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Carotid Intima-Media Thickness Score, Positive Coronary
Artery Calcium Score, and Incident Coronary Heart Disease: The
Multi-Ethnic Study of Atherosclerosis

Joseph F. Polak, MD, MPH; Moyses Szklo, MD, DrPH; Daniel H. O’Leary, MD

Background—Common carotid artery and internal carotid artery intima-media thicknesses (IMT) are associated with coronary
heart disease (CHD) and increase with age. Using age, sex, and race/ethnicity IMT percentiles may improve CHD prediction when
added to Framingham risk factors and coronary artery calcium score. We study these possibilities in the Multi-Ethnic Study of
Atherosclerosis (MESA), a multi-ethnic cohort of whites, Chinese, blacks, and Hispanics.

Methods and Results—IMT data were acquired in the age range 45 to 84 years. Common carotid artery and internal carotid artery
IMT, sex, and race/ethnic specific normative values were calculated for each MESA participant and combined as an IMT score.
Multivariable Cox-proportional hazards models and logistic regression models were generated with CHD as outcome adding the
IMT score to (1) a base model with Framingham risk factors, sex, race/ethnicity and (2) the base model with coronary artery
calcium added. Harrell’'s C-statistics and area under the curve were estimated. Median follow-up was 10.2 years (interquartile
range: 9.7, 10.7 years) with 429 first-time CHD events. Mean age was 62.1 years and 52.6% of participants were women. IMT
score increased the base area under the curve from 0.7210 to 0.7396 (P=0.0008) and with positive coronary artery calcium score
added to the model, from 0.7627 to 0.7714 (P=0.02).

Conclusions—A carotid IMT score based on normative data incrementally adds to Framingham risk factors and a positive calcium
score in predicting first-time CHD in an ethnically diverse cohort. (J/ Am Heart Assoc. 2017;6:e004612. DOI: 10.1161/JAHA.

116.004612.)
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C ommon carotid artery (CCA) wall intima-media thickness
(IMT) is a noninvasive ultrasound measurement associated
with cardiovascular events.' IMT can be measured in the CCA
and in the carotid bulb/proximal internal carotid artery (ICA).
IMT measurements made at these 2 locations likely represent
separate phenotypes since their patterns of associations with
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risk factors are different.>* For example, ICA IMT, a measure-
ment that includes plaque, has shown stronger associations
with coronary heart disease (CHD) events than CCA IMT.>®
These observations and the results of a recent meta-analysis'
showing a lack of substantial improvement in CHD risk
prediction after adding common carotid IMT alone to risk
factors suggest that the role of ICA IMT needs further evaluation.

A plausible limitation to the use of common and internal
carotid IMT as a clinical tool is the lack of age-specific
values.”” Attempts to generate diagnostic cut points that
account for age have previously focused on the common
carotid IMT®? and not the internal carotid IMT. Population-
based percentile values for anthropomorphic variables such
as height and weight are routinely used to monitor growth.
These age-specific normative data are created using
approaches that compensate for the often skewed distri-
bution of these variables.'® Once these curves are gener-
ated, a given individual’s value can be compared to peers
of the same age while taking into consideration how the
variable changes with age. This approach is also applicable
to common and internal carotid IMT measurements and can
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be used to generate sex- and race-ethnic specific normative
values.

Another metric of subclinical cardiovascular disease, the
Agatston coronary artery calcium (CAC) score, is strongly
associated with CHD events."' While CAC has a stronger
association with cardiovascular events than carotid IMT,'? the
question remains whether IMT offers incremental predictive
value once CAC is accounted for.

We hypothesized that a combined common and ICA IMT
percentile score would offer incremental value to Framingham
CHD risk factors and CAC score for predicting incident
coronary artery events. We pursued this hypothesis in a multi-
ethnic cohort of non-Hispanic whites, blacks, Hispanics, and
Chinese, the Multi-Ethnic Study of Atherosclerosis (MESA).

Materials and Methods

Population

MESA enrolled 6814 men and women aged 45 to 84 years
without a history of clinical cardiovascular disease at baseline
between July 2000 and August 2002 at 6 US sites.”® The
MESA cohort includes non-Hispanic whites, blacks, Hispanic,
and Chinese participants. Participants were excluded if they
had a weight above 300 Ib, were pregnant, or had any medical
conditions that would prevent long-term participation. The
Institutional Review Boards of all collaborating institutions
approved the study design. All participants gave informed
consent.

Risk Factors and Anthropomorphic Variables

Age, sex, race/ethnicity, and medical history were self-
reported. Use of antihypertensive and lipid-lowering medica-
tions was also recorded. Level of education was obtained and
classified as the following: (1) less than high school, (2) high
school, (3) college or equivalent, and (4) advanced degree.
Current smoking was defined as self-report of 1 or more
cigarettes in the last 30 days. Seated resting systolic and
diastolic blood pressures were measured as the average of
the last 2 of 3 measurements made with a Dinamap model
Pro 100 automated oscillometric sphygmomanometer (Cri-
tikon, Tampa, FL).

Glucose and lipids were measured after a 12-hour fast.
Serum glucose was measured by rate reflectance spectropho-
tometry on the Vitros analyzer (Johnson & Johnson Clinical
Diagnostics, Inc, Rochester, NY). Diabetes mellitus was
determined by the use of hypoglycemic medications or
according to the 2003 American Diabetes Association fasting
criteria (glucose values of 126 mg/dL or more).'* Total
cholesterol was measured using a cholesterol oxidase method
(Roche Diagnostics), as was high-density lipoprotein after

precipitation of non—high-density lipoprotein cholesterol with
magnesium/dextran.

