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Abstract
Background—Coronary artery calcium (CAC), carotid intima-media thickness, and left
ventricular (LV) mass and geometry offer the potential to characterize incident cardiovascular
disease (CVD) risk in clinically asymptomatic individuals. The objective of the study was to
compare these cardiovascular imaging measures for their overall and sex-specific ability to predict
CVD.

Methods and Results—The study sample consisted of 4965 Multi-Ethnic Study of
Atherosclerosis participants (48% men; mean age, 62±10 years). They were free of CVD at
baseline and were followed for a median of 5.8 years. There were 297 CVD events, including 187
coronary heart disease (CHD) events, 65 strokes, and 91 heart failure (HF) events. CAC was most
strongly associated with CHD (hazard ratio [HR], 2.3 per 1 SD; 95% CI, 1.9 to 2.8) and all CVD
events (HR, 1.7; 95% CI, 1.5 to 1.9). Most strongly associated with stroke were LV mass (HR,
1.3; 95% CI, 1.1 to 1.7) and LV mass/volume ratio (HR, 1.3; 95% CI, 1.1 to 1.6). LV mass
showed the strongest association with HF (HR, 1.8; 95% CI, 1.6 to 2.1). There were no significant
interactions for imaging measures with sex and ethnicity for any CVD outcome. Compared with
traditional risk factors alone, overall risk prediction (C statistic) for future CHD, HF, and all CVD
was significantly improved by adding CAC, LV mass, and CAC, respectively (all P<0.05).
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Conclusions—There was no evidence that imaging measures differed in association with
incident CVD by sex. CAC was most strongly associated with CHD and CVD; LV mass and LV
concentric remodeling best predicted stroke; and LV mass best predicted HF.
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Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in both men
and women. Sex differences in the prevalence, presentation, and prognosis of CVD as well
as in the role of traditional risk factors in determining CVD risk have been increasingly
recognized, which necessitates accrual of sex-specific information for the optimal
prevention and management of CVD.1,2

Cardiovascular imaging is a well-validated form of noninvasive diagnostic and prognostic
testing, and coronary artery calcium (CAC),3 carotid intima-media thickness (IMT),4 and
left ventricular (LV) mass5 and geometry6 offer the potential to characterize increased
subsequent CVD risk in clinically asymptomatic individuals. However, there is limited
population-based evidence specific to women on the independent and incremental utility of
these imaging tests in CVD risk assessment.7

Previous studies have evaluated CAC and carotid IMT for their relative performance in
predicting incident CVD,8,9 but CAC, carotid IMT, and LV mass and geometry together
have not been assessed in relation to one another with respect to CVD risk estimation. The
purpose of this study was to compare these noninvasive imaging tests for their overall and
sex-specific predictive value of incident CVD in the Multi-Ethnic Study of Atherosclerosis
(MESA).

Methods
Study Sample

The MESA is a prospective longitudinal study initiated in July 2000 in a population-based
multiethnic cohort of 6814 men and women (age 45 to 84 years, 3601 women) free of
clinically recognized CVD at enrollment. The study objectives and design have been
previously reported.10 The study was approved by the institutional review boards of each of
the 6 participating US field sites, and all participants gave written informed consent.

Traditional Risk Factor Measurements
Standardized baseline questionnaires were used to obtain information about age, sex, race/
ethnicity, cigarette smoking, and medication use for high blood pressure or high cholesterol.
Race and ethnicity were characterized on the basis of participants' responses to questions
modeled on the year 2000 US census. Cigarette smoking was defined as current, former, or
never. Weight was measured with a balance scale to the nearest pound and height to the
nearest 0.1 cm with the participants in light clothing and stockings. Body mass index (BMI)
was calculated as weight divided by height squared (kg/m2). Resting blood pressure was
measured 3 times in the seated position with a Dinamap model Pro 100 automated
oscillometric sphygmomanometer (Critikon; Tampa, FL). The average of the last 2
measurements was used in the analysis. Total and high-density lipoprotein (HDL)
cholesterol and glucose levels were measured from blood samples obtained after a 12-hour
fast. Fasting glucose was obtained by a thin-film adaptation of the glucose oxidase method
(Johnson & Johnson Clinical Diagnostics, Inc; Rochester, NY). Diabetes was defined as a
fasting glucose of ≥126 mg/dL or use of hypoglycemic medication.
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CAC Measurement
CAC was measured by chest CT imaging with either a cardiac-gated electron-beam CT
scanner at 3 sites or a multidetector CT system at the other 3 sites. A radiologist or
cardiologist read all CT scans at a central reading center (Los Angeles Biomedical Research
Institute at Harbor-UCLA; Torrance, CA) using an interactive scoring system that has been
documented previously.11 The amount of calcium was quantified by using the Agatston
scoring method.12 Details of CT scanning and interpretation methods in MESA have been
reported before.13

