceridemia). Cross-sectional
comparisons were performed at the baseline exam-
ination at the time of the CT. For incident cardiomet-
abolic risk factors, only patients free of the specific
cardiometabolic outcome variable were included.

In addition, we performed sex-specific Cox-
regression analyses, adjusted for age and smoking,
using global CVD, hard CVD, and cardiovascular death
as separate end points.

To allow for better comparison between different
measures of fat, adjusted odds ratios (ORs) and adjusted
hazard ratios (HRs) are reported per a 1-SD increase for
each anthropometric or CT-based adiposity measure-
ment. In a post hoc step, we performed sex-specific
power calculations for key outcome analyses (BMI- and
VAT-associated risk for incident diabetes mellitus, hyper-
tension, and global CVD). The level of significance was
set to a 2-sided P value of 0.05, and dedicated software
was used for all analyses (SAS 9.4, Cary, NC).

RESULTS

Baseline Characteristics

A total of 3482 participants were eligible for this investi-
gation. The mean age was 50.8+10.3 years, and 48.1%
of participants were women.

Baseline characteristics, including sex-specific dif-
ferences, are displayed in Table 1. Mean BMI and WC
were significantly higher in men compared with women
(28.5+4.6 kg/m? and 39.8+5.3 inches versus 27.2+6.9
kg/m? and 36.8+6.9 inches, respectively; P<0.0001
for all). Men were younger (49.6+10.6 versus 52.1+9.9
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Table 1. Baseline Characteristics for All Participants and Stratified by Sex

All Participants Men Women
(n=3482; (n=1807; (n=1675;

Characteristics 100.00%) 51.90%) 48.10%) P Value
Age, y 50.79 (10.33) 49.59 (10.60) 52.08 (9.86) <0.0001
BMI, kg/m? 27.85 (5.88) 28.47 (4.61) 2718 (6.94) <0.0001
Waist circumference, inches 38.38 (6.29) 39.82 (5.28) 36.84 (6.89) <0.0001
Hypertension, n (%) 1022 (29.35) 574 (31.77) 448 (26.75) 0.0012
Use of antihypertensive drugs, n (%) 661 (18.98) 352 (19.48) 309 (18.45) 0.4378
Systolic blood pressure, mm Hg 121.98 (17.59) 123.40 (14.65) 120.40 (20.19) <0.0001
Diastolic blood pressure, mm Hg 76.59 (19.72) 78.10 (9.07) 74.96 (26.73) <0.0001
Diabetes mellitus, n (%) 220 (6.32) 129 (7.14) 91 (5.43) 0.0387
Fasting glucose, mmol/L 98.88 (19.95) 101.80 (21.15) 95.71 (18.06) <0.0001
Total cholesterol, mmol/L 196.33 (35.32) 194.80 (34.24) 198.00 (36.40) 0.0090
HDL cholesterol, mmol/L 53.29 (16.57) 45.91 (12.44) 61.26 (16.78) <0.0001
LDL cholesterol, mmol/L 117.94 (31.51) 121.70 (30.34) 114.00 (32.24) <0.0001
Triglycerides, mmol/L 128.04 (90.10) 141.90 (104.90) 113.00 (67.58) <0.0001
Use of lipid-lowering drugs, n (%) 489 (14.04) 311 (17.21) 178 (10.63) <0.0001
Metabolically unhealthy, n (%) 1483 (42.59) 950 (52.57) 533 (31.82) <0.0001
History of CVD, n (%) 112 (3.22) 69 (3.82) 43 (2.57) 0.0365
Current smoking, n (%) 450 (12.92) 243 (13.45) 207 (12.36) 0.3383
No. of drinks per week 511 (7.96) 7.04 (9.69) 3.04 (4.71) <0.0001
Framingham risk score 0.09 (0.10) 0.12 (0.11) 0.06 (0.07) <0.0001
CT measures of fat