Carotid Artery Measures

The participants were imaged supine with their head rotated
45° away from the side being imaged, and the images were
recorded on superVHS videotape. The CCA was imaged at 45°
from the vertical with the beginning of the bulb shown to the
left of the image. The ICA was imaged in 3 projections
centered on the ICA flow divider: anterior, lateral (at 45°), and
posterior. Sonographers were instructed to make slight
adjustments to the imaging plane in order to capture the
largest wall thickness (plaque), whether it was located on the
near or far wall of the carotid bulb or proximal ICA. A matrix
array probe (M12L, General Electric, Waukesha, WI) was used
with the frequency set at 13 MHz for the CCA and 9 MHz for
the ICA, and with 2 focal zones at a frame rate of 32 frames-
per-second.

Carotid artery measurements were blinded and made at
the Ultrasound Reading Center in Boston, MA. Videotaped
images were reviewed and image frames that showed clear
wall interfaces on an image near to the smallest diameter
(end-diastole) of the artery were digitized into a workstation.
Common carotid IMT was measured on near and far walls of
the common carotid (1 projection) and the ICA (3 projec-
tions) using hand-drawn continuous tracings of the intima-
lumen and media-adventitia interfaces that were then
processed using a previously described algorithm.’® The
average of the mean far wall common carotid IMT and the
maximum of the near and far wall internal carotid IMT values
seen on either side or projection were used for these
analyses.®

We calibrated the IMT measurements for interreader
differences by adding previously determined bias terms to a
given reader’s measurements.'® Blinded replicate scans were
performed on 150 participants read by the same readers;
intraclass correlation coefficients were 0.92 for CCA IMT and
0.88 for ICA IMT. Interreader reproducibility was assessed on
the image sets of 74 participants (intraclass correlation
coefficients of 0.81 for CCA IMT and 0.88 for ICA IMT). All
paired differences between sets of readings did not show
significant divergence from 0.

Derivation of an IMT Score

All measured IMT values were fitted against age, separately
for men and women, and for the 4 race/ethnicities, with a
program to construct growth references using the LMS
method (Pan H, Cole TJ. LMSchartmaker, Version 2.54;
http://www.healthforallchildren.co.uk/; 2011). This method
is used to generate normative data for anthropomorphic
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measurements.'” The resultant age-specific numerical param-
eters were used to separately calculate the percentile level of
the mean far-wall CCA IMT and of the maximum ICA IMT
corresponding to the IMT values at the participant’s age. As
an example, Figure 1A and 1B, respectively, show the race/
ethnic 50% percentile of common and internal carotid IMT for
men as a function of age. These 2 percentiles scores (scaled
0-1) were further averaged to yield a global IMT score ((CCA
IMT percentile+ICA IMT percentile)/2).

CAC Measurement

CAC was measured on cardiac-gated chest computed tomo-
graphic images using either electron-beam computed tomog-
raphy scanners (3 centers) or a multidetector computed
tomography system (3 centers). All participants were scanned
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Figure 1. A, These 4 curves represent the fitted median
common carotid far wall intima-media thickness (IMT) values for
the 4 race-ethnicities that are part of the Multi-Ethnic Study of
Atherosclerosis (MESA). There are slight differences. Blacks have
consistently higher values followed by Hispanics. Non-Hispanic
whites and Chinese Americans have similar and lower values. B,
These 4 curves represent the fitted median internal carotid artery
maximum IMT values for the 4 race-ethnicities that are part of
MESA. Non-Hispanic whites, Hispanics, and blacks have near
identical values. Chinese Americans consistently have the lowest
values.

twice, the Agatston calcium scores were averaged, and the
results were calibrated against a phantom containing known
densities of calcium hydroxyapatite.'® An Agatston CAC score
above 0 is considered positive.

Outcomes

Events were identified during follow-up examinations and by
telephone interviews conducted every 9 to 12 months to
inquire about interim hospital admissions, cardiovascular
outpatient diagnoses, and deaths. Copies were obtained of
death certificates and medical records for hospitalizations and
outpatient cardiovascular diagnoses. Two physicians from the
MESA study events committee independently reviewed all
medical records for end point classification and assignment of
incidence dates.

A CHD definition similar to that used in the Framingham
Study was used in these analyses'®: incident angina,
myocardial infarction and resuscitated cardiac arrest, and
death following either a coronary artery event or a coronary
intervention.

Statistical Analyses

The mean and SD values of continuous variables and the
distribution of dichotomous variables as percentages in each
group were calculated. We excluded 314 participants (from
the original cohort of 6814) from the analyses because of
missing ultrasound measurements or risk factor data.

A baseline multivariable Cox proportional hazards regres-
sion model was created with race/ethnicity and sex added to
the components of the Framingham risk score for CHD: age,
diabetes mellitus, smoking, systolic blood pressure, high-
density lipoprotein-cholesterol, and total cholesterol. We
tested the predictive value of the respective participant’s
CCA and ICA IMT percentiles by separately adding these
variables to the baseline model. We also evaluated the
predictive value of the combined IMT score by adding this
variable to (1) the baseline model and (2) the baseline model
with CAC score (0 or >0) added as a predictor variable.
Validity of the proportional hazards models was determined
using Schoenfeld residuals. Calibration was estimated using
the Gronnesby and Borgan score.?® The Harrell’s C-statistics
were compared to estimate increase in predictive value. In a
sensitivity analysis, we also added CAC score (0 or >0), lipid
lowering, blood pressure lowering therapy, and education to
the baseline model and tested the predictive value of the
model when the IMT score was included.

