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a b s t r a c t

Background and aims: It is not known if ultrasound carotid plaque features are associated with cardio-
vascular disease (CVD) risk factors or if they predict future CVD events.
Methods: We measured total carotid plaque area (TPA) and grayscale plaque features (grayscale median,
black areas, and discrete white areas) by B-mode carotid ultrasound among 2205 participants who
participated in the first (baseline) visit of the Multi-Ethnic Study of Atherosclerosis. Multivariable linear
regression was used to examine relationships between ultrasound plaque features and CVD risk factors at
baseline. Cox proportional hazards models were used to assess if TPA, grayscale features, and carotid
plaque score (number of arterial segments with a plaque) could predict incident coronary heart disease
and cerebrovascular disease events over a mean follow-up of 13.3 years.
Results: Participants were mean (standard deviation [SD]) 65.4 (9.6) years, 49% male, 39% White, 11%
Chinese, 28% Black, and 22% Hispanic. Mean TPA 27.7 (24.7) mm2, but no grayscale plaque features, was
associated with CVD risk factors. In fully adjusted models, TPA but no grayscale features predicted
incident coronary heart disease (CHD) events (HR 1.23; 95%CI 1.11e1.36; p<0.001), however, C-statistics
for CHD were similar to carotid plaque score but less than for coronary artery calcium (CAC) scoring.
Neither TPA nor grayscale features independently predicted cerebrovascular events.
Conclusions: In middle-aged adults free of known cardiovascular disease, TPA but not grayscale plaque
features was associated with CVD risk factors and predicted incident CHD events. For CHD, prediction
indices for TPA were similar to carotid plaque score but less than for CAC.

© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

Coronary heart disease (CHD) and stroke are the leading causes
of death and disability associatedwith cardiovascular disease (CVD)
[1]. Novel imaging biomarkers that improve CHD and stroke risk
prediction and that better characterize atherosclerotic plaque
pathophysiology could be useful clinical and research tools [2e6].
Currently, coronary artery calcium scoring (CAC), carotid intima-
media thickness, carotid plaque presence, carotid plaque score,
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and total plaque area (TPA) are used to assess risk for CVD and CVD
events [2,3,7,8]. CAC presence, higher CAC scores, carotid plaque
presence, higher carotid plaque scores, and higher TPA have been
associated with increased risk of future CHD and stroke events
[2,7,9e11].

CAC presence and score appear to be better predictors of CHD
events than carotid measures, though they appear to be similar for
predicting incident strokes [2,3,8]. Describing carotid plaque
presence or score are semi-quantitative measures of carotid
atherosclerosis that do not consider ultrastructural plaque features
that might affect rupture or progression to future events such as
size, ulceration, and composition [12]. For example, an individual
with several small plaques that are ulcerated and lipid-rich may be
at higher risk than a person with a single large plaque that has a
smooth surface and is fibrotic [12]. To address some of these issues,
many studies have quantified carotid plaque severity using carotid
plaque score, TPA, and grayscale B-mode features [2,3,9,12,13].

Grayscale B-mode ultrasound can characterize carotid plaque
composition based on phenotypic features associated with plaque
instability and risk of future CHD and stroke events [11,13,14], since
carotid and coronary artery plaques share some similar histological
features [11,15]. Plaque features previously associated with insta-
bility include size, presence of a thin fibrous cap, large lipid core,
certain inflammatory cells, and intra-plaque hemorrhage [14,16].
Ultrasound grayscale features, such as measures of overall echo-
genicity (grayscale median [GSM]), focal areas in a plaque that
appear white on an ultrasound image but that do not shadow and
therefore are not due to calcifications (discrete white areas
[DWAs]), juxtaluminal black areas, black areas near the lumen
surface with a border (BAB) and plaque size, describe plaque phe-
notypes at risk for rupture and adverse cerebrovascular events
[13,14,17e20]. We, and others, have demonstrated previously that
on histological examination, plaques with lower GSM values have
greater lipid content and/or intra-plaque hemorrhage; those with
black areas close to the lumen surface have more ulceration, and
those with DWAs are associated with hemosiderin and inflamma-
tory cell infiltration [14,17,20].