VAT, cm?® 1816.30 (1029.71) 2236.70 (1016.70) 1363.80 (833.30) <0.0001

SAT, cm?® 2883.39 (1385.19) 2637.70 (1203.90) 3147 (1513.30) <0.0001

VAT/SAT ratio 0.69 (0.39) 0.91(0.38) 0.44 (0.21) <0.0001

Data are given as mean (SD), unless otherwise indicated. BMI indicates body mass index; CT, computed tomography; CVD, cardiovascular disease; HDL,
high-density lipoprotein; LDL, low-density lipoprotein; SAT, subcutaneous adipose tissue; and VAT, visceral adipose tissue.

years; P<0.001) but had a less favorable cardiometa-
bolic risk profile (P<0.05 for all baseline risk factors),
with the exception of smoking status (P=0.34).

On noncontrast CT, VAT was 1816+1030 mL, SAT
was 2883+1385 mL, and VAT/SAT ratio was 0.69+0.39.
As reported previously," significant differences for
CT-based measures of fat were observed between
men and women. Men had higher amounts of VAT
(2236+1017 versus 1364+833 mL; P<0.001) but lower
amounts of SAT (2638+1204 versus 31471514 mL;
P<0.001) compared with women.

Prevalence of Poor Metabolic Health

A total of 1483 (42.6%) were metabolically unhealthy at
baseline (31.8% women versus 52.6% men; P<0.001).
Figure 1 displays results of the logistic regression
analyses, demonstrating the association of the differ-
ent measures of adiposity with being metabolically un-
healthy. We observed a significant sex interaction for
VAT (P<0.0001) and VAT/SAT ratio (P<0.0001), but not
for BMI, WC, and SAT (P>0.10 for all).

In men, BMI (adjusted OR, 2.89 [95% ClI, 2.47-3.39))
and WC (adjusted OR, 2.83 [95% Cl, 2.41-3.32]) shared
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a similar magnitude of association with poor metabolic
health compared with VAT (adjusted OR, 2.82 [95% Cl,
2.46-38.25]). In women, this magnitude of association
with poor metabolic health was markedly higher for VAT
(adjusted OR, 510 [95% CI, 4.20-6.0]) and VAT/SAT
ratio (adjusted OR, 4.20 [95% ClI, 3.17-5.56]) compared
with anthropometric measures (adjusted OR for BMI,
2.89 [95% Cl, 2.52-3.32]; and adjusted OR for WG, 2.76
[95% ClI, 2.40-3.17]).

We did not detect a significant sex interaction for
the association between BMI (P=0.06) or VAT (P=0.14)
with prevalence of nonalcoholic fatty liver disease.

Development of a Metabolically Unhealthy
Phenotype

Of 1999 individuals who were metabolically healthy at
baseline, 444 (49.32% women) developed a metaboli-
cally unhealthy phenotype during follow-up. BMI, WC,
and all CT measures of fat each was significantly associ-
ated with becoming metabolically unhealthy (Figure 2A).
Similar to the associations with being metabolically un-
healthy at baseline (Figure 1), VAT and VAT/SAT ratio had
a markedly higher strength of association with becoming



Kammerlander et al Sex Differences in VAT-Mediated CVD Risk

A Adj. OR (95% Cl) B
p-value for sex
Men Women interaction Adj. OR (95% ClI)
BMI —- 2.89 (2.47,3.39) 2.89(2.52,3.32) 0.710 VAT
@
we - 2.83(2.41,3.32) 2.76 (2.40, 3.17) 0.903 MEN - 2,82 (2.46, 3.25)
VAT - 2.82(2.46,3.25)  5.10 (4.20, 6.20) <0.001
SAT - 179 (1.57,2.03)  2.11(1.89,2.37) 0.105 S  WOMEN —— 5.10 (4.20, 6.20)
VAT/SAT ratio - 1.59(1.41,1.79)  4.20(3.17,5.56) < 0.001
T T T T T T T T T T
0.5 1 2 4 8 0.5 1 2 4 8
Adj. OR Adj. OR
Figure 1. Sex-specific association of anthropometric and computer tomography-derived measures of obesity with

prevalent metabolic health status.