We applied the same analytic strategy this time with
multivariable logistic regression models using CHD as
outcome and included as predictor variables race/ethnicity
and sex added to the components of the Framingham risk
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score for CHD and the CAC score (0 or >0). Goodness of fit
was verified by the Hosmer and Lemeshow test (Figures S1
through S3). Receiver operating characteristic curves
were generated and the areas under the curves (AUCs)
estimated and compared. In a sensitivity analysis we also
studied the effect of adding IMT score to a more complete
model with CAC score (0 or >0), lipid-lowering therapy,
blood pressure lowering therapy, and education added to the
base model.

Statistical analyses were performed using Stata 11.2
(StataCorp, College Station, TX). Level of statistical signifi-
cance was set at P<0.05. Net Reclassification Improvement
(NRI) was calculated with the help of a Stata add-on from the
Uppsala Clinical Research Center: (http://www.ucr.uu.se/
en/). Cut points for 10-year events were set at 6% and 20%
according to the Framingham Heart Study as described by
Pencina et al.?

Results

Median follow-up was 10.2 years (interquartile range: 9.7,
10.7 years). Of 6814 MESA participants, 6739 had a carotid
artery examination at baseline. Of these, far-wall mean CCA
IMT values were obtained in 6721 (99.7%) individuals and the
maximum ICA IMT in 6628 (98.4%), with both these
measurements obtained in 6614 participants (98.2%). Of
these, 114 participants did not have complete risk factor
profiles, resulting in a final analytic sample of 6500 (Table S1).
The mean age of the cohort was 62.1 years, and 52.6% were
women; the race/ethnicity distribution is shown in Table 1.
There were 429 incident CHD events, classified as follows:
angina, 181; myocardial infarction, 160; resuscitated coronary
event, 22; and coronary deaths, 66.

IMT Score Added to Framingham Risk Factors

Table 2 summarizes the hazard ratios obtained when respec-
tively adding common carotid IMT percentile, ICA IMT
percentile, and the combined IMT score to the baseline Cox-
proportional hazards model with the Framingham risk factors,
sex, and race/ethnicity as predictors. The combined IMT
score had a stronger hazard ratio than either of the 2
variables by themselves. The respective addition of each IMT
percentile variable significantly increased the C-statistic
(Table 3). The biggest effect was for the combined IMT score,
which significantly increased (P<0.001) the C-statistic of the
base model from 0.7276 to 0.7457, for a net increase of
0.0180 (95% Cl: 0.0082, 0.0279). As seen in Tables S2
through S4, in all models the IMT percentile was a strong
independent predictor of CHD events, as were the Framing-
ham risk factors and sex. In addition, Chinese participants

Table 1. Means and Distributions of Selected Variables in
MESA for the Analytic Sample (n=6500)

Variable Value*
Age, y 62.1 (10.2)
Sex (woman) 3421 (52.6%)
Race/ethnicity
White 2529 (38.9)
Chinese 787 (12.1%)
Black 1762 (27.1%)
Hispanic 1422 (21.9%)
Education

No high school 1153 (17.8%)
3035 (46.7%)
1133 (17.4%)
1179 (18.1%)
617 (9.5%)

849 (13.1%)

High school

College or equivalent

Advanced degree

Diabetes mellitus (yes)

Smoker (yes)

Systolic blood pressure, mm Hg 126.5 (21.5)
Total cholesterol, mg/dL 194.2 (35.6)
HDL-cholesterol, mg/dL 60.0 (14.8)

Hypertension medications (yes) 2375 (36.5%)
1044 (16.1%)
0.675 (0.204)
1.610 (0.996)
3259 (50.1%)
429 (6.6%)

10.2 (9.7, 10.7)

Lipid-lowering therapy (yes)

Common carotid IMT, mm"

Internal carotid IMT, mm"

CAC score (>0)

CHD events

Median follow-up with interquartile values, years

CAC indicates coronary artery calcium; CHD, coronary heart disease; HDL, high-density
lipoprotein; IMT, intima-media thickness; MESA, Multi-Ethnic Study of Atherosclerosis.
*Values in parentheses are percentages for ordinal variables and standard deviations for
continuous variables with the exception of follow-up intervals that represent the
interquartile ranges.

TThree-decimal precision is given so that the IMT values can also be read as microns by
multiplying by 1000.

showed a significantly lower hazard ratio as compared to
whites, while differences between whites, blacks, and
Hispanics were of borderline statistical significance.

The baseline logistic regression model with Framingham
risk factors, sex, and race/ethnicity had an AUC of 0.7210
(95% ClI: 0.6983, 0.7437). Adding CCA IMT percentile
significantly increased (P=0.002) the AUC area to 0.7340,
while adding the ICA IMT percentile significantly increased
(P=0.026) the AUC to 0.7317. Finally, the AUC significantly
increased (P=0.0008) to 0.7396 (95% Cl: 0.7174, 0.7617)
when the combined IMT score was added to the baseline
model (Figure 2). The Kaplan—Meier failure plots are shown
for the cut points in risk score of 0.25, 0.5, and 0.75
(Figure 3).
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Table 2. Results of Cox Proportional Hazards Model Showing
the Association of the Mean Common Carotid, Maximum
Internal Carotid Artery, and Combined IMT Scores With CHD

Hazard Lower Upper
Variable Ratio 95% ClI 95% ClI P Values
Common carotid artery IMT percentile (scaled 0-1)
Not adjusted 3.19 2.25 453 <0.001
Adjusted for age, sex, and | 3.28 2.31 4.66 <0.001
race/ethnicity
Fully adjusted * 243 1.70 3.47 <0.001
Internal carotid IMT score (scaled 0-—1)
Not adjusted 3.38 2.43 4.69 <0.001
Adjusted for age, sex, and | 3.36 2.42 4.66 <0.001
race/ethnicity
Fully adjusted 2.58 1.83 3.62 <0.001
Combined IMT score (scaled 0-1)
Not adjusted 6.09 4.02 9.24 <0.001
Adjusted for age, sex, and | 6.29 413 9.58 <0.001
race/ethnicity
Fully adjusted 4.24 2.74 6.57 <0.001

CHD indicates coronary heart disease; HDL, high-density lipoprotein; IMT, intima-media
thickness.

