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Abstract

Purpose—To evaluate the use of coronary wall MRI as a measure of atherosclerotic disease
burden in an asymptomatic population free of clinical cardiovascular disease.

Background—Coronary wall magnetic resonance imaging (MRI) is a noninvasive method for
evaluation of arterial wall remodeling associated with atherosclerosis.

Materials and Methods—Asymptomatic participants of the Multi-Ethnic Study of
Atherosclerosis (MESA) study were studied using black blood MRI. MRI assessed coronary wall
thickness was compared to computed tomography calcium score, carotid intimal-medial thickness
and risk factors for coronary artery disease.

Results—Eighty eight arterial segments were evaluated in 38 MESA participants (mean age,
61.3 + 8.7 years). The maximum coronary wall thickness was greater for participants with 2 or
more cardiovascular risk factors than for those with 1 or no risk factors (2.59 + 0.33 mm versus
2.36 = 0.30 mm, respectively, p=0.05.) For participants with zero calcium score, the mean and
maximum coronary wall thickness for subjects with 2 or more risk factors for coronary artery
disease were greater than the wall thickness for subjects with 1 or no risk factors (mean thickness:
1.95 + 0.17 mm versus 1.7 = 0.19 mm; maximum thickness: 2.67 = 0.24 mm versus 2.32 = 0.27
mm, respectively, p <0.05). Subjects with increased carotid intimal-medial thickness also had
increased coronary artery wall thickness (p< 0.05).

Conclusions—Coronary artery wall MRI detects increased coronary wall thickness in
asymptomatic individuals with subclinical markers of atherosclerotic disease and in individuals
with zero calcium score.
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INTRODUCTION

Coronary atherosclerosis is the leading cause of death in industrialized western countries. (1)
Atherosclerosis may be clinically silent, and plaque that causes only mild to moderate
luminal narrowing may result in acute coronary syndromes.(2,3) Initially, atherosclerosis of
the coronary artery results in outward remodeling of the arterial wall while the lumen
diameter is preserved. Traditional risk factors alone do not accurately identify individuals
with symptomatic or asymptomatic coronary artery disease (CAD).(4-7) Noninvasive
approaches have therefore been proposed to identify plaque burden and coronary
calcification assessed by computed tomography (CT) has been used for this purpose.
Calcification may not be present in early atherosclerosis however, and calcium deposition is
present in only a small fraction of the total atherosclerotic burden.(8,9)

Black blood coronary arterial wall magnetic resonance imaging (MRI) has been developed
to directly assess coronary artery wall thickness as a measure of plaque burden.(10,11) The
technique is noninvasive and without radiation exposure or contrast agent injection. There is
a good correlation between MRI-measured coronary wall thickness and matched
histopathology sections for human coronary artery specimens and in vivo animal
models(r=0.94).(12) Good reproducibility has also been demonstrated.(13-15) MRI of
coronary arteries in patients with more than 40% stenosis as assