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Background-—Common carotid artery intima–media thickness (IMT) can be measured either by hand or with an automated edge
detector. We performed a direct comparison of these 2 approaches and studied their respective associations with coronary heart
disease outcomes.

Methods and Results-—We studied 5468 participants of the Multi-Ethnic Study of Atherosclerosis, composed of white, Chinese,
Hispanic, and black participants with an average age of 61.9 years (47.8% men) and who were free of coronary heart disease at
baseline. Manual-traced and edge-detected IMT measurements were made in the same location on ultrasound images of the right
common carotid artery far wall in an area free of plaque. Manual-traced and edge-detected common carotid artery IMT
measurements were added separately to multivariable Cox proportional hazards models with time to incident coronary heart
disease as the outcome and adjusted for traditional coronary heart disease Framingham risk factors, lipid-lowering therapy, blood
pressure–lowering therapy, and race or ethnicity. Additional models were generated after adding clinic site and reader. There were
349 events during a median follow-up of 10.2 years. In adjusted models, the hazard ratio was not significant (1.31; 95% CI 0.84 to
2.06) for each millimeter increase in manual-traced IMT but was significant for edge-detected IMT (hazard ratio 1.63; 95% CI 1.12
to 2.37). Edge-detected IMT remained statistically associated with outcomes after additional adjustment for clinic site and reader
performing the IMT measurement (hazard ratio 1.59; 95% CI 1.07 to 2.35).

Conclusions-—Edge-detected common carotid artery far wall IMT has similar if not stronger associations with coronary heart
disease outcomes when compared with manual-traced IMT.

Clinical Trial Registration-—URL: https://www.clinicaltrials.gov/. Unique identifier: NCT00063440. ( J Am Heart Assoc. 2015;4:
e001492 doi: 10.1161/JAHA.114.001492)
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C ommon carotid artery (CCA) intima–media thickness
(IMT) is a marker of coronary heart disease (CHD). The

distance between the lumen–intima and media–adventitia
interfaces of the artery wall can be measured by readers (1)
who place calipers and record measurements,1 (2) who place
calipers at selected intervals along the key interfaces and
record the measurements,2 (3) who trace continuous lines

along the wall interfaces3 and then have an algorithm
calculate the distances,4 or (4) who use edge detectors to
automatically detect the key wall interfaces.4–10

Manual-traced and edge-detected IMT measurements have
been shown to have similar cross-sectional associations with
cardiovascular risk factors4 and similar statistical power for
determining the outcome of intervention trials.11

In most cases, manual-traced and edge-detected IMT
measurements have shown positive associations with cardio-
vascular outcomes; however, individual studies could have
used either edge-detected or manual-traced IMT measure-
ments.12 A side-by-side comparison of the associations
between cardiovascular outcomes and these 2 approaches
has yet to be reported.

We compared the associations of CHD events with edge-
detected and manual-traced IMT measurements in a large
multiethnic cohort that was free of cardiovascular disease at
baseline and followed longitudinally in the Multi-Ethnic Study
of Atherosclerosis (MESA).
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Materials and Methods

Population
MESA recruited and examined a multiethnic population of 6814
men and women aged 45 to 84 years with no history of clinical
cardiovascular disease between July 2000 and August 2002 at
6 separate clinic sites in the United States.13 The MESA cohort
is a multiethnic cohort including white, black, Hispanic, and
Chinese participants. Participants were excluded if they had a
physician diagnosis of heart attack, stroke, transient ischemic
attack, heart failure, angina, or atrial fibrillation; history of any
cardiovascular procedure; weight >300 lb; pregnancy; or any
medical condition that would prevent long-term participation.
MESA protocols and all studies described in this paper were
approved by the institutional review boards of all collaborating
institutions, and all participants gave informed consent. Of the
6814 participants studied, 5641 underwent edge-detected IMT
measurements in addition to manual measurements as part of
an ancillary study (ClinicalTrials.gov identifier NCT00063440).4

Risk Factors and Anthropomorphic Variables
The risk factors used in this paper were derived from the
updated Framingham risk score as presented by D’Agostino
et al,14 comprising age, sex, smoking and diabetes status,
systolic blood pressure, and low- and high-density lipoprotein
cholesterol, to which race or ethnicity and use of lipid-
lowering therapy were added.