Carotid IMT Measurement
The carotid arteries were evaluated with high-resolution B-mode ultrasonography. Readings
were performed centrally at the Department of Radiology, New England Medical Center
(Boston, MA). Internal carotid IMT was measured at the level of the carotid bifurcation
(common carotid artery bulb and proximal internal carotid artery), and common carotid IMT
was measured over a distance of 10 mm proximal to the common carotid bulb. IMT
measurement included plaque thickness. Maximal IMT of the internal and common carotid
sites was measured as the mean of the maximum IMT of the near and far walls of the right
and left sides. A composite z score for overall maximal IMT was created by summing the 2
carotid IMT sites (if both were measured) after standardization (subtraction of the mean and
division by the SD of each measure) and then dividing by the SD of the sum. If only 1 of the
2 measures was available, it was used. The z score maximum IMT has a mean of 0 and an
SD of 1.8

LV Mass and Volume Measurement
LV mass and volume determination was performed by cardiac MRI using 1.5-T magnets.
The endocardial and epicardial myocardial borders were contoured using a semiautomated
method (MASS 4.2; Medis; Leiden, The Netherlands). The difference between the
epicardial and endocardial areas for all slices was multiplied by the slice thickness and
section gap and then multiplied by the specific gravity of myocardium (1.04 g/mL) to
determine the ventricular mass. Papillary muscle mass was included in the LV cavity and
excluded from the LV mass. The cardiac MRI protocol, image analysis, and inter- and
intrareader reproducibility in MESA have been described previously.14,15

LV Mass Indexation
Preliminary evaluation in MESA showed that commonly used LV mass indices such as body
surface area, height2.7, or height1.9 do not fully remove the correlation of LV mass with
weight, height, or both. We adjusted LV mass for body size by dividing 100×LV mass by
predicted LV mass. LV mass was predicted using the following allometric height-, weight-,
and sex-adjusted equations previously derived from a separate reference MESA
subpopulation of 822 men and women without traditional cardiovascular risk factors, using a
multiplicative model estimated by regressing log (LV mass) on log (height), log (weight),
and sex: predicted LV mass=a×height0.561×weight0.608, where a=6.82 for women and 8.17
for men with LV mass in grams, height in meters, and weight in kilograms.14

CVD Events
MESA criteria for events were adapted from the Atherosclerosis Risk in Communities
Study, the Cardiovascular Health Study, and the Women's Health Initiative. A detailed
description has been published on adjudication of events as well as follow-up procedures in
MESA.14 The following symptomatic CVD events were considered separately: (1) all
coronary heart disease (CHD) (myocardial infarction [definite/probable], resuscitated
cardiac arrest, definite angina, probable angina [if followed by revascularization], and CHD
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death [definite/probable]), (2) stroke (fatal or nonfatal, excluding transient ischemic attacks),
(3) heart failure (HF) (definite/probable), and (4) all CVD (CHD, stroke, stroke death, HF,
other atherosclerotic death, and other CVD death).

Statistical Methods—All analyses were performed using STATA version 9.0 (StataCorp;
College Station, TX) statistical software. A 2-sided P value of <0.05 was considered
statistically significant, unless specified otherwise.