Most studies that examined ultrasound carotid plaque features
were performed in cohorts with advanced or symptomatic carotid
atherosclerosis [13,17e21], or in cohorts enriched in CVD risk fac-
tors such as dyslipidemia [22], diabetes mellitus [23], and/or older
age [24]. However, the associations of these plaque features with
CVD risk factors, incident events, and established markers of risk
have not been described in a multi-ethnic cohort initially free of
known CVD, nor has the predictive ability of TPA been compared to
existing carotid and coronary arterymeasures of subclinical arterial
injury. Identifying carotid plaque features associated with CVD risk
factors and future events in a disease-free, well-characterized,
longitudinal cohort may provide important information about the
subclinical phase of atherosclerosis. The aims of this study were to
determine if carotid plaque ultrasound features including TPA are
associated with cardiovascular risk factors and if these plaque
features can predict future CHD and stroke/transient ischemic
attack (TIA) events in a multi-ethnic cohort free of known CVD.

2. Materials and methods

2.1. Participants

Participants were from the Multi-Ethnic Study of Atheroscle-
rosis (MESA); details regarding this cohort have been published
previously [25]. Briefly, the MESA examines the prevalence, CVD
risk factor associations, and progression of subclinical CVD in a
multi-ethnic population [25]. Participants were recruited from six
communities in the United States (Baltimore County and Baltimore
City, Maryland; Chicago, Illinois; Forsyth County, North Carolina;
Los Angeles County, California; New York, New York; and St. Paul,
Minnesota) [25]. These communities were selected to recruit an
equal number of women and men and to recruit participants with
age and race/ethnicity specifications [25]. At the time of recruit-
ment, participants were between the ages of 45e84 years and were
free of known CVD [25]. This study was approved by each field
center's institutional review board, the Institutional Review Boards
for the University of Wisconsin-Madison Health Sciences and the
University of Washington. All participants provided voluntary
informed consent prior to participation. For this study, carotid ul-
trasound images from exam 1 (obtained 2000e2002) were used to
measure TPA and to examine grayscale features. Images were ac-
quired using the same ultrasound machine manufacturer, model,
and transducer [26], as described below.

All participants with one or more carotid plaques identified on
ultrasound images read at the University of Wisconsin MESA Ca-
rotid Ultrasound Reading Center (n¼ 2706) were included in this
study. Carotid plaque presencewas defined as a focal wall thickness
greater than 1.5mm or a focal thickening greater than 50% of the
adjacent wall segments [2,26]. Of these studies, 264 could not be
analyzed due to poor image quality and an additional 739 partici-
pants had ultrasound images acquired with a different grayscale
map that permitted TPA measurement but not assessment of
grayscale features. Of the remaining participants, 47 had poor
quality images for this study's plaque assessments and 190 par-
ticipants were missing images from one carotid artery, so they
could be used for grayscale analysis but not for measurement of
TPA. Thus, 2205 participants had images that could be used for TPA
measurement and 1703 participants had images that could be used
for grayscale analysis (Fig. 1).

2.2. Assessment of CVD risk factors

Assessment of CVD risk factors are described in prior publica-
tions [25]. Briefly, participants completed questionnaires to obtain
information about demographics, smoking history, alcohol con-
sumption, family history of CVD, medical conditions, use of pre-
scription and non-prescription medications, physical activity,
dietary intake and other psychosocial parameters [25]. Waist and
hip circumference, weight and height measurements were
measured. Resting blood pressures were obtained three times in
the seated position and the last two values were averaged and
recorded for use in this analysis [25,27]. Blood pressures were
measured with a Dinamap model Pro100 oscillometric sphygmo-
manometer (Critikon, Tampa, Florida) [25,27,28].

2.3. Laboratory assessments

After 12 h fast, blood samples were obtained at the same visit as
the ultrasound examination, by venipuncture to measure glucose,
total and high-density lipoprotein cholesterol (HDL-C), high-
sensitivity C-reactive protein (CRP), and interleukin-6 [27e29]. All
measurements were performed in a centralized lab [25,27]. Dia-
betes mellitus was defined as a blood glucose �126mg/dL or the
use of diabetes medication [27,29]. A fasting glucose of 100e125
mg/dL was considered impaired [29].