Age, sex, race or ethnicity, and medical history were self-
reported and included use of blood pressure–lowering med-
ications and lipid-lowering medications. Current smoking was
defined as self-report of a cigarette in the past 30 days.
Resting blood pressure was measured at rest in the seated
position with a Dinamap model Pro 100 automated oscillo-
metric sphygmomanometer (Critikon), using the average of
the last 2 of 3 serial measurements. Lipid levels were
measured after a 12-hour fast. The presence of treated
diabetes mellitus was based on self-reported physician
diagnosis, use of insulin, and/or use of an oral hypoglycemic
agent. A fasting glucose value ≥126 mg/dL was coded as
untreated diabetes. 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 and dextran.

Carotid Artery Measures
Carotid ultrasound examinations were made at the baseline
visit. Participants were examined supine with the head rotated
45° toward the left side. The arms were held slightly abducted
from the body. Imaging was done in the plane parallel to the
artery with the jugular vein lying immediately above the CCA

(or at 45° from the vertical if the internal jugular vein was not
present). Images of the right CCA were centered below
(caudad to) the right CCA bulb.6 A matrix array probe (M12L;
General Electric) was used, with the frequency set at 13 MHz
and 2 focal zones selected, and the frame rate was set at 32
frames per second. A super-VHS videotape recording was
then made for 20 seconds. Images were digitized at 30
frames per second, and automated diameter measurements
were made from this video segment using customized
software. End-diastolic images (smallest diameter of the
artery) were captured based on measurements of diameter
during the cardiac cycle.15

The selected image had a region of interest defined along
the far wall of �10 mm starting at least 5 to 10 mm below
(caudad to) the right CCA bulb. The region was adjusted to
exclude any carotid artery plaque. Trained readers traced lines
along the 2 key interfaces, the lumen–intima and media–
adventitia. An automated edge-detection algorithm was then
used to determine these same 2 key interfaces in the same
region of interest. The tracings for manual-traced and edge-
detected interfaces were applied to the same algorithm to
calculate the respective mean IMT values4 and were entered
directly into a database. Four readers performed the
measurements.

Reproducibility was assessed by blinded replicate rereads
performed by 2 readers on a set of 114 studies read by
another reader.4 Correlations between readers were 0.78 for
manual-traced IMT and 0.71 for edge-detected IMT. The
correlation coefficient between manual tracings and edge-
detected IMT values was 0.76. Rereads were done by having
the readers redigitize the videotapes, choose an image from
the 20-second segment, define a region of interest on the far
wall, and perform the measurements.

Image acquisition of both common and internal carotid
arteries was also performed at a separate imaging session.
The participants were supine with the head rotated 45°
toward the side opposite that being imaged. After acquisition
of 1 CCA image, 3 images centered on the internal carotid
artery bulb were taken on each side and from 3 projections: 1
anterior, 1 lateral (at 45°), and 1 posterior. A matrix array
probe (M12L; General Electric) was used with the frequency
set at 9 MHz and 2 focal zones selected and at a frame rate of
32 frames per second. Internal carotid artery IMT measure-
ments were made on near and far walls of the CCA
(1 projection) and the internal carotid artery (3 projections)
using hand-drawn continuous tracings of the intima–lumen
and media–adventitia interfaces that were then processed
using a previously described algorithm.4 The maximum
internal carotid artery IMT from either the right or left side
and near or far wall was used for a measurement of plaque.
Maximal internal carotid artery IMT >1.5 mm was considered
to represent plaque.16,17
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We investigated the presence of a possible bias between
readers as follows. We calculated the mean difference between
the IMT measurements made by each of the 4 readers and
those obtained by edge detection. We calibrated the original
manual-traced measurements by adding this difference to
the individual measurements made by each reader.

Outcome
All cardiovascular events were adjudicated and classified by
2 members of the MESA mortality and morbidity review
committee. Events were identified during follow-up examin-
ations and by telephone interviews conducted every 9 to
12 months to inquire about all interim hospital admissions,
cardiovascular outpatient diagnoses, and deaths. Copies of
all death certificates and all medical records for hospitaliza-
tions and outpatient cardiovascular diagnoses were
obtained.