*Adjusted for age, sex, race/ethnicity, smoking status, presence of diabetes mellitus,
systolic blood pressure, total cholesterol, and HDL-cholesterol.

The net reclassification improvement for the combined IMT
score (Table S5) was 4.9% (P=0.024) for an upward reclas-
sification of events of 2.8% (12/429) and downward reclas-
sification of nonevents of 2.1% (130/6071). Restricting the
analysis to participants who were in the intermediate risk
category (6—20%) gave an NRI of 11.5% (Table S5).

Table 3. Change in C-Statistic With the Addition of Carotid
Artery IMT Percentile

C-Statistic/ | Lower Upper
Difference 95% ClI 95% ClI P Values

Base model* 0.7276 0.7058 | 0.7494 | <0.001
Model with common carotid percentile added
C-Statistic value 0.7396 0.7182 | 0.7611 | <0.001

Difference in C-statistic | 0.0120 0.0047 | 0.0194 | 0.001
Model with internal carotid percentile added
C-statistic value 0.7387 0.7175 | 0.7600 | <0.001
Difference in C-statistic | 0.0111 0.0024 | 0.0198 | 0.003
Model with combined IMT score added
C-statistic value 0.7457 0.7245 | 0.7669 | <0.001
Difference in C-statistic | 0.0180 0.0082 | 0.0279 | <0.001

HDL indicates high-density lipoprotein; IMT, intima-media thickness.
*Adjusted for age, sex, race/ethnicity, smoking status, presence of diabetes mellitus,
systolic blood pressure, total cholesterol, and HDL-cholesterol.
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Figure 2. These 2 receiver operating characteristic (ROC)
curves show the effect of adding an intima-media thickness
(IMT) score to a base model with Framingham risk factors. The
area under the curve of the base model is 0.7210 (95% ClI,
0.6983, 0.7437) and increases (P=0.0008) to 0.7396 (95% ClI,
0.7174, 0.7617) when IMT score is added.

IMT Score Added to Framingham Risk Factors
and CAC Score

After entering CAC score in the model including sex, race/
ethnicity, and traditional Framingham risk factors, the
predictive value of the combined carotid IMT score remained
highly significant (P<0.001), but was attenuated, with the
hazard ratio decreasing from 4.24 to 3.15 (Table 4). In
addition, the IMT score significantly increased the C-statistic
by 0.009 (P=0.005) after adjustment for the same variables
shown in Table 4. For the multivariable logistic regression
models, the AUC increased significantly (P=0.018) from

Kaplan-Meier Failure Estimates
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Figure 3. Unadjusted Kaplan—Meier failure curves showing the
increased cumulative incidence of coronary heart disease (CHD)
by intima media thickness (IMT) score percentiles as a function of
time since baseline IMT measurement. All participants were free
of cardiovascular disease at baseline. The actual IMT percentile
score cut points are shown in the legend and are scaled 0% to
100% instead of O to 1 for ease of interpretation.
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Table 4. Multivariable Cox Proportional Hazards Ratios for
Coronary Heart Disease According to Age, Sex, Race/
Ethnicity, Traditional Framingham Risk Factors, and CAC
Score (0 or >0) and IMT Percentile Score

Hazard Lower Upper
Variable Ratio 95% Cl 95% Cl | P Values
Age, y 1.03 1.02 1.04 <0.001
Sex (woman) 1.65 1.33 2.05 <0.001
Race/ethnicity
White (referent)

Chinese 0.55 0.38 0.79 0.001

Black 0.94 0.74 1.20 0.625

Hispanic 0.89 0.69 114 0.353
Smoker (yes) 1.43 1.09 1.88 0.011
Diabetes mellitus (yes) 1.58 1.26 1.98 <0.001
Systolic blood pressure* 1.18 1.07 1.29 0.001
Total cholesterol* 1.1 1.01 1.22 0.029
HDL-cholesterol* 0.86 0.76 0.98 0.02
Positive CAC score 3.95 2.97 5.27 <0.001
Carotid IMT score (scaled 0-1) | 3.15 2.05 4.85 <0.001

CAC indicates coronary artery calcium; HDL, high-density lipoprotein; IMT, intima-media
thickness.

*Normalized to standard deviation values of the respective distributions: 21.5 mm Hg
for systolic blood pressure, 35.6 mg/dL for total cholesterol, and 14.8 mg/dL for HDL-
cholesterol.

0.7627 (95% Cl; 0.7419, 0.7836) to 0.7714 (95% Cl; 0.7506,
0.7923) and the NRI was 5.0% (Table S6). Restricting the
analysis to participants who were in the intermediate risk
category (6—20%) gave an NRI of 11.5% (Table S6).