Univariate summary statistics were used to calculate baseline demographic characteristics of
the study population by sex. All continuous characteristics are reported as mean±SD and
compared using Student unpaired t test. Categorical characteristics are reported as frequency
(%) and compared using Pearson x2 test. We used either (1) continuous values of CAC
score, carotid IMT, LV mass, and LV mass/volume ratio (CAC values were natural log-
transformed after adding 1 before transformation to accommodate zeroes and very small
values) or (2) categorical values of imaging measures after dividing them into 3 groups
based on quartiles. We combined the first 2 quartiles of each imaging measure in
anticipation that first and second quartiles of CAC score would be mostly 0 as based on
previous report.16

We used multivariate Cox proportional hazards models to calculate overall and sex-specific
hazard ratios (HRs) for different incident CVD events in relation to imaging measures of
subclinical disease. Sex-specific estimates, wherever necessary, were derived using
subgroup analysis. Two different models were used: Model 1 was adjusted for traditional
cardiovascular risk factors (age, sex, BMI, ethnicity, cigarette smoking, systolic blood
pressure, diabetes, total and HDL cholesterol levels, and hypertension or lipid-lowering
medication use), and model 2 was adjusted for traditional cardiovascular risk factors and all
4 imaging measures of subclinical disease (CAC, carotid IMT, LV mass, and LV mass/
volume ratio) together. HRs were expressed per 1-SD increment in continuous measures or
in relation to the first 2 quartiles as the reference for categorical measures. We tested for 2-
way interactions of imaging measures with sex and with ethnicity to assess whether the
association of imaging with CVD risk varied with sex and ethnicity; for this, significance
was declared at P<0.006 after Bonferroni correction due to a total of 8 interaction tests (both
sex and ethnicity interactions for each of the 4 imaging measures) per CVD outcome.

Receiver operating characteristic areas under the curve (AUCs) also were used for an overall
and sex-specific evaluation and comparison of the imaging measures for their incremental
risk predictive ability for each CVD outcome type beyond traditional risk factors. AUCs
were computed based on the 5-year predicted risk from the Cox hazards modeling and
compared using a parametric method. The 5-year follow-up is almost complete for the study
population. In addition to the AUC analysis, we assessed imaging measures for net
reclassification improvement (NRI) in CHD risk prediction.17

Results
Participant Characteristics

Table 1 shows the characteristics of the study sample, which consisted of 4965 participants
(2365 [48%] men; mean age, 62±10 years; race/ethnicity, 39% white, 13% Chinese, 26%
black, 22% Hispanic) who had available measures of CAC, carotid IMT, and LV mass and
volume. Men had a significantly higher burden of subclinical disease at baseline than
women based on imaging measures (all P<0.001). Over a median follow-up of 5.8 years,
there were 297 incident CVD events (187 CHD, 65 stroke, and 91 HF) observed. Men
experienced a significantly higher incidence of CHD, HF, and CVD than women (all
P<0.05).
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Association of Imaging Measures With Incident CVD
Table 2 summarizes HRs (95% CIs) associated with imaging measures treated as continuous
variables. In model 2 (traditional risk factors and all imaging measures together), log CAC
score showed the highest HR for incident CHD (2.3; 1.9 to 2.8) and CVD (1.7; 1.5 to 1.9) in
the overall study population as well as in men (CHD, 2.4; 1.9 to 2.9; CVD, 1.9; 1.6 to 2.3)
and women (CHD, 2.2; 1.5 to 3.1; CVD, 1.5; 1.2 to 1.8) separately. Although both LV mass
and LV mass/volume ratio were associated with the highest hazard for incident stroke in the
overall study cohort (1.3 [1.1 to 1.7] and 1.3 [1.1 to 1.6], respectively), LV mass/volume
ratio showed the highest HR among men (1.4; 1.0 to 1.9), and LV mass showed the highest
HR among women (1.5; 1.1 to 1.9). LV mass was associated with the highest HR for HF
(1.8; 1.6 to 2.1) overall as well as in men (1.9; 1.6 to 2.2) and in women (1.7; 1.3 to 2.2). In
models using imaging measures as continuous variables, none of the imaging measures
showed a significant 2-way interaction with sex or ethnicity for any of the CVD outcomes
(Table 3).

Imaging measures treated as categorical variables (Table 4) revealed similar relationships
with CVD events as the continuous analysis. The HRs generally increased with increasing
quartiles of the imaging measures in both men and women. The first and second quartiles of
LV mass were not associated with incident HF in either sex.