The review process included all generated International
Classification of Diseases (ICD-9) definitions, but the final
adjudication of MESA end points was based on specific
criteria applied to data obtained from medical records by 2
committee members or by the whole study events committee
in case of disagreement.

CHD events included myocardial infarction, death due to
CHD, resuscitated cardiac arrest, definite or probable angina
followed by coronary revascularization, and definite angina
not followed by coronary revascularization. Cases of coronary
artery revascularization that did not have a concurrent
diagnosis of angina were not included.

The diagnosis of myocardial infarction was based on a
combination of symptoms, electrocardiographic findings, and
circulating cardiac biomarkers. Death was considered to be
related to CHD if it occurred within 28 days after a
myocardial infarct, if the participant experienced chest pain
within the 72 hours preceding death, or if the participant had
a history of CHD and died without documentation of any other
cause of death. Resuscitated cardiac arrest included partic-
ipants who successfully recovered from full cardiac arrest
through cardiopulmonary resuscitation. Adjudicators graded
the presence of angina based on the following criteria:
Definite or probable angina required clear and definite
documentation of symptoms without the development of
myocardial infarction. Definite angina also required objective
evidence of reversible myocardial ischemia or obstructive
coronary artery disease.

Statistical Analyses
The mean (and standard deviation) values of continuous
variables are presented. The distribution of dichotomous
variables is also shown as a percentage in each group.

Separate Kaplan–Meier curves were generated for manual-
traced and edge-detected IMTs using the respective IMT
quartile values.

Multivariable Cox proportional hazards models were con-
structed with time to CHD as the outcome and using robust
error handling. Manual-traced and edge-detected IMT mea-
surements were used separately as independent variables in
adjusted Cox proportional hazards models (age, sex, race or
ethnicity, systolic pressure, total cholesterol, high-density
lipoprotein cholesterol, smoking history, diabetes status, and
lipid-lowering, and blood pressure–lowering therapies). The
reader performing the measurement and the clinic site were
added as covariates to the fully adjusted models in a
sensitivity analysis.

We performed a sensitivity analysis to address the possibility
that clustering effects might have affected our results when
clinic site and reader were entered into our models. Conse-
quently, we treated both variables as separate sources of
variance, entering them as random effects in a hierarchical
multivariable logistic regression analysis that included the IMT
variables, race or ethnicity, and risk factors. The results of the
multivariable logistic regression model without reader and
clinic entered into the model were compared with those of the
hierarchical multivariable logistic regression model using a
conservative likelihood ratio test. We also evaluated associa-
tions with events when reader and clinic were entered as
dummy variables in themultivariable logistic regressionmodels.

We performed a sensitivity analysis of all participants with
internal carotid artery IMT plaque measurements with a
definition of plaque as an IMT value >1.5 mm.16,17 We used a
multivariable Cox proportional hazards model with the
following predictor variables: Framingham risk factors plus
race or ethnicity, internal carotid artery plaque, and either
manual-traced or edge-detected CCA IMT.

We used minimally adjusted Cox proportional hazards
models to test whether the calibrated IMT values we
generated for each reader manual-traced IMT value affected
the predictive value of the measurements.

Statistical analyses were performed using Stata 11.2
(StataCorp). The level of statistical significance was set at
P≤0.05 (2-sided).

Results
There were 5468 participants with manual-traced IMT mea-
surements (mean 0.68�0.19 mm) and edge-detected IMT
values (mean 0.87�0.22 mm). The mean age was 61.9 years
(Table 1). The proportion of men was 47.8%. The largest
ethnicity represented was white at 39.7% of participants, and
the smallest was Chinese (12.2%). There were 349 first CHD
events at a median follow-up of 10.2 years.
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Results of the adjusted Cox proportional hazards model for
manual-traced and edge-detected IMTs are shown in Tables 2
and 3. The hazard ratios (HRs) were significant for edge-
detected IMT (Table 3), with a value of 1.63 per millimeter

increase (95% CI 1.12 to 2.37), but not for manual-traced IMT
(Table 2), with a value of 1.31 per millimeter increase (95% CI
0.84 to 2.06). The HRs for the various predictor variables were
all within 10% of each other when the baseline model was
modified by separately entering manual-traced IMT (Table 2)
and edge-detected IMT (Table 3). All variables were significant
predictors of events. There was a slight difference between
Hispanic and white participants for the model without IMT and
for the model with manual-traced IMT. Although this difference
was no longer significant when edge-detected IMT was entered
into the model, the effect size did not change.