Supplemental Analyses

We also investigated the effect of adding the IMT score to a
baseline model that included age, sex, race/ethnicity, systolic
blood pressure, total cholesterol, high-density lipoprotein-
cholesterol, smoking, diabetes mellitus, lipid-lowering therapy,
blood pressure lowering therapy, education, and calcium
score (0 or >0). The predictive value of the combined carotid
IMT score was slightly attenuated, the hazard ratio decreasing
from 3.15 to 2.98 (Table S7). The increases in both the
C-statistic (P=0.014) and in the AUC (P=0.018) remained
statistically significant (Table S8). The NRI (Table S9) was
4.6% and also significant (P<0.005).

Discussion

We have shown that mean far wall CCA and maximum internal
carotid IMT percentiles presented as normative values are

independent predictors of CHD events and that their combi-
nation as an IMT score adds significantly to CHD event
prediction after adjusting for Framingham risk factors and
CAC score (0 or >0).

We opted to generate IMT normative data by calculating
individual IMT percentiles that factored in the effect of age
since IMT has been shown to increase with age.®” We did so
by adopting an approach used by the World Health Organi-
zation to generate normative data for anthropomorphic
measurements such as height as a function of age.'® We
found that both common and internal carotid IMT increased
with age and that there were race/ethnic differences
(Figure 1A and 1B). We also observed that ICA IMT subjec-
tively showed less difference between race/ethnicities, with
only Chinese Americans showing lower values than the other
groups (Figure 1B). After deriving the equations describing
the distribution of IMT values as a function of age for both
sexes and the 4 ethnicities in MESA, we calculated a given
individual’s common carotid and ICA IMT percentile. We then
combined them into an IMT score and tested the ability of
these 3 measures to predict CHD events in models where the
Framingham risk factors were entered. We found that the
combined IMT score was a consistent predictor of CHD events
and gave a greater increment in the C-statistic than either the
CCA or ICA IMT percentile values alone (Table 2). We also
found that the hazards ratios for IMT percentile values were
the same for the unadjusted and the sex and race-ethnic
adjusted models predicting CHD events. This suggests that
the derived IMT percentiles contain the key variance compo-
nents linked to age, sex, and race-ethnicity.

IMT score was a strong independent predictor of events
when the Framingham risk factors were taken into account
and still a strong and statistically significant predictor of CHD
events in a model with calcium score (0 or >0) added.
However, the IMT score hazard ratio decreased from 4.24 to
3.15 (Tables 2 and 4) when coronary calcium was added to
the model, suggesting that coronary calcium score is a
confounder of the association between IMT and CHD. This is
consistent with previous analyses since, in MESA, indepen-
dent associations between IMT and the CAC score have been
noted in both cross-sectional and longitudinal analyses.??

We evaluated the effect of adding the IMT score to 2
prediction models, 1 without and 1 with CAC score, by
examining the change in the Harrell’s C-statistic for the
multivariable Cox proportional hazards models and the area
under the receiver operating curve for multivariable logistic
regression models. In all instances, there were statistically
significant increases in these metrics. These findings should
be contrasted to the ambiguity seen when other novel
biomarkers have been evaluated for their incremental value
over the Framingham risk factors for predicting CHD
events.?*2° We also note that there has been a question as
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to which metric should be used to confirm that there is in fact
an increment in the predictive power of a new risk factor.?®
While it has been argued that the AUC or the C-statistic may
not be sensitive enough to detect a true improvement in risk
prediction, there does not appear to be a strong belief that an
increase in C-statistic or AUC yields a false positive
result.?”>?® Although the NRI*' has been criticized,?**’ our
NRI results showed both an increase in the up-reclassification
of events and down-reclassification of nonevents (P<0.05),
and were consistent with the AUC and C-statistics results.

Given the lack of significant difference in the NRI for a
model without and with positive CAC included, we looked at
the NRI for 2 models: (1) positive CAC alone, and (2) positive
CAC with IMT score added to the baseline model. The NRI
with the inclusion of positive CAC in the model (Table S10)
was 11.1% (P=0.0001) and was 16.1% (P=0.0001) with both
positive CAC and IMT added at the same time (Table S11).
These results suggest a significant incremental contribution of
the IMT score when added to a model with a positive CAC
score and Framingham risk factors on the order of half the
effect of a positive CAC score. We briefly examined how IMT
score could affect the NRI for individuals within the interme-
diate risk category. We found that the NRI's were 11.5% for
these individuals when respectively adding IMT score to risk
factors alone and to risk factors with CAC. Whether this can
be considered as having any value has yet to be determined.
Such an evaluation will likely require more than simply
calculating the NRI since it has been found to be dependent
on the number of categories and the specific cut points
selected.*°

It is possible to consider the potential impact of using an
IMT score for patient risk stratification. The recent guidelines
on the estimation of atherosclerosis cardiovascular disease
risk indicated that carotid IMT might not offer added value to
the pooled risk equations derived from National Heart, Lung,
and Blood Institute—funded observation cohorts.>' That
assessment was mostly based on the results of a meta-
analysis' based on a group of studies with varied common
carotid imaging protocols and measurement processes.>* One
important missing element to this meta-analysis was the
absence of any ICA IMT measurements.’ We believe that the
combination of common and ICA IMT increased the predictive
power of the IMT score in addition to taking into consideration
its association with age. We have further demonstrated that
these measurements are reliably obtainable in almost all
individuals having undergone a carotid ultrasound examina-
tion.

Our study strengths are the applicability of our findings to
a multi-ethnic cohort, the use of a noninvasive and risk-free
technique to perform our measurements, and the application
of a general approach used to generate normative data. We
also show that carotid IMT data can be acquired in a reliable

fashion (correlation coefficients ~0.90) at 6 very distinct and
geographically dispersed clinical sites, even though the
sonographers performing the examinations had various levels
of expertise, since there was no requirement for any
credentialing or formal certification.