A, Sex-specific association of body mass index (BMI), waist circumference (WC), and visceral adipose tissue (VAT), subcutaneous
adipose tissue (SAT), and VAT/SAT ratio on computed tomography with prevalence of being metabolically unhealthy. Analyses are
adjusted (Adj.) for age and smoking, and odds ratios (ORs) are given per 1-SD increase of each measure of fat. B, The different
strengths of association for BMI (gray) and VAT (black) with prevalence of being metabolically unhealthy are displayed for men and

women separately.

metabolically unhealthy in women (VAT: adjusted OR,
2.57 [95% ClI, 2.09-3.14]) compared with BMI and WC
(BMI: adjusted OR, 1.67 [95% ClI, 1.45-1.91]). In men,
however, VAT and BMI had a similar strength of associa-
tion with developing a metabolically unhealthy pheno-
type (adjusted OR, 1.73 [95% ClI, 1.46-2.05] and 1.78
[95% Cl, 1.47-2.16), respectively).

Incident Cardiovascular Risk Factors
During clinical follow-up visits between 2005 and 2011,
120 individuals developed new-onset diabetes mel-
litus, 447 developed arterial hypertension, 130 had
new-onset low high-density lipoprotein levels, and 486
developed hypertriglyceridemia.

By logistic regression analyses (Figure 3A), adjusted
for age and smoking, anthropometric and CT-based

measures of body fat were associated with all incident
cardiometabolic risk factors in both men and women.
In men, BMI and WC had similar strengths of asso-
ciations with incident risk factors compared with CT-
based measures, whereas in women, VAT and VAT/
SAT ratio had stronger associations with all incident
cardiometabolic risk factors compared with anthropo-
metric measures (Figure 3B). The same was observed
for fasting glucose levels as metric outcome (Table 2).

Incident Cardiovascular Events

During a mean follow-up of 12.7+2.1 years, a total of
264 global CVD (119 [45.1%] in women), 138 hard CVD
(57 [41.30%)] in women), and 56 cardiovascular deaths
(23 [41.1%)] in women) occurred. A similar trend com-
pared with incident cardiometabolic risk factor can be

A A B
Adj. OR (95% Cl)
-value f .
Men Women P ‘iﬁ:,eac%;ﬁex Adj. OR (95% Cl)
BMI —= 1.78 (1.47,2.16) 1.67 (1.45,1.91) 0.590 BMI VAT
we —a 1.86 (1.49, 2.32) 1.75 (1.50, 2.05) 0.710 Iil MEN — 1.78 (1.47,2.16)  1.73(1.46,2.05)
VAT — 1.73 (1.46,2.05) 2.57 (2.09, 3.14) 0.003
o — 167 (1.45,1.91) 257 (2.09, 3.14)
SAT — 1.68 (1.39,2.03) 1.63 (1.41, 1.88) 0.828 * WOMEN — ( )
VAT/SAT ratio ~ —=— 1.06 (0.90, 1.24) 2.29 (1.66, 3.16) <0.001
T T T T T T T
0.5 1 2 4 1 2 4
Adj. OR Adi. OR

Figure 2. Sex-specific association of anthropometric and computer tomography-derived measures of obesity with
becoming metabolically unhealthy.

A, Sex-specific adjusted odds ratios (Adj. ORs) demonstrating the different strengths of association for body mass index (BMI), waist
circumference (WC), visceral adipose tissue (VAT), and subcutaneous adipose tissue (SAT) with becoming metabolically unhealthy.
B, The different strengths of association for BMI (gray) and VAT (black) with becoming metabolically unhealthy are displayed for men
and women separately.
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A Adj. OR (95% Cl)

P-value for sex
Incident Diabetes Men Women interaction

BMI —.— 2.66 (2.04,3.47) 2.33(1.88, 3.04 0.533

we —. 2.27 (1.71,3.02) 1.95(1.51,2.53 0.439

SAT 1.99 (1.57,2.52) 2.35(1.82, 3.08;

)
)