Inclusion of clinic site and reader (data not shown) slightly
weakened the association of edge-detected IMT with CHD,
with a HR of 1.59 per millimeter increase (95% CI 1.07 to
2.35). The HR for manual-traced IMT increased slightly (HR
1.45; 95% CI 0.90 to 2.35) but did not become significant.
Associations with events were weaker for 1 of the clinic sites
(P=0.003) in the models with and without IMT. There were no
significant interreader differences.

The respective Kaplan–Meier curves for manual and edge-
detected tracings plotted out as quartiles (unadjusted) are
shown as Figures 1 and 2, respectively. Although both sets of
curves show the increased risk of events as the IMT quartile
increases, there is slightly better scaling between quartiles
and events for the edge-detected IMT values (Figure 2)
compared with the manual-traced measurements (Figure 1).

The multivariable logistic regression models with reader
and clinic included (data not shown) as predictor variables for
events gave a significant (P=0.025) odds ratio for

Table 1. Demographics and Key Variables of the Population
Studied (n=5468)

Value

Age, y, mean (SD) 61.9 (10.2)

Sex, men, % (n) 47.8 (2615)

Race or ethnicity, % (n)

White 39.7 (2168)

Chinese 12.2 (667)

Black 26.4 (1445)

Hispanic 21.7 (1188)

HDL cholesterol, mg/dL, mean (SD) 51.2 (14.7)

Total cholesterol, mg/dL, mean (SD) 193.5 (34.1)

Systolic blood pressure, mm Hg, mean (SD) 125.9 (21.2)

Smoker, yes, % (n) 12.5 (683)

Diabetes, yes, % (n) 11.6 (636)

Lipid-lowering therapy, yes, % (n) 16.1 (878)

Blood pressure–lowering therapy, yes, % (n) 36.1 (1974)

Hand-measured IMT, mm, mean (SD) 0.68 (0.19)

Edge-detected IMT, mm, mean (SD) 0.87 (0.23)

HDL indicates high-density lipoprotein; IMT, intima–media thickness.

Table 2. Results of Multivariable Cox Proportional Hazards Models for Incident Coronary Heart Disease Without and With
Manual-Traced IMT Measurements

Variable HR 95% CI P Value HR 95% CI P Value

Age, y 1.05 1.04 to 1.06 <0.001 1.05 1.04 to 1.06 <0.001

Sex (male) 2.17 1.70 to 2.77 <0.001 2.15 1.69 to 2.75 <0.001

Race or ethnicity (white)

Chinese 0.61 0.42 to 0.90 0.013 0.62 0.42 to 0.90 0.013

Black 0.72 0.54 to 0.95 0.019 0.71 0.54 to 0.94 0.017

Hispanic 0.75 0.56 to 0.99 0.041 0.75 0.57 to 1.00 0.049

HDL cholesterol, mg/dL 0.98 0.97 to 0.99 <0.001 0.98 0.97 to 0.99 0.001

Total cholesterol, mg/dL 1.01 1.00 to 1.01 <0.001 1.01 1.00 to 1.02 <0.001

Systolic pressure, mm Hg 1.01 1.01 to 1.02 <0.001 1.01 1.00 to 1.01 <0.001

Smoker (yes) 1.65 1.22 to 2.24 0.001 1.62 1.19 to 2.21 0.002

Diabetes (yes) 1.73 1.32 to 2.27 <0.001 1.73 1.32 to 2.26 <0.001

Lipid Rx (yes) 1.49 1.15 to 1.93 0.002 1.49 1.15 to 1.93 0.002

Blood pressure Rx (yes) 1.40 1.10 to 1.79 0.006 1.40 1.10 to 1.79 0.006

Manual IMT, mm 1.31 0.84 to 2.06 0.236

HDL indicates high-density lipoprotein; HR, hazard ratio; IMT, intima–media thickness; Rx, prescription.
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edge-detected IMT of 1.70 (95% CI 1.07 to 2.72) and a
nonsignificant (P=0.10) odds ratio of 1.64 (95% CI 0.91 to
2.95) for manual-traced IMT. Treating clinic site and reader as
random effects did not significantly alter the predictive value
of the logistic regression model compared with models that
did not factor in both of these variables (P=0.46 for the model
with edge-detected IMT; P=0.37 for the model with manual-
traced IMT).