Table 5 shows the AUC statistics for incident CVD prediction. Compared with traditional
risk factors alone, AUC values for future CHD, HF, and CVD showed the highest
improvement after adding CAC, LV mass, and CAC, respectively, in the overall cohort
(0.766 versus 0.815 [P<0.0001]; 0.818 versus 0.853 [P=0.02]; 0.773 versus 0.797
[P<0.001], respectively) and in men (0.714 versus 0.785 [P<0.0001]; 0.790 versus 0.845
[P<0.01]; 0.738 versus 0.777 [P<0.01], respectively). For women, CAC added most to AUC
for CHD prediction (0.805 versus 0.835; P=0.04).

With regard to the supplemental NRI analysis, addition of CAC to traditional risk factors
resulted in the highest improvement in CHD prediction among all imaging measures (NRI
for CAC, 0.24; P<0.001; carotid IMT, 0.04; P=0.27; LV mass, 0.02; P=0.58; LV mass/
volume, 0.06; P=0.06) (results not shown in tables).

Discussion
The present study did not find significant sex differences in the ability of a range of imaging
measures to predict CVD overall and CHD, stroke, and HF separately despite the clinically
relevant differences between men and women with respect to CVD. In addition, CAC was
most strongly associated with CHD and CVD; LV mass and LV concentric remodeling were
most strongly associated with stroke; and LV mass showed the strongest association with
HF after adjustment for traditional risk factors in the overall MESA sample and in men and
women separately. Imaging measures showed these associations with incident CVD
independently of one another. According to the AUC analysis, CAC provided the highest
incremental CHD prediction in both men and women, and LV mass added the most to HF
prediction beyond traditional risk factors in men compared with the other imaging measures.

A number of prior studies have reported a strong positive association between CAC score
and incident CHD after inclusion of conventional coronary risk factors.3 A prospective
analysis in MESA has addressed the potential utility of CAC versus IMT for CVD risk
prediction and found that CAC better predicted CHD and total CVD than did IMT.8
Similarly, CAC has been shown in detail to significantly improve CHD risk classification in
MESA using the NRI statistic.18 Previous ECG- and echocardiography-based studies have
demonstrated LV hypertrophy and abnormal LV geometry to confer an independent,
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increased risk of stroke.19,20 Although the highest quartile of IMT was linked to an
increased risk of CHD independent of traditional risk factors as well as of other imaging
tests, IMT did not show an independent association with stroke, in contrast to prior reports.
4,8 This finding could be variously attributable to methodological differences among these
studies with respect to population demographics, carotid segment definition, ultrasound
protocols, adjustment for confounding covariates, and definition and number of clinical end
points.

Sex and Ethnic Considerations
Imaging measures of subclinical CVD are associated similarly with incident CVD in men
and women as indicated by the lack of any effect modification by sex. This finding is despite
the multifactorial influence of female reproductive hormones on the cardiovascular system
and lower sensitivity and specificity of imaging modalities for disease detection in women
due to smaller vessels and heart size,15,21 and the resulting potential for larger errors in
measurements. Our study offered an important advantage over previous studies by
calculating and comparing hazards in relation to standardized increments in CAC score used
as a continuous measurement, ensuring a greater degree of comparability between the 2
sexes. Furthermore, other studies were based on specialized study samples consisting of
largely white patients selected by primary care physicians for screening, thereby limiting the
applicability of their findings to population-based settings.

Past studies have demonstrated racial differences in the prevalence and severity of many of
these imaging risk measures, favoring the due consideration of ethnicity in any cardiac risk
prediction tool. Whites have been reported to have a higher prevalence and extent of CAC
than blacks and other racial/ethnic groups22 but lower LV mass and lower prevalence of
concentric LV hypertrophy than blacks.23 In our multiethnic cohort, absence of ethnicity
interactions in the prognostic value of imaging measures implies that imaging tests may
have a similar ability of risk stratification across different ethnicities to sex. Further research
is needed to determine whether the same levels of these imaging measures (eg, CAC)
translate to differences in prognosis depending on race/ethnicity, which may result in
improved characterization of CVD risk across different ethnic groups.