VAT —e— 2.36(1.84,3.04) 4.51(3.13,6.50) 0.006
) 0.338
)

VAT/SAT 1.23(0.98, 1.55) 1.70 (1.12, 2.56) 0.230

Incident Hypertension

BMI 2.04 (1.67,2.50) 1.74 (1.47, 2.06 0.203

we 1.91(1.55,2.36) 1.73 (1.46, 2.06) 0.454

VAT

SAT

1.41(1.18,1.68) 1.66 (1.43, 1.93]

)
)

1.99 (1.64, 2.40) 2.26 (1.80, 2.84) 0.404
) 0.163
)

VAT/SAT

1.29(1.08, 1.52) 1.60 (1.16, 2.22, 0.241

Incident Low HDL.

BMI 1.52(1.14,2.02) 1.55(1.24, 1.95 0.799

)

we 1.36 (1.09, 1.70) 1.49 (1.20, 1.85) 0.442
VAT 1.51(1.15,1.98) 2.11 (1.58,2.82) 0.048
SAT 1.63 (1.24,2.13) 1.58 (1.26, 1.99) 0.995
VAT/SAT 0.95 (0.70, 1.28) 2.34 (1.44, 3.81) 0.002

Incident Hypertriglyceridemia

BMI 1.47 (1.22,1.77)  1.46 (1.26,1.70 0.925

(
1.38 (1.15, 1.66) 1.57 (1.34, 1.84, 0.324
(

wc
VAT

1.30(1.10, 1.54) 1.41(1.23, 1.62

)
)

—— 1.45(1.23,1.71)  2.08 (1.69, 2.55) 0.007
) 0.469
)

=2
-

SAT | >
| —— 1.19(1.01, 1.41) 2,53 (1.75, 3.66)

VAT/SAT <0.001

S S S S E——
0.5 2 4 8

B
Adj. OR (95% Cl)
MEN BMI VAT
2. 1.84, 3.04;
[ ] Incident Diabetes —-— 266 (2.04,3.47) 2.36(1.84,3.04)
w Incident Hypertension - 2.04 (1.67,2.50) 1.99 (1.64, 2.40)
Incident Low HDL e 1.52 (1.14,2.02) 1.51(1.15,1.98)
Incident Hypertriglyceridemia - 1.47 (1.22,1.77) 1.45(1.23,1.71)
Adij. OR (95% Cl)
WOMEN BMI VAT
° Incident Diabetes e 2.33(1.88,3.04) 4.51(3.13,6.50)
* Incident Hypertension —— 1.74 (1.47,2.06) 2.26 (1.80, 2.84)
Incident Low HDL —— 155 (1.24,1.95) 2.1 (1.58, 2.82)
Incident Hypertriglyceridemia . 1.46 (1.26, 1.70) 2.08 (1.69, 2.55)

Figure 3. Sex-specific association of anthropometric and computer tomography-derived measures of obesity with incident

cardiometabolic risk factors.

A, Sex-specific association of body mass index (BMI), waist circumference (WC), and visceral adipose tissue (VAT), subcutaneous
adipose tissue (SAT), and VAT/SAT ratio on computed tomography with incident cardiometabolic risk factors. Analyses are adjusted
(Adj.) for age and smoking, and odds ratios (ORs) are given per 1-SD increase of each measure of fat. B, The different strengths of
association for BMI (gray) and VAT (black) with incident cardiometabolic risk factors are displayed for men and women separately.

HDL indicates high-density lipoprotein.

observed (Figure S1). Figure 4 illustrates differences of
BMI and VAT and their association with cardiovascular
events for men and women separately. In men, BMI
had a slightly higher or similar magnitude of associa-
tion with cardiovascular events compared with VAT. In
women, however, VAT and VAT/SAT ratio were more
closely related with cardiovascular events compared
with anthropometric measures. Findings were con-
sistent across all 3 cardiovascular end points.

Post hoc power testing revealed a limited power for
BMI for predicting incident CVD in women (24%) but
not for all other sex-specific main analyses (power
>99% for BMI and VAT predicting incident diabetes
mellitus, hypertension, and global CVD).