2.4. CVD event adjudication

Methods for adjudicating events have been published previ-
ously [25,30]. CVD events included resuscitated cardiac arrest,
definite and probable infarction, angina, CHD death, stroke, TIA,
and stroke death. Event data were collected from follow-up tele-
phone calls every 9e12 months, participant notification at MESA



Fig. 1. Flow chart showing the number of participants included for total plaque area and grayscale feature analysis.
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exam visits, and medical records. Adjudicators were two indepen-
dent physicians blinded to participant data [25,30,31]. CHD events
included: myocardial infarction, CHD death, resuscitated cardiac
arrest, and angina. In MESA, angina was graded as definite, prob-
able or absent. Probable angina required symptoms of ischemia and
documentation that the patient had been treated for angina. Defi-
nite angina required evidence of CHD [32]. Stroke was defined as
neurological deficit lasting at least 24 h or until death and accom-
panied by a brain imaging finding associated with stroke [2]. TIA
was defined as a neurological deficit lasting between 30 s and 24 h
but not accompanied by a brain imaging finding associated with
stroke [2].

2.5. Carotid ultrasound imaging; intima-media thickness (IMT) and
plaque score measurements

Methods for acquiring carotid ultrasound images and reporting
carotid IMT have been described previously [2,3,26]. Briefly,
transverse and longitudinal B-mode ultrasound images of the right
and left carotid arteries were obtained using the GE 700 Logic ul-
trasound system and a M12L MHz transducer (General Electric
Medical Systems, Waukesha, WI, USA) using standardized equip-
ment presets and image acquisition protocol. Images were acquired
from the proximal common carotid artery (just above the clavicle)
to the most superior visible location of the internal carotid artery,
recorded on video tape and then digitized using the Medical Digital
Recording (MDR) device (PACSGEAR, Pleasanton, CA, USA) and
converted to DICOM images [26,29]. DICOM images were imported
into Syngo Workplace Workstations with Arterial Health Package
software (Siemens, Malvern, PA, USA) used for carotid IMT mea-
surements. The far wall of the distal common carotid arteries was
measured in triplicate and reported as the mean of the mean of the
right or left far wall distal CCA thickness [26].

The carotid plaque score (range 0e12) was calculated as re-
ported previously [2,3,26]. Briefly, one point was assigned for each
plaque in each segment (common carotid artery nearwall, common
carotid artery far wall, carotid bulb near wall, carotid bulb far wall,
internal carotid artery near wall, internal carotid artery far wall) on
the right and left sides for a maximum plaque score of 12. All
measurements were made at the University of Wisconsin Carotid
Ultrasound Reading Center.

2.6. TPA and grayscale analysis of carotid plaque features

Research sonographers selected the optimal image of all plaques
identified for grayscale analysis, defined as the longitudinal image
that demonstrated the longest, thickest, and most discrete plaque
borders [17]. A total of 4502 plaque images were identified in 2706
participants. Of these images, 2854 plaques from 1703 participants
were analyzed for grayscale analysis. There were 1147 plaque im-
ages that had an incompatible preset so they were not used for
grayscale analysis but could be used for TPA measurement, though
47 participants had plaque images not measurable due to image
quality for at least one plaque, so they could not be used for TPA nor
grayscale analysis (Fig. 1).

In addition to TPA, grayscale carotid plaque features analyzed for
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this study were plaque GSM, presence of black areas near the pla-
que luminal border, the black area size (mm2) and presence of
DWAs, using LifeQ Medical Plaque Analysis Software (Nicosia,
Cyprus) [13,17]. GSM refers to the median grayscale value in the
traced plaque (Supplementary Figure 1) [13,14,17,33]. Black areas
near the plaque lumen border are areas near the lumen surface of
the plaque that have a grayscale value< 25 units [17] and for which
a thin border on the plaque surface could be seen. The black area
size (mm2) was planimetered. DWAs are focal white areas within
plaque images that have a grayscale value> 126 units and do not
have acoustic shadowing [17] (Supplementary Figure 1). For each
plaque identified, the best longitudinal image was used for tracing
the plaque area. The best longitudinal image was defined (as stated
above), as the image which demonstrated the most discrete plaque
borders and the longest and thickest plaque dimensions. TPA was
calculated as the sum of all longitudinal plaque areas of all plaques
identified in each participant [9,34]. In participants with multiple
carotid plaques, the plaque with the lowest GSM was used to
determine grayscale plaque features, based on previous literature
suggesting that echolucent plaques (those with lower GSM) had
features associated with vulnerability and increased future stroke
risk [13,33,35,36].