The results of the multivariable Cox proportional hazards
model with internal carotid artery plaque added are shown in
Tables 4 and 5. There were 338 CHD events in 5342
participants with internal carotid artery IMT measurements.
The addition of internal carotid artery plaque to the model
with manual-traced IMT did not improve the predictive value
of manual-traced IMT (HR 1.34; 95% CI 0.83 to 2.18), whereas
plaque was a significant (P=0.003) predictor of events (HR

Table 3. Results of Multivariable Cox Proportional Hazards Models for Incident Coronary Heart Disease Without and With Edge-
Detected IMT Measurements

Variable HR 95% CI P Value HR 95% CI P Value

Age, y 1.05 1.04 to 1.06 <0.001 1.05 1.03 to 1.06 <0.001

Sex (male) 2.17 1.70 to 2.77 <0.001 2.15 1.68 to 2.74 <0.001

Race or ethnicity (white)

Chinese 0.61 0.42 to 0.90 0.013 0.61 0.42 to 0.90 0.012

Black 0.72 0.54 to 0.95 0.019 0.70 0.53 to 0.93 0.012

Hispanic 0.75 0.56 to 0.99 0.041 0.77 0.58 to 1.02 0.065

HDL cholesterol, mg/dL 0.98 0.97 to 0.99 <0.001 0.98 0.97 to 0.99 0.001

Total cholesterol, mg/dL 1.01 1.00 to 1.01 <0.001 1.01 1.00 to 1.01 <0.001

Systolic pressure, mm Hg 1.01 1.01 to 1.02 <0.001 1.01 1.00 to 1.01 <0.001

Smoker (yes) 1.65 1.22 to 2.24 0.001 1.62 1.19 to 2.20 0.002

Diabetes (yes) 1.73 1.32 to 2.27 <0.001 1.70 1.30 to 2.23 <0.001

Lipid Rx (yes) 1.49 1.15 to 1.93 0.002 1.49 1.15 to 1.93 0.002

Blood pressure Rx (yes) 1.40 1.10 to 1.79 0.006 1.41 1.11 to 1.80 0.005

Edge-detected IMT, mm 1.63 1.12 to 2.37 0.011

HDL indicates high-density lipoprotein; HR, hazard ratio; IMT, intima–media thickness; Rx, prescription.
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Figure 1. Kaplan–Meier (failure) curves for incident coronary heart disease using the
quartiles of manual-traced common carotid artery intima–media thickness. Quartile ranges
were as follows: 0.316 to 0.547, 0.547 to 0.643, 0.643 to 0.768, and >0.768 mm. CHD
indicates coronary heart disease.
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1.43; 95% CI 1.13 to 1.82). Edge-detected CCA IMT remained
a significant predictor of events, with an HR of 1.56 (95% CI
1.06 to 2.29), and plaque was also a significant predictor of
events, with an HR of 1.41 (95% CI 1.11 to 1.80).

As shown in Figure 3, we observed significant interreader
differences when manual-traced IMT values were compared
with edge-detected measurements. Interreader differences
were readily apparent, with the measurements for reader D
being the closest to those obtained with edge detection
(a difference of 0.09�0.16 mm) and the farthest

(0.25�0.11 mm) being those for reader C. Results of using
calibrated IMT values in Cox proportional hazards models
predicting CHD events are shown in Table 6. The manual-
traced IMT values gave a lower HR than the “calibrated”
values. In addition, the magnitude of the reader effect was
decreased after calibration because (1) a dummy variable
representing the readers was no longer a statistically
significant predictor (P=0.08) and (2) the HR before and after
adjustment for reader was essentially constant for the
calibrated IMT values (2.35 before and 2.33 after adjustment).
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Figure 2. Kaplan–Meier (failure) curves for incident coronary heart disease using the
quartiles of edge-detected common carotid artery intima–media thickness. Quartile ranges
were as follows: 0.219 to 0.722, 0.722 to 0.837, 0.837 to 0.987, and >0.987 mm. CHD
indicates coronary heart disease.