Strengths and Limitations
Strengths of this study include its large, ethnically diverse cohort free of symptomatic CVD
at baseline, standardized imaging protocols and risk factor assessments, and reliance on
systematically defined symptomatic end points. We assessed imaging measures as both
continuous and categorical variables, which enabled more complete assessment of their
relationship to CVD outcomes.

Several limitations exist. First, our study had limited power to detect stroke and HF
associations, particularly incremental risk prediction, and to assess sex and ethnicity
interactions. Women showed relatively fewer cardiovascular events. Coronary artery disease
is known to lag by approximately a decade in women compared to men, with an observed
increase in coronary calcification in women after the sixth decade.3 The cardiovascular risk
and event rates should predictably increase in women with the aging of this population on
longer-term follow-up. For the same reason, the relationship between imaging measures and
cardiovascular risk could not be evaluated by specific sex and ethnic subgroups. Second,
carotid plaque area (CPA) is known to be an independent predictor of coronary artery
disease and future cardiovascular risk and is believed to be a more direct measure of the
global atherosclerotic process and stronger predictor of cardiovascular risk than carotid
IMT.24–26 CPA >0 emerged to be moderately more sensitive in detecting underlying
coronary artery plaque stenosis than CAC >0. This finding is potentially attributable to the
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reliance of CAC testing on the presence of calcium in the plaque, which may not
characterize early lesions because of the correlation of calcification with disease evolution
over time.25 Although this prior evidence could underlie the scope of a direct comparative
assessment of CAC and CPA for their predictive ability of CHD and CVD, it could not be
accomplished in the present study because of the nonavailability of measures of plaque area.
Third, we could not compare imaging measures for their NRI for prediction of events other
than CHD. Reclassification measures depend on particular risk categories used. However,
unlike CHD, there are no clearly defined clinical risk categories for stroke, HF, and all
CVD, rendering any choice of categorization as arbitrary and movement among categories
not clearly meaningful. This issue was compounded by the limited number of strokes and
HF events in MESA. Finally, the cardiovascular events considered were an admixture of
both hard (myocardial infarction, resuscitated cardiac arrest, stroke, CHD death, stroke
death) and soft end points (angina, HF, other atherosclerotic death, other CVD death) to
maximize statistical power.

Conclusion
Bioimaging tests differ in their association with incident CVD. Their ability to predict
cardiovascular events does not seem to differ by sex and ethnicity.

CLINICAL PERSPECTIVE

Cardiovascular disease (CVD) is the leading cause of morbidity and mortality in both
men and women. We found that (1) coronary artery calcium (CAC) was most strongly
associated with coronary heart disease and total CVD, (2) left ventricular (LV) mass and
concentric remodeling best predicted stroke, and (3) LV mass best predicted heart failure.
Refining the role of potentially competing bioimaging tests in CVD risk assessment can
guide the selection of the optimal screening test for a given population. Although CAC
best predicted overall incident CVD events, it may be more relevant in populations where
coronary heart disease is common, and LV mass and concentric remodeling may be more
suitable if demographics and risk factor profile favor an increased likelihood of
subsequent heart failure or stroke. Practical considerations such as cost, availability,
patient preference, local expertise, and technological limitations are important factors that
also may dictate the potential choice among these imaging measures. Although the
number of events in women was limited, our results provide population-based evidence
that the independent prognostic utility of CAC, LV mass, and LV concentric remodeling
in women is similar to men and suggest that CAC offers incremental risk prediction
beyond traditional risk factors in women as in men. Like sex, imaging tests also may
have a similar ability of risk stratification across different ethnicities.
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Table 1
Demographics of the Study Population by Sex

Characteristic
Overall

(n=4965)
Men

(n=2365)
Women

(n=2600) P*

Traditional risk factors

 Age, y 61.5±10.1 61.6±10.1 61.5±10.1 0.68

 Ethnicity 0.11

   White 1944 (39.2) 919 (38.9) 1025 (39.4)

   Chinese 652 (13.1) 318 (13.4) 334 (12.8)

   Black 1272 (25.6) 577 (24.4) 695 (26.7)

   Hispanic 1097 (22.1) 551 (23.3) 546 (21.0)