2.7. Carotid plaque measurement reproducibility

Two technicians measured 24 plaque images twice blinded to
results. For plaque area, the inter-observer mean absolute differ-
ence was 1.93mm2, the within-subject standard deviation was
1.66, and the intra-class correlation coefficient (ICC) was 0.98 (95%
confidence interval [CI], 0.95e0.99). Average GSM for reader 1 was
40.3 (23.4) units compared to 40.7 (24.2) units for reader 2; the
inter-observer mean absolute difference was 5.7 (5.5) units. The
within-subject standard deviation was 5.53 and the ICC was 0.95
(95% CI 0.88e0.98). For black area measurements, the inter-
observer mean absolute difference was 0.37mm2, the within-
subject standard deviation was 0.61, and the ICC was 0.86 (95%
CI, 0.70e0.94).

2.8. Coronary artery calcium scoring (CAC)

MESA CT scanning and reporting methods have been reported
previously [37]. Agatston scores are reported and handled as
continuous variables [2].

2.9. Statistical analysis

Continuous variables are reported as means (standard de-
viations) and categorical variables as counts and percentages. All
analyses were conducted using Stata/IC version 12.0 (College Sta-
tion, Texas). Agatston values were log transformed after addition of
1 to account for zeros and skewed distributions for CAC scoring.
Linear regression analysis was used to examine relationships be-
tween ultrasound measures and CVD risk factors with three
models: Model 1 - unadjusted; Model 2 - adjusted for age, gender,
and race/ethnicity; and Model 3 - adjusted for age, gender, race/
ethnicity, and all CVD risk factors. Logistic regressionwas used with
the same three models to determine the odds of having a black area
near the luminal border or a DWA. Cox proportional hazard
regression was used to model the outcome measures of incident
CHD, and the combination of incident stroke or TIA events. Harrell's
C-statistics were used to determine which imaging marker (TPA,
carotid IMT, carotid plaque presence, or carotid plaque score) best
discriminated these events among those with carotid plaque and in
a supplemental analysis, among all individuals in MESA. All Cox
models were adjusted for CVD risk factors (age, gender, race,
smoking status, alcohol intake, body-mass index, diabetes mellitus,
heart rate, intentional exercise, total cholesterol, high-density li-
poprotein cholesterol, use of lipid-lowering medication, hyper-
tension, glomerular filtration rate, interleukin-6). To this base
model, we individually added TPA, carotid plaque presence, carotid
plaque score, carotid IMT, and CAC in order to compare the relative
performance of these various markers. We assessed the propor-
tional hazards assumption for each marker of interest in age,
gender and race/ethnicity adjusted models using tests of Schoen-
feld residuals, and by testing time�marker interactions. There
were no significant violations.

3. Results

3.1. Participants

Participant characteristics are presented in Table 1. Fig. 1 pre-
sents the number of participants included for analysis of TPA and
grayscale features. Features for individuals excluded because of
poor image quality or an unusable grayscale preset are presented in
Supplementary Table 1. TPA and grayscale plaque features are
presented in Table 2. Participants were followed for an average of
13.3 years for event ascertainment.

3.2. Associations of carotid plaque area and grayscale features with
CVD risk factors

TPA was independently and consistently associated with
increasing age, male sex, current smoking (compared to never
smoking), total cholesterol, hypertension, and interleukin-6
(Table 3). TPA was interpedently and consistently associated with
lower high-density lipoprotein cholesterol and inversely with
Chinese race/ethnicity (compared to White) (Table 3). Regarding
the grayscale plaque features, statistically significant relationships
with CVD risk factors were observed less frequently and were less
robust. After adjustment, GSMwas lower among Black compared to
White participants (b¼�3.16 [95% CI -8.70, �2.03], p¼0.002),
DWAs were less likely with increasing age (odds ratio¼ 0.94 [0.93,
0.96], p<0.001), black areas were more likely with male gender
(odds ratio¼ 1.54 [95% CI 1.11, 2.13], p¼0.009) and were larger with
increasing age (b¼ 0.009 [95% CI 0.003, 0.015], p¼0.004). No other
strong, independent risk factor associations were detected
(Supplemental Tables 2-5).