Table 4. Associations of Manual-Traced Common Carotid
Artery IMT With Coronary Artery Disease Events (n=338) in
the Subset of Participants (5342 of 5468) Having
Measurements of Internal Carotid Artery Plaque

Hazard
Ratio 95% CI P Value

Manual-traced IMT, mm* 2.14 1.39 to 3.31 0.001

Manual-traced IMT, mm† 1.83 1.16 to 2.87 0.009

Internal carotid artery plaque,
>1.5 mm†

1.75 1.38 to 2.22 <0.001

Manual-traced IMT, mm‡ 1.34 0.83 to 2.18 0.23

Internal carotid artery plaque,
>1.5 mm‡

1.43 1.13 to 1.82 0.003

IMT indicates intima–media thickness.
*Adjusted for age, sex, and reader.
†IMT and plaque in the model; adjusted for age, sex, and reader.
‡IMT and plaque in the model; adjusted for age, sex, reader, high-density lipoprotein
cholesterol, total cholesterol, systolic blood pressure, smoking status, diabetes, use of
lipid-lowering medications, and use of blood pressure–lowering medications.

Table 5. Associations of Edge-Detected Common Carotid
Artery IMT With Coronary Artery Disease Events (n=338) in
the Subset of Participants (5342 of 5468) Having
Measurements of Internal Carotid Artery Plaque

Hazard
Ratio 95% CI P Value

Edge-detected IMT, mm* 2.44 1.67 to 3.56 <0.001

Edge-detected IMT, mm† 2.10 1.41 to 3.12 <0.001

Internal carotid artery plaque,
>1.5 mm†

1.72 1.35 to 2.18 <0.001

Edge-detected IMT, mm‡ 1.56 1.06 to 2.29 0.025

Internal carotid artery plaque,
>1.5 mm‡

1.41 1.11 to 1.80 0.005

IMT indicates intima–media thickness.
*Adjusted for age, sex, and reader.
†IMT and plaque in the model; adjusted for age, sex, and reader.
‡IMT and plaque in the model; adjusted for age, sex, reader, high-density lipoprotein
cholesterol, total cholesterol, systolic blood pressure, smoking status, diabetes, use of
lipid-lowering medications, and use of blood pressure–lowering medications.
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Discussion
We found that edge-detected IMT measurements of the CCA
far wall appear to have similar if not stronger associations
with CHD events than manual-traced IMT measurements.

These results apply to the right CCA in an area selected as
being free of plaque.

Our prior observations have shown that manual-traced and
edge-detected IMT measurements were similarly associated
with cardiovascular risk factors.4 We had hypothesized that
edge-detected IMT measurements would have weaker associ-
ations with events than manual-traced IMT values based on a
review of the published results of epidemiological studies. The
majority of studies linking IMT with cardiovascular outcomes
had IMT values derived from manual tracings. A recent large
meta-analysis combining various IMT studies, for example,
included data on the associations between outcomes and edge-
detected IMT or manual-traced IMT.12 Of the 14 studies used in
the analyses, 1 of 5 studies using edge-detected IMT and 4 of 9
studies using manual-traced IMT showed positive associations
between IMT and cardiovascular events.12

Two limitations of the general applicability of our study are
the use of 1 type of ultrasound device and the use of 1 type of
edge detector. The images acquired with our ultrasound
device might differ from the images acquired with other
devices. This might affect visual perception of the interfaces
by the readers or performance of the edge detector. In
addition to affecting variability, this approach might introduce
a fixed bias compared with the results of other studies.18

Although it is likely that the interreader bias term would tend
to be constant,19 it could affect the strength of the
associations between the IMT measurements and out-
comes.18 The use of only 1 type of edge detector also
restricts the general applicability of our results. We used an
algorithm based on dynamic programming that resembles
that developed by Wendelhag et al.10 This algorithm pro-
cesses data based on pixel intensity and gradients and is
different from algorithms based on polynomial fitting of
intensity curves perpendicular to interfaces or algorithms
using template matching.8,9,20 It is plausible that the results
presented in this paper are specific to the algorithm used and
might not apply to other edge-detection algorithms.