DISCUSSION

Obesity is a worsening global epidemic that affects
men and women similarly and is associated with mark-
edly elevated CVD risk.>® Anthropometric measures
of obesity, including BMI and WC, although easily
obtainable, inadequately reflect actual body fat tissue
distribution and thus may fail to capture sex-related
differences in obesity-related risk.'%?* In contrast, CT-
based measures of fat, including VAT and SAT, directly
quantify abdominal body fat compartments, such as
VAT and SAT, and thus may represent more accurately
any sex-specific cardiometabolic risk associated with
body fat distribution in men versus women. Our data

Table 2. Association of Different Anthropometric and CT-Based Measures of Fat, per 1-SD Increase, With Fasting Glucose

Standardized 3 (95% CI) per 1-SD Increase
Association With Fasting Glucose Men Women P for Sex Interaction
BMI 6.44 (5.24-7.64) 5.01 (4.34-5.69) 0.042
wWC 5.32 (4.18-6.46) 519 (4.45-5.94) 0.900
VAT 4.24 (315-5.33) 8.36 (7.29-9.44) <0.001
SAT 3.10 (1.96-4.24) 3.91 (3.13-4.68) 0.231
VAT/SAT ratio 1.31 (0.20-2.42) 6.77 (4.98-8.55) <0.001

Data are adjusted for age and smoking. BMI indicates body mass index; CT, computed tomography; SAT, subcutaneous adipose tissue; VAT, visceral

adipose tissue; and WG, waist circumference.
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Figure 4. Sex-specific differences of body mass index and visceral adipose tissue with incident

cardiovascular disease (CVD) events.

The different strengths of association for body mass index (BMI; gray) and visceral adipose tissue (VAT;
black) with incident cardiovascular events are displayed for men and women separately. Adj. HR indicates

adjusted hazard ratio; and CV, cardiovascular.

from 3482 FHS participants undergoing abdominal
CT strongly suggest the existence of significant sex-
related differences in the associations of BMI and WC
versus VAT with poor metabolic health, incident car-
diometabolic risk factors, and incident CVD events. In
men, BMI and WC have similar magnitudes of asso-
ciations with outcomes of interest compared with CT-
based measures of fat. In contrast, in women, VAT and
VAT/SAT ratio have markedly stronger associations
with cardiometabolic and CVD outcomes compared
with BMI and WC.

Anthropometric Measures of Obesity and
Cardiovascular Risk

Despite known sex-related differences in adiposity and
body fat distribution,?®> BMI cutoff values to define an
individual as obese are identical for men and women
in major guidelines.? Although sex-specific thresholds
for WC are established, WC is only recommended as
an “add on” to BMI in patients with high BMI for risk
stratification purposes because the incremental value

J Am Heart Assoc. 2021;10:e019968. DOI: 10.1161/JAHA.120.019968

of WC for predicting cardiometabolic and CVD risk
over BMI is controversial.?®27

There are hints in the literature that using sex-specific
thresholds for anthropometric measures to describe risk
would be more optimal. For example, in an analysis of
the UK biobank, a comparison of the strength of asso-
ciation with myocardial infarction between WC and BMI
showed that a 1-SD increase in WC conferred a greater
excess risk for myocardial infarction in women (adjusted
HR, 1.35 [95% CI, 1.28-1.42] versus 1.22 [95% ClI, 1.17—
1.28]) but not in men (adjusted HR, 1.28 [95% CI, 1.23-
1.33] versus 1.28 [95% Cl, 1.23-1.32)).%% We observed a
similar trend for WC having a stronger association with
all cardiovascular events compared with BMI in women
but not in men. Nevertheless, it remains unclear if and to
what extent BMI and WC account for sex-related differ-
ences in body fat composition, including VAT, a strong
predictor of cardiometabolic and CVD risk.!%"