A weakness of our study is the possibility that our IMT
imaging process may not be applicable to the general
population; however, the imaging protocol used at the 6
MESA clinic sites was derived from that used in a single
center, the Framingham Offspring study.® Another limitation is
possible residual confounding, as ours was an observational
study.

In conclusion, we have shown that an IMT score can be
derived from noninvasive measurements of the common and
ICA wall and that this measurement improved the Framing-
ham risk score for predicting CHD events, even after addition
of coronary calcium to the model. Because no single cohort
has perfect external validity, our findings would require
confirmation in other cohorts.
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Table 1S. Comparison of risk factors for individuals having complete intima-media
thickness (IMT) measurements and risk factors (n = 6500) as compared to those without
with missing variables (n = 314)*

Variable Study cohortf Missing IMT P-value of
measurements difference
or risk factorst

Age (years) 62.1 (10.2) 63.0 (10.3) 0.12
Sex (women) 3421 (52.6%) 180 (57.3%) 0.10
Race/ethnicity <0.0001

White 2529 (38.9) 95 (30.3%)

Chinese 787 (12.1%) 16 (5.1%)

Black 1762 (27.1%) 132 (42.0%)

Hispanic 1422 (21.9%) 71 (22.6%)
Education 0.007

No high school 1153 (17.8%) 72 (24.7%)

High school 3035 (46.7%) 138 (47.4%)

College or equivalent 1133 (17.4%) 38 (13.1%)

Advanced degree 1179 (18.1%) 43 (14.8%)
Diabetes (yes) 617 (9.5%) 63 (21.7%) <0.0001
Smoker (yes) 849 (13.1%) 38 (13.0%) 0.98
Systolic blood pressure (mmHg) 126.5 (21.5) 128.5 (20.9%) 0.10
HDL- cholesterol (mg/dL) 60.0 (14.8) 50.3 (15.5) 0.42
Total —cholesterol (mg/dL) 194.2 (35.6) 193.6 (38.2) 0.77
Hypertension medications (yes) 2375 (36.5%) 161 (51.8%) <0.0001
Lipid lowering therapy (yes) 1044 (16.1%) 56 (18.0%) 0.37
Coronary heart disease event (yes) 429 (6.6%) 25 (8.0%) 0.35

* 75 participants did not present themselves to the ultrasound IMT examination, 125 did
not have both common carotid and internal carotid artery IMT measurements, and 114
had incomplete risk factors

1 values between parentheses are either % values for ordinal variables or standard
deviation values for continuous variables.



Table 2S

Results of Cox proportional hazards model with time to coronary heart disease event as
outcome and common carotid artery intima-media thickness (IMT) percentile added to a
base set of variables: sex, race/ethnicity, and traditional Framingham risk factors.

Lower 95%

Variable Hazard Ratio CI Upper 95% CI  P-values
Age (years) 1.05 1.04 1.06 <0.001
Sex (man) 2.00 1.61 2.49 <0.001
Race/ethnicity

White (referent)

Chinese 0.51 0.35 0.73 <0.001

Black 0.79 0.62 1.01 0.063

Hispanic 0.78 0.60 1.00 0.052
Smoker (yes) 1.60 1.22 2.09 0.001
Diabetes (yes) 1.72 1.37 2.17 <0.001
Systolic blood pressure* 1.23 1.12 1.36 <0.001
Total cholesterol* 1.16 1.05 1.27 0.003
HDL—cholesterol* 0.83 0.73 0.94 0.003
Common carotid artery intima-
media thickness percentile (scaled
Oto 1) 243 1.70 3.47 <0.001

* normalized to the standard deviation values of the respective variables: 21.5 mmHg for
systolic blood pressure, 35.6 mg/dL for total cholesterol, and 14.8 mg/dL for HDL—
cholesterol.



Table 3S

Results of Cox proportional hazards model with time to coronary heart disease event as
outcome and internal carotid artery intima-media thickness (IMT) percentile added to a
base set of variables: sex, race/ethnicity, and traditional Framingham risk factors.

Lower 95%

Variable Hazard Ratio CI Upper 95% CI  P-values
Age (years) 1.05 1.04 1.06 <0.001
Sex (man) 2.00 1.61 2.49 <0.001
Race/ethnicity

White (referent)

Chinese 0.51 0.36 0.74 <0.001

Black 0.80 0.63 1.02 0.071

Hispanic 0.77 0.60 0.99 0.045
Smoker (yes) 1.50 1.14 1.96 0.004
Diabetes (yes) 1.72 1.37 2.16 <0.001
Systolic blood pressure* 1.23 1.12 1.35 <0.001
Total cholesterol* 1.15 1.05 1.26 0.004
HDL - cholesterol* 0.83 0.73 0.94 0.003
Internal carotid artery intima-
media thickness percentile (scaled
Oto 1) 2.58 1.83 3.62 <0.001

* normalized to the standard deviation values of the respective variables: 21.5 mmHg for
systolic blood pressure, 35.6 mg/dL for total cholesterol, and 14.8 mg/dL for HDL—
cholesterol.



Table 4S

Results of Cox proportional hazards model with time to coronary heart disease event as
outcome and the carotid IMT score added to a base set of variables: sex, race/ethnicity,
and traditional Framingham risk factors.