 BMI, kg/m2 27.7±4.9 27.4±4.1 28±5.6 <0.001

 Systolic blood pressure, mm Hg 125.4±21.3 125±19.3 126±22.9 0.49

 Total cholesterol, mg/dL 194.2±35.4 188±34.1 200±35.7 <0.001

 HDL cholesterol, mg/dL 51.2±14.9 45.1±11.6 56.8±15.5 <0.001

 Diabetes 578 (11.6) 271 (10.4) 307 (13.0) <0.01

 Cigarette smoking <0.001

   Never 2552 (51.6) 993 (42.1) 1559 (60.2)

   Former 1773 (35.8) 1028 (43.6) 745 (28.7)

   Current 626 (12.6) 338 (14.3) 288 (11.1)

 Hypertension medication 1748 (35.2) 798 (33.7) 950 (36.6) <0.05

 Lipid-lowering medication 790 (15.9) 365 (15.4) 425 (16.4) 0.37

Imaging-derived subclinical risk measures

 CAC score, median (IQR) 0 (0, 75) 13.6 (0, 154.9) 0 (0, 26.6) <0.001

 Maximal common carotid IMT, mm 0.9±0.2 1.1±0.6 0.9±0.6 <0.001

 Maximal internal carotid IMT, mm 1.1±0.6 0.9±0.2 0.8±0.2 <0.001

 LV mass, g 145.3±39.6 169±37.3 124±27.4 <0.001

 LV mass/volume, g/mL 1.2±0.2 1.2±0.3 1.1±0.2 <0.001

Incident CVD events

 CHD 187 (3.8) 134 (5.7) 53 (2.0) <0.001

 Stroke 65 (1.3) 27 (1.1) 38 (1.5) 0.32

 HF 91 (1.8) 58 (2.5) 33 (1.3) <0.01

 All CVD 297 (5.9) 190 (8.0) 107 (4.1) <0.001

Data are presented as no. (%) or mean±SD, unless otherwise indicated. IQR indicates interquartile range.

*
The P value is for difference between men and women.
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Table 5
AUC for Incident CVD by Imaging Measures of Subclinical Disease

Measure
Overall
(n=4965)

Men
(n=2365)

Women
(n=2600)

CHD (n=187)

 Base model* 0.766 0.714 0.805

 Base model+CAC 0.815† 0.785† 0.835‡

 Base model+carotid IMT 0.777‡ 0.720 0.820

 Base model+LV mass 0.768 0.722 0.805

 Base model+LV mass/volume 0.772‡ 0.725 0.809

 Base model+CAC+IMT+LV mass 0.817† 0.787† 0.837

Stroke (n=65)

 Base model 0.835 0.834 0.858

 Base model+CAC 0.836 0.838 0.857

 Base model+carotid IMT 0.835 0.833 0.856

 Base model+LV mass 0.843 0.839 0.869

 Base model+LV mass/volume 0.843 0.841 0.864

 Base model+CAC+IMT+LV mass 0.844 0.840 0.867

Heart failure (n=91)

 Base model 0.818 0.790 0.851

 Base model+CAC 0.826 0.794 0.862

 Base model+carotid IMT 0.818 0.791 0.851

 Base model+LV mass 0.853‡ 0.845§ 0.868

 Base model+LV mass/volume 0.818 0.790 0.858

 Base model+CAC+IMT+LV mass 0.856‡ 0.849§ 0.881

All CVD (n=297)

 Base model 0.773 0.738 0.806

 Base model+CAC 0.797‖ 0.777§ 0.819

 Base model+carotid IMT 0.775 0.739 0.810

 Base model+LV mass 0.785‡ 0.757‡ 0.811

 Base model+LV mass/volume 0.777 0.745 0.806

 Base model+CAC+IMT+LV mass 0.806† 0.790† 0.824‡

P values stand for comparison with the respective base model. CAC score refers to the natural logarithm of (CAC+1) values. Carotid IMT refers to
a composite z score for overall maximal IMT. LV mass was adjusted for body size when implied as a separate imaging measure but not in LV
mass/volume ratio. Boldface indicates to imaging measures leading to the highest increment in AUC when added to the base model.

*
Consists of traditional risk factors only.

†
P≤0.0001.

‡
P<0.05.

§
P<0.01.

‖
P<0.001.
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