3.3. Relationships of carotid ultrasound features to subclinical
atherosclerosis measures and CVD events

The participants in this analysis had 249 CHD events (163 CHD
death or myocardial infarction, 86 definite or probably angina, and
135 stroke/TIA events (108 strokes, 34 TIAs). TPA was correlated
with carotid IMT (r¼ 0.35; p<0.05), carotid plaque score (r¼ 0.79;
p<0.05), and CAC (r¼ 0.35; p<0.05). For CHD event prediction, the
hazard ratio and c-statistic for TPA were similar to those predictive
metrics for the carotid plaque score but lower than for CAC
(Table 4A). TPA weakly predicted stroke/TIA events with a hazard
ratio that was not statistically significant whereas CAC was the
strongest predictor of those evaluated, plaque score was also sig-
nificant (Table 4B). None of the grayscalemeasures predicted future
CVD events in univariable or multivariable models (all p> 0.05) and
there were no differences in the associations over time, based on
Kaplan-Meier plots and time-by-marker interaction tests (data not
shown). Similar findings for carotid IMT and carotid plaque score
were observed for CHD and stroke/TIA event prediction when the
entire baseline set of MESA carotid ultrasound exams measured at
the University ofWisconsin Carotid Ultrasound Reading Center was



Table 1
Participant features.

Plaque area analysis, mean (standard deviation) or N (%) Grayscale analyses, mean (standard deviation) or N (%)

N 2205 1703
Age (years) 65.1 (9.7) 65.4 (9.6)
Male 1101 (49.9%) 830 (48.5%)
Race/ethnicity
White 946 (42.9%) 655 (38.5%)
Chinese 185 (8.4%) 193 (11.3%)
Black 595 (27.0%) 484 (28.4%)
Hispanic 479 (21.7%) 371 (21.8%)
Site
Wake Forest University 458 (20.8%) 211 (12.4%)
Columbia University 288 (13.1%) 327 (19.2%)
John Hopkins University 352 (16.0%) 393 (23.1%)
University of Minnesota 413 (18.7%) 51 (3.0%)
Northwestern University 290 (13.2%) 281 (16.5%)
University of California- Los Angeles 404 (18.3%) 440 (25.8%)
Smoking status
Never 957 (43.5%) 760 (44.8%)
Former 898 (40.9%) 686 (40.5%)
Current 343 (15.6%) 249 (14.7%)
Alcohol use
Never 413 (18.9%) 356 (24.1%)
Former 567 (26.0%) 415 (24.6%)
Current 1205 (55.2%) 914 (54.2%)
Body-mass index (kg/m2) 28.3 (5.1) 28.0 (5.3)
Heart rate (bpm) 63.1 (10.2) 63.6 (10.2)
Systolic blood pressure (mmHg) 131.1 (22.3) 131.0 (22.3)
Diastolic blood pressure (mmHg) 72.1 (10.4) 72.1 (10.4)
Intentional exercise (MET-hours/week) 25.5 (38.5) 25.6 (38.2)
Total cholesterol (mg/dL) 196.0 (37.1) 195.6 (37)
High-density lipoprotein cholesterol (mg/dL) 50.6 (15.1) 51.0 (15.4)
Lipid-lowering medication use 460 (20.9%) 372 (21.9%)
Metabolic syndrome 907 (41.3%) 692 (40.8%)
Diabetes mellitus 353 (16.0%) 293 (17.2%)
Hypertension 1193 (54.1%) 936 (55%)
Glomerular filtration rate (mL/min per 1.73m2) 79.9 (20.9) 80.2 (21.4)
C-reactive protein (mg/L) 4.0 (6.4) 4.0 (6.7)
Interleukin-6 (pg/mL) 1.7 (1.3) 1.6 (1.2)

Table 2
Plaque area and grayscale features.

Mean (standard deviation) or N (%)

Total plaque area (mm2) 27.7 (24.7)
Grayscale median (units) 47.8 (25.5)
Any black area close to surface 1424 (83.6%)
Size of black area (mm2) 0.7 (1.0)
Any discrete white area 307 (18%)
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analyzed (N¼ 5271, Supplemental Table 6).

4. Discussion

In a multi-ethnic cohort of middle-aged adults initially free of
CVD but with prevalent carotid arterial plaques, TPAwas associated
with several CVD risk factors and independently predicted future
CHD events, but not stroke/TIA events, over an average of 13.3
years. The ability of TPA to predict future CHD events in middle-
aged adults was similar to the more straightforward measure of
carotid plaque score, which is a simple count of plaques in 12 ca-
rotid arterial segments, but was less than that of CAC.