An underlying limitation of our study is the location of the
CCA selected for IMT measurements. These measurements
were made with the intent of assessing IMT progression;
therefore, the site of IMT measurements was paired with
follow-up ultrasound images. In addition, the measurements
were made in an area that was free of plaque and below the
beginning of the carotid bulb. Determining whether or not a
plaque was present was dependent on the sonographer and
on the reader doing the IMT measurement. This approach
could have introduced a selection bias toward performing
measurements that would optimize progression estimates but
that could have blunted associations between baseline IMT
and cardiovascular events.

A basic strength of our study is the observation that edge
detection works well for IMT measurements in a multiethnic
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Figure 3. Plot graph showing the difference between the mean
IMT measured by manual tracing and edge detection (y-axis) for
each reader (y-axis). The numbers on the y-axis are the mean of
the paired differences between IMT measurements made for each
participant as calculated by subtracting manual-traced IMT values
from the edge-detected values. Ranges between brackets are
standard deviation values. ED indicates edge detected; IMT,
intima–media thickness; MT, manual traced.

Table 6. Prediction of Coronary Heart Disease Events in
Models Adjusted for Age, Sex, and Race or Ethnicity Using
Manual-Traced Common Carotid Artery IMT Values Before and
After Calibration Against Edge-Detected IMT Values

Variable
Hazard
Ratio 95% CI P Value

Before calibration*

Manual-traced IMT, mm† 2.04 1.31 to 3.16 0.001

Reader‡ 1.06 1.01 to 1.12 0.03

Manual-traced IMT, mm‡ 2.12 1.38 to 3.26 0.001

After calibration*

Calibrated manual-traced
IMT, mm†

2.35 1.51 to 3.67 <0.001

Reader‡ 1.05 0.99 to 1.11 0.08

Calibrated manual-traced
IMT, mm‡

2.33 1.50 to 3.64 <0.001

Data on all 5468 participants and the 349 events were used. IMT indicates intima–media
thickness.
*Adding to manual-traced IMT measurements made by each reader the mean difference
between edge-detected IMT values and the manual-traced IMT measurements made by
that reader.
†Not adjusted for reader.
‡Adjusted for reader (n=4).
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cohort with an age range between 45 and 84 years and
composed of 4 ethnic groups. We believe our results suggest
that the use of edge detection is a way of compensating for
interreader bias terms, which seem to represent a constant
difference between the measurements made by different
readers and likely dilute the associations between IMT and
events.18

We considered the possibility that clustering effects might
affect our results because of the distribution between readers
and clinic sites and the possibility of unaccounted-for sources
of variance. We tested this possibility with hierarchical
modeling and found that this was not the case. This result
suggests that the variability in the process of IMT measure-
ment of the CCA far wall due to clinic and readers, although
present, might be of lower magnitude than expected.18

It is still possible that interreader differences might have
affected our results. We noted that differences between
manual-traced and edge-detected IMT values (Figure 3) varied
by reader. These interreader differences are likely due to the
visual perception of edges between the key artery wall
interfaces. We have shown previously that this effect leads to
a bias that is mostly due to the perception of the location at
which the media–adventitia interface is located.19 We have
now investigated whether this bias term is consistent enough
to be used to calibrate the manual-traced IMT values made by
each reader. The results shown in Table 6 indicate that this
form of calibration is possible because the calibrated IMT
values gave an HR for predicting events similar to that of the
model adjusted for readers (2.35 before and 2.33 after
adjustment). Without calibration, the HR was weaker and a
reader effect was statistically significant. Further research
into this topic is needed.

The sensitivity analyses we performed by adding plaque to
our models suggest that CCA IMT captures a different facet of
atherosclerosis than measurements of carotid plaque.
Differences between CCA and internal carotid artery IMT
measurements have been shown previously for cross-sec-
tional associations with risk factors and for predicting
events.16,21

We concluded that the associations of CHD events with
edge-detected IMT were at least similar to if not stronger than
manual-traced IMT measurements. These findings need
confirmation by other studies, given the specific imaging
protocol that we used and our focus on measuring the CCA far
wall IMT in an area free of plaque.
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