VAT and SAT

Tomographic techniques are the gold standard for
assessing body fat composition and adipose tissue
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distribution, allowing for accurate quantification of both
VAT and SAT.?° The biological differences between VAT
and SAT are well known, with VAT being a stronger
harbinger of inflammation, and cardiometabolic and
cardiometabolic risk compared with SAT!1830 There
is substantial literature demonstrating strong associa-
tions of both VAT and VAT/SAT ratio with prevalent car-
diometabolic risk factors,'>'*'5 incident cardiometabolic
risk factors,'" and CVD events.'® Moreover, most studies
demonstrate that VAT and VAT/SAT ratio predict cardio-
metabolic risk independent of BM|. 112141518

Interestingly, these studies found significant differ-
ences in body fat distribution between women and
men; women have more SAT but less VAT compared
with men.'

Moreover, in an analysis of the Jackson Heart
Study including 1596 women and 881 men, VAT was
more closely related to prevalent hypertension and
diabetes mellitus in women compared with men (ad-
justed OR, 1.62 [95% CI, 1.4-1.9] and 1.82 [95% ClI,
1.6-2.1] versus 1.55 [95% ClI, 1.3-1.8] and 1.69 [95%
Cl, 1.4-2.0], respectively).3' From the present FHS co-
hort, Britton et al reported that VAT carried a higher
risk for incident CVD in men compared with women
(adjusted HR, 1.66 [95% ClI, 1.16-2.39] versus 1.04
[95% CI, 0.65-1.65] per 1-SD increase; P value for sex
interaction 0.1).'® That study had fewer CVD events (90
versus 264) and a shorter follow-up (5 versus 13 years)
compared with the present analysis, and investigated
VAT-associated CVD risk when adjusted for cardio-
vascular risk factors and BMI. However, the strengths
of associations of VAT, SAT, and VAT/SAT ratio with
prevalent and incident cardiometabolic risk and car-
diovascular events have not been directly compared
with BMI and WC. Hence, it is unclear to what extent
anthropometric measures reflect VAT-associated car-
diometabolic and CVD risk in men versus women. Our
study augments current knowledge by directly com-
paring anthropometric and CT-based measures of fat
in terms of their sex-specific strengths of associations
with prevalent and incident cardiometabolic risk as
well as CVD events. In men, higher WC and BMI had a
similar adverse association with prevalent and incident
cardiometabolic risk factors and cardiovascular events
when compared with VAT. In women, however, VAT
and VAT/SAT ratio were associated with a markedly
greater risk for all outcomes compared with BMI and
WC. Our observations cannot be explained by sex dif-
ferences in the association between BMI and VAT with
presence of nonalcoholic fatty liver disease.

Comparison of Anthropometric Measures
and VAT in Previous Studies

Limited data are available directly comparing VAT with
anthropometric measures in men versus women. In a
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cross-sectional study including postmenopausal South
African women, the discriminatory power of VAT (by
dual-energy x-ray absorptiometry) for detecting meta-
bolic syndrome was compared with anthropometric
measures. In contrast to our study, the investigators re-
ported that dual-energy x-ray absorptiometry—derived
VAT and WC had similar discriminatory ability to detect
metabolic syndrome, which was present in >50% of all
study participants. However, that study is limited by its
sample size (n=204), ORs per 1-SD increase for VAT
and WC were not reported, and longitudinal data were
not evaluated.®? To our knowledge, our study is the first
to compare comprehensively the strengths of associa-
tions with prevalent and incident cardiometabolic risk
and cardiovascular events for CT-derived measures
of fat and anthropometric measures in men versus
women.

Future Perspectives

A major limitation in the clinical integration of cross-
sectional abdominal obesity and fat distribution
parameters, however, is a lack of standardization.
For example, in the FHS, a stack of 25 continuous
5-mm-thick slices covering 125 mm above the verte-
bral level of S1 was used for VAT and SAT quantifica-
tion.?! Others (eg, in the Jackson Heart Study) used
24 continuous 2.5-mme-thick slices covering 60 mm
above the level of S1.23 This multislice volumetric ap-
proach is not only time-consuming, but the lack of
standardization hampers the comparison of results
between studies.