None of the grayscale measures we evaluated (GSM, black area
presence, black area size, and DWA) predicted future CHD or stroke/
TIA events. Indeed, their associations with CVD risk factors were
limited, despite excellent reproducibility. The lack of associations
with grayscale features in this study may be due to the limited
ability of a 2D image to display and characterize a heterogeneous
3D structure (plaque). Three-dimensional ultrasound [38,39] and
imaging modalities such as magnetic resonance imaging may
provide a more representative and complete 3D data set of the
plaque and its components than a single “representative” slice, as
we obtained with 2D images. Another potential reason for the null
findings in this study may be that plaques from asymptomatic
patients may be at an earlier stage in the development of athero-
sclerosis. Compared to other studies [13,17,18,21,33], the MESA
plaques (even when summing TPA) were small as were their black
areas identified near the plaque borders. Other studies that looked
at grayscale features and associations with CVD events
[13,18,19,21], or compared findings to histopathology [14,17,33],
were conducted in cohorts with advanced carotid atherosclerosis
(50e99% stenosis or clinical indications for carotid
endarterectomy).

TPA describes a plaque phenotype that is associated with arte-
rial wall remodeling [11,40] that is a marker of arterial athero-
sclerotic burden. The finding that higher TPA was associated with
increasing burden of CVD risk factors such as age, male sex,
smoking, dyslipidemia and hypertension is consistent with findings
from other cohorts using other techniques [9,40]. Similarly, others
also have demonstrated that TPA is associated with myocardial
infarction [11] and other adverse CVD events [9]. In our study, TPA
predicted future CHD but not stroke/TIA events. This observation
may be a type II error due to a smaller number of stroke/TIA events
than CHD events in conjunction with measurement variability,
especially since the hazard ratio for TPA predicting incident stoke/
TIA was similar to that for carotid plaque score, which did predict
incident stroke/TIA with a statistically significant p value and nar-
rower CIs. Indeed, TPA and carotid plaque score are highly



Table 3
Linear associations with total plaque area (mm2).

Risk Factor Model 1 Model 2 Model 3

b (95% confidence interval) p-value b (95% confidence interval) p-value b (95% confidence interval) p-value

Age (years) 0.62 (0.52,0.72) <0.001 0.64 (0.54,0.74) <0.001 0.58 (0.47,0.69) <0.001
Male gender 7.67 (5.63,9.71) <0.001 8.11 (6.13,10.10) <0.001 7.61 (5.33,9.89) <0.001
Race/ethnicity
White Ref Ref Ref Ref Ref Ref
Chinese �4.55 (�8.09,-1.01) 0.01 �5.14 (�8.60,-1.68) 0.004 �5.33 (�9.12,-1.54) 0.006
Black �1.38 (�3.93,1.18) 0.29 �0.78 (�3.25,1.68) 0.53 �2.66 (�5.45,0.14) 0.06
Hispanic �1.15 (�3.92,1.63) 0.42 �0.78 (�3.4,1.84) 0.56 �2.02 (�4.83,0.78) 0.16
Smoking status
Never Ref Ref Ref Ref Ref Ref
Former 3.92 (1.68,6.15) 0.001 1.88 (�0.26,4.02) 0.09 2.44 (0.18,4.69) 0.03
Current 5.33 (2.22,8.45) 0.001 7.73 (4.7,10.76) <0.001 6.80 (3.78,9.83) <0.001
Alcohol use
Never Ref Ref Ref Ref Ref Ref
Former 3.27 (0.13,6.41) 0.04 0.63 (�2.41,3.66) 0.69 �0.61 (�3.81,2.58) 0.71
Current 1.74 (�0.76,4.23) 0.17 �0.34 (�2.91,2.24) 0.80 �1.47 (�4.15,1.20) 0.28
Body-mass index (kg/m2) �0.23 (�0.43,-0.03) 0.03 �0.09 (�0.3,0.12) 0.39 �0.34 (�0.56,0.11) 0.004
Heart rate (bpm) �0.04 (�0.14,0.06) 0.46 0.03 (�0.07,0.13) 0.56 �0.03 (�0.13,0.07) 0.59
Exercise (hours/week) �0.01 (�0.04,0.02) 0.53 �0.01 (�0.04,0.01) 0.32 0.00 (�0.03,0.03) 0.98
Total Cholesterol (mg/dL) �0.00 (�0.03,0.03) 0.91 0.03 (0.01,0.06) 0.01 0.06 (0.03,0.08) <0.001
High-density lipoprotein cholesterol (mg/dL) �0.12 (�0.18,-0.06) <0.001 �0.08 (�0.15,-0.01) 0.03 �0.1 (�0.17,-0.03) 0.008
Lipid-lowering medication use 3.44 (0.82,6.06) 0.01 2.37 (�0.19,4.92) 0.07 3.24 (0.54,5.94) 0.02
Diabetes mellitus 4.00 (0.9,7.1) 0.01 3 (�0.13,6.13) 0.06 2.38 (�0.96,5.72) 0.16
Hypertension 6.96 (4.94,8.98) <0.001 4.61 (2.57,6.64) <0.001 4.72 (2.59,6.85) <0.001
Glomerular filtration rate (mL/min per 1.73m2) �0.06 (�0.11, �0.01) 0.02 0.01 (�0.05,0.06) 0.85 0.01 (�0.04,0.06) 0.69
C-reactive protein (mg/L) 0.02 (�0.14,0.17) 0.84 0.09 (�0.08,0.25) 0.30 �0.05 (�0.23,0.12) 0.55
Interleukin-6 (pg/mL) 2.09 (1.27,2.91) <0.001 1.55 (0.75,2.36) <0.001 1.75 (0.78,2.71) <0.001