Variable Hazard Ratio  Lower 95% CI  Upper 95% CI  P-values
Age (years) 1.05 1.04 1.06 <0.001
Sex (man) 2.01 1.62 2.50 <0.001
Race/ethnicity

White (referent)

Chinese 0.51 0.35 0.73 <0.001

Black 0.81 0.63 1.03 0.063

Hispanic 0.78 0.61 1.01 0.052
Smoker (yes) 1.50 1.15 1.98 0.001
Diabetes (yes) 1.67 1.33 2.10 <0.001
Systolic blood pressure* 1.20 1.09 1.32 <0.001
Total cholesterol* 1.14 1.04 1.26 0.006
HDL - cholesterol* 0.84 0.74 0.95 0.006
Carotid intima-media thickness
combined score (scaled 0 to 1) 4.24 2.74 6.57 <0.001

* normalized to the standard deviation values of the respective variables: 21.5 mmHg for
systolic blood pressure, 35.6 mg/dL for total cholesterol, and 14.8 mg/dL for HDL—
cholesterol.



Table 5S
Calculated Net Reclassification Improvement (NRI)*7 after adding the carotid IMT score
to Framingham risk factorsj.

RISK FACTORS WITH IMT SCORE ADDED

Events
< 6% 6-20%  >20% Total

R < 6% 87 33 120
I 6 - 20% 28 229 15 272
S > 20% 8 29 37
K

Total 115 270 44 429
F
A Non-Events
C < 6% 6-20%  >20% Total
T < 6% 3276 296 3572
0 6 - 20% 480 1788 94 2362
R >20% 40 97 137
S

Total 3756 2124 191 6071

*Total upward reclassification for events: 12/429 = 2.8%. Total downward
reclassification for non-events: 130/6071 = 2.1%. Net reclassification improvement was
4.9%, significant at p = 0.024)

1 Looking at the intermediate risk category, there was downward reclassification of
13/272 = 4.8% in the group with events (wrong direction) but appropriate downward
reclassification of 386/2362 = 16.3% for a net reclassification of 11.5%

I Sex, race/ethnicity, and traditional Framingham risk factors (age, systolic blood
pressure, total cholesterol, HDL-cholesterol, smoking and diabetes).



Table 6S

Calculated Net Reclassification Improvement (NRI)*7 after adding the carotid IMT score
to a model that includes coronary artery calcium (CAC) score (0 or greater than 0) and
risk factorsi.

R RISK FACTORS AND CAC WITH IMT SCORE ADDED
I
S
K Events
<6% 6-20%  >20% Total
F < 6% 71 6 77
A 6 - 20% 8 271 25 304
% > 20% 8 40 48
0
R Total 79 285 65 429
S
Non-Events

A <6% 6-20%  >20% Total
N < 6% 3,422 99 3,521
D 6 - 20% 233 2,059 92 2,384

>20% 50 116 166
C
fé Total 3655 2208 208 6,071

*Total upward reclassification for events: 15/429 = 3.5%. Total downward
reclassification for non-events: 92 / 6071 = 1.5%. Total net reclassification improvement:
5.0% (p = 0.002).

1 Looking at the intermediate risk category, there was upward reclassification of 17/304
= 5.6% in the group with events (right direction) and appropriate downward
reclassification of 141/2384 = 5.9% for a net reclassification of 11.5%

I Sex, race/ethnicity, and traditional Framingham risk factors (age, systolic blood
pressure, total cholesterol, HDL-cholesterol, smoking and diabetes).



Table 7S

Results of Cox proportional hazards model with time to coronary heart disease event as
outcome and coronary artery calcium score (= 0 or > 0) and carotid intima-media
thickness (IMT) percentile score both added to en expanded set of variables: sex,
race/ethnicity, traditional Framingham risk factors, lipid-lowering medications, blood
pressure lowering medications, and education.

Variable Hazard Ratio Lower 95% CI  Upper 95% CI P-values
Age (years) 1.03 1.02 1.04 <0.001
Sex (man) 1.72 1.38 2.15 <0.001
Race/ethnicity

White

Chinese 0.56 0.38 0.81 0.002

Black 0.91 0.71 1.16 0.45

Hispanic 0.86 0.65 1.14 0.30
Smoker (yes) 1.44 1.10 1.90 0.009
Diabetes (yes) 1.47 1.16 1.85 0.001
Systolic blood pressure* 1.15 1.04 1.27 0.005
Total—cholesterol* 1.14 1.04 1.26 0.008
HDL—cholesterol* 0.87 0.76 0.98 0.03
Lipid lowering therapy (yes) 1.17 0.92 1.48 0.20
Hypertension medications (yes) 1.32 1.07 1.63 0.009
Education

No high school

High school 0.99 0.75 1.29 0.92

College or equivalent 0.83 0.58 1.19 0.32

Advanced degree 0.93 0.66 1.33 0.70
Positive coronary artery calcium
score (positive > 0) 3.83 2.88 5.11 <0.001
Carotid intima-media thickness
percentile score (scaled 0 to 1) 2.98 1.93 4.59 <0.001

* normalized to the standard deviation values of the respective distributions: 21.5 mmHg
for systolic blood pressure, 35.6 mg/dL for total cholesterol, and 14.8 mg/dL for HDL—
cholesterol.



Adding Carotid Intima-Media Thickness (IMT) Percentile Score to a model with all risk

factors and coronary artery calcium (CAC) score

Table 8S

Model C-statistic and change in C-statistic with the addition of carotid IMT percentile
score to a model with variables listed in Table 7S, inclusive of coronary artery calcium
score.

C-statistic Lower 95% CI  Upper 95% CI
Model with all risk factors*
and coronary artery calcium  0.7742 0.7548 0.7935
Model with IMT score added 0.7820 0.7627 0.8014
Difference Lower 95% CI  Lower 95% CI
Difference 0.0078 0.0021 0.0136

P-values

<0.001
<0.001

P-value
0.014

* sex, race/ethnicity, Framingham risk factors, lipid lowering therapy, blood pressure
lowering therapy, and education.