In a limited sample size (n=100), we previously
demonstrated that VAT and SAT area on a single-slice
approach at the vertebral level L3/L4 or L4/L5 showed
excellent correlation with a multiple-stack volumetric
assessment in the FHS.®* This promising approach,
which would increase both standardization and fea-
sibility, however, needs confirmation in larger cohorts
and requires external validation. Given that =30 mil-
lion abdominal CT scans are performed in the United
States annually,®%38 identifying individuals in whom CT-
based measures of fat might improve risk prediction is
warranted.

Limitations

Several limitations of our study merit comment. As
with any analyses from the FHS, we were not able
to assess ethnic/race-related differences because of
our predominant White study sample. Other studies,
however, indicate that VAT differs across different
race/ethnic groups.®” In addition, CT scans were per-
formed between 2002 and 2005, when obesity rates
were lower compared with the present.! Other an-
thropometric measures, including waist/hip ratio and
waist/height ratio, were not studied in our analysis as
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they are not used in clinical practice or endorsed by
current guideline recommendations, although some
studies have reported that the waist/height ratio was
superior in detecting cardiometabolic risk factors in
both men and women, and hence may be a more
accurate marker for central adiposity.38 Hemoglobin
Alc levels were not available in our cohort. Of note,
alternative imaging techniques, such as ultrasound,
have also been proposed to quantify VAT, which, as
opposed to CT, are free of radiation.®® However, ul-
trasound is more operator dependent compared with
CT, and limited data for ultrasound-based VAT are
available. Also, we covered 125 mm above the level
of S1, which may not reflect body fat distribution and
the full spectrum of obesity-associated risk. Finally,
a limited amount of cardiovascular events may limit
generalizability of our findings.

CONCLUSIONS

In our community-based analysis, anthropometric
measures of obesity, including WC and BMI, demon-
strate a similarly strong association with cardiometabolic
and CVD risk in men compared with VAT on abdominal
CT. In women, however, VAT may permit more precise
assessment of adiposity-associated risks when com-
pared with BMI or WC. Sex-specific approaches for car-
diometabolic risk assessment, including standardization
of CT-based measures of fat, are warranted.
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SUPPLEMENTAL MATERIAL



Figure S1. Sex-specific differences of anthropometric and computer tomography derived measures
of obesity with incident cardiovascular disease events.

Adj. HR (95% CI)

p-value for
. Men Women sex-interaction
Incident global CVD
BMI 1.56 (1.29,1.88) 1.13(1.03, 1.23) 0.002
WC 1.26 (1.11,1.43) 1.20 (1.06, 1.37) 0.669
VAT 1.46 (1.25,1.70) 1.46 (1.12, 1.75) 0.790
SAT 1.31(1.09, 1.57) 1.25(1.05, 1.48) 0.701
VAT/SAT ratio 1.23(1.07,1.42) 1.43(1.06, 1.92) 0.225
Incident Hard CVD
BMI 1.41(1.09, 1.83) 1.09 (0.91, 1.30) 0.094
WC 1.23(1.02,1.48) 1.12(0.90, 1.41) 0.689
VAT 1.46 (1.19,1.81) 1.35(1.03, 1.77) 0.935
SAT 1.29 (1.01,1.64) 1.11(0.86, 1.43) 0.378
VAT/SAT ratio 1.23(1.02, 1.48) 1.58 (1.06, 2.35) 0.083
Incident CV death
BMI — 1.74 (1.14,2.65) 1.19 (1.01, 1.40) 0.101
wWC 1.30 (0.97,1.73) 1.46(1.12,1.91) 0.512
VAT 1.32(0.97,1.80) 1.85(1.26, 2.71) 0.180
SAT —F— 1.43(0.92,2.23) 1.56 (1.05, 2.32) 0.695
VAT/SAT ratio 1.11 (0.83, 1.49) 1.27 (0.78, 2.06) 0.721
T
0.5
Adj. HR

The different strengths of association for anthropometric and computed tomography based measures

of obesity with incident cardiovascular events is displayed for men and women separately.