aModel 1 unadjusted, Model 2 adjusted for age, gender, race/ethnicity, Model 3 adjusted for age, gender, race/ethnicity and all CVD risk factors.

Table 4
Cox proportional hazards models.
(A) Cox proportional hazards models for coronary heart disease events (N¼ 249). (B) Cox proportional hazards models for stroke or transient ischemic attack events (N¼ 135).

A

Hazard ratio (95% Confidence Interval) p-value Harrell's C-statistic

Model 1b Cardiovascular disease risk factors alone Ref Ref 0.71
Model 2b Total carotid plaque area/SDa¼ 24.75mm2 1.23 (1.11,1.36) <0.001 0.72
Model 3b Carotid plaque score/SDa¼ 1.87 1.33 (1.18,1.49) <0.001 0.73
Model 4b Carotid intima-media thickness/SDa¼ 0.22mm 0.98 (0.86,1.13) 0.803 0.71
Model 5b Coronary artery calcium/SDa¼ 2.63 units 2.14 (1.78,2.58) <0.001 0.76
B

Hazard ratio (95% confidence interval) p-value Harrell's C-statistic

Model 1b Cardiovascular disease risk factors alone Ref Ref 0.71
Model 2b Total carotid plaque area/SDa¼ 24.75mm2 1.12 (0.97,1.30) 0.126 0.71
Model 3b Carotid plaque score/SDa¼ 1.87 1.19 (1.01,1.41) 0.043 0.71
Model 4b Carotid intima-media thickness/SDa¼ 0.22mm 1.16 (1.00,1.34) 0.055 0.72
Model 5b Coronary artery calcium/SDa¼ 2.63 units 1.34 (1.09,1.64) 0.005 0.72

a SD¼ standard deviation.
b Model 1: baseline, cardiovascular disease risk factors only (age, gender, race, smoking status, alcohol intake, body-mass index, diabetes mellitus, heart rate, intentional

exercise, total cholesterol, high-density lipoprotein cholesterol, use of lipid-lowering medication, hypertension, glomerular filtration rate, interleukin-6); Model 2: total
carotid plaque area adjusted for all cardiovascular disease risk factors, Model 3: carotid plaque score adjusted for all cardiovascular disease risk factors; Model 4: carotid
intima-media thickness adjusted for all cardiovascular disease risk factors: Model 5: CAC adjusted for all cardiovascular disease risk factors.
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correlated; carotid plaque score (the sum of carotid plaques present
in up to 12 extracranial carotid arterial segments) appears to be a
simpler measure of carotid plaque burdenwith less variability than
TPA, thus more appropriate for most clinical settings [2,26]. How-
ever, in studies measuring plaque regression and progression, TPA
may be more sensitive to small changes than the cruder carotid
plaque score (i.e., in a progression study, it is possible that plaque
scores would not change though individual plaques may be
smaller) [9,12,34]. TPA would be able to capture these changes
based on measuring the size of each plaque in each segment and
summing the areas.