Table 9S

Net Reclassification improvement (NRI)*+ noted by adding the carotid artery intima-
media thickness (IMT) percentile score to a model that includes coronary artery calcium
(CAC) score (0 or greater than 0) and all risk factors].

R FULL RISK FACTORS AND CAC WITH IMT SCORE ADDED
I
S
K Events
< 6% 6 —20% >20% Total
F < 6% 71 7 78
A 6 - 20% 6 266 25 297
% > 20% 10 44 54
0
R Total 77 283 69 429
S
Non-Events

A < 6% 6 —20% >20% Total
N < 6% 3,481 110 3,591
D 6 - 20% 215 1,978 106 2,299

>20% 56 125 181
C
zé Total 3,696 2,144 231 6,071

*Total upward reclassification for events: 16/429 = 3.7%. Total downward
reclassification for non-events: 55/ 6071 = 0.9%. Total net reclassification improvement:
4.6% (p -value = 0.005).

1 Looking at the intermediate risk category, there was upward reclassification of 19/297
= 6.4% in the group with events (right direction) and appropriate downward
reclassification of 109/2299 = 4.7% for a net reclassification of 11.1%

1 Sex, race/ethnicity, and traditional Framingham risk factors (age, systolic blood

pressure, total cholesterol, HDL-cholesterol, smoking and diabetes), lipid lowering
therapy, blood pressure lowering therapy, and education.
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Table 10S
Net reclassification Improvement (NRI)*{ upon adding positive calcium score to risk
factorsi.

RISK FACTORS WITH CALCIUM SCORE ADDED

Events
< 6% 6 —20% >20% Total

R <6% 54 66 120
; 6 - 20% 23 237 12 272
K >20% 1 36 37

Total 77 304 48 429
F
A Non-Events
C < 6% 6 —20% >20% Total
T < 6% 2,796 776 3,572
o 6 -20% 717 1,585 60 2,362
Is{ >20% 8 23 106 137

Total 3,521 2,384 166 6,071

* Total upward reclassification for events: 54/429 = 12.6 %. Total downward
reclassification for non-events: - 88/6071 = -1.5 %. Net reclassification improvement was
11.1 %, (significant at p = 0.00001)

1 Looking at the intermediate risk category, there was downward reclassification of
11/272 =4.0% in the group with events (wrong direction) and appropriate downward
reclassification of 657/2362 = 27.8% for a net reclassification of 23.8%

I Sex, race/ethnicity, and traditional Framingham risk factors (age, systolic blood
pressure, total cholesterol, HDL-cholesterol, smoking and diabetes).
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Table 11S
Net reclassification Improvement (NRI)*t upon adding positive calcium score and
intima-media thickness percentile score to risk factorsj.

RISK FACTORS WITH POSITIVE CALCIUM SCORE and

IMT SCORE ADDED
Events

R < 6% 6 —20% >20% Total

I < 6% 55 65 120

S 6 - 20% 24 214 34 272

K > 20% 6 31 37

P Total 79 285 65 429

A

C Non-Events

T < 6% 6 —20% >20% Total

0 < 6% 2,919 653 3,572

R 6 -20% 725 1,515 122 2,362

S >20% 11 40 86 137
Total 3,655 2,208 208 6,071

*Total upward reclassification for events: 69/429 = 16.1 %. Total downward
reclassification for non-events: 1/6071 = 0.02 %. Net reclassification improvement was
16.1 %, (significant at p = 0.00001)

1 Looking at the intermediate risk category, there was upward reclassification of 10/272
= 3.7% in the group with events (right direction) and appropriate downward

reclassification of 603/2362 = 25.5% for a net reclassification of 29.2%

1 Sex, race/ethnicity, and traditional Framingham risk factors (age, systolic blood
pressure, total cholesterol, HDL-cholesterol, smoking and diabetes).
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Calibration of Common Carotid Artery Intima-Media Thickness (IMT) Percentiles

150 -
125

. Observed
. Predicted

Deciles
Figure 1S
Verification of calibration was made of a multivariable logistic regression models with
coronary heart disease event as outcome and the following predictor variables: sex,
race/ethnicity, age, smoking, diabetes, systolic blood pressure, total-cholesterol and
HDL-cholesterol. The model passed the Hosmer and Lemeshow test at the p = 0.10 level.

Observed and predicted events are displayed graphically.
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Calibration of Internal Carotid Artery Intima-Media Thickness (IMT) Percentiles

150
125

. Observed
. Predicted

Deciles
Figure 2S
Verification of calibration was made of a multivariable logistic regression models with
coronary heart disease event as outcome and the following predictor variables: sex,
race/ethnicity, age, smoking, diabetes, systolic blood pressure, total-cholesterol and
HDL-cholesterol. The model also passed the Hosmer and Lemeshow test at the p =10.10

level. Observed and predicted events are displayed graphically.
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Calibration of the Carotid IMT Score*

150
128
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Figure 3S

Verification of calibration was made of a multivariable logistic regression models with
coronary heart disease event as outcome and the following predictor variables: sex,
race/ethnicity, age, smoking, diabetes, systolic blood pressure, total-cholesterol and
HDL-cholesterol. The model passed the Hosmer and Lemeshow test at the p = 0.25 level.

Observed and predicted events are displayed graphically.

* combines the common carotid and internal carotid IMT percentiles:

(CCA IMT percentile + ICA IMT percentile) / 2
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