We attempted to characterize atherosclerotic plaque further by
evaluating ultrasound grayscale features previously associatedwith
CVD risk factors and prevalent stroke symptoms among individuals
with advanced cerebrovascular disease or in populations with
enriched CVD risk factors [13,17,18,21,23,33]. However, in this study,
the grayscale features of GSM, black areas and DWAs were not
predictive of CHD events or stroke/TIA events. It is likely that these
ultrasound markers reflect plaque components associated with
rupture and symptomatic cerebrovascular disease and therefore are
more useful to characterize advanced atherosclerotic plaque, such
as plaque associated with luminal stenosis, rather than smaller
plaques that indicate subclinical atherosclerotic vascular disease,
such as those seen in MESA participants. Indeed, the percentage of
participants with DWAs was low and the black areas were very
small, indicating that small plaques may not contain sufficient
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tissue or cellular heterogeneity to contribute to clinical disease over
a decade of follow-up, though the presence and number of plaques
identifies vulnerable patients.

For CHD, prediction indices for TPA were similar to carotid
plaque score but less than for CAC. However, when CAC score is not
available or use of ionizing radiation is not desirable, using ultra-
sound to calculate carotid plaque score or to measure TPA could be
considered as a second choice method for assessing CVD risk
through detection of atherosclerosis.

4.1. Limitations

This was an observational study with carotid plaque images
taken at a single time point. We are not able to determine how
carotid measurements may have changed over time and cannot
demonstrate cause and effect relationships. Additionally, the
number of events observed within the subset of participants with
carotid plaque was relatively small, limiting power to detect asso-
ciations. It is possible, for example, that the differences in the Cox
proportional hazards models for TPA and carotid plaque predicting
stroke or TIA events would disappear with more events or longer
follow-up. Another limitation is the apparent early stage of
atherosclerosis identified in the vast majority of participants with
plaque. We hypothesized that different plaque phenotypes would
be associated with different stages of atherosclerotic arterial dis-
ease, but our participants were relatively healthy at the inception of
MESA so their plaques, when present, tended to be small and non-
occlusive. Also, the ultrasound images used in the first MESA ex-
amination are no longer state of the art and were not capable of 3D
imaging which may offer advantages for evaluating carotid plaques
because the entire plaque can be evaluated [38,39]. With 2D im-
aging the single “most-representative” slice was used to charac-
terize the plaque. These images were acquired on older ultrasound
systems that had a limited dynamic range and were recorded on
videotape, then digitized. Color flow imaging was also not used to
assist with plaque surface characterization, so the identification of
black areas near the border was made with the identification of a
border using grayscale images. It also is possible that higher reso-
lution B-mode imaging, focused color flow imaging, or 3D images
could better characterize TPA and other grayscale plaque features.
In addition, several participants had images acquired with an
incompatible preset and/or were not measurable. There were dif-
ferences in characteristics of the populations that were included in
TPA and grayscale analyses compared to those that were excluded,
so it is possible that not including these images may have affected
our findings.

Another limitation that may explain the lack of our association
of grayscale findings is the uncontrolled introduction of CVD risk-
reducing therapies such as statins and antihypertensives, use of
which increased significantly over the first decade of this study
[26]. These interventions may have stabilized plaques or changed
their ultrastructure in ways that affected CVD event rates, making
plaques more stable, thus diminishing the predictive value of
grayscale plaque features.

4.2. Conclusion

In middle-aged adults free of known CVD, TPA, but not grayscale
carotid plaque features, was associated with CVD risk factors and
predicted future CHD but not stroke/TIA events. However, the
predictive characteristics of TPAwere similar to those of the carotid
plaque score, which is easier to measure. Grayscale carotid plaque
features such as GSM, DWAs, and black areas did not predict future
CHD or stroke/TIA events, limiting their usefulness as research or
clinical tools in low risk populations. Plaques in the carotid artery
may need to reach a critical size or degree of stenosis for plaque
assessment using 2D ultrasound imaging to be efficacious. Three-
dimensional ultrasound or magnetic resonance imaging may bet-
ter characterize features of carotid plaques in populations at low
CVD risk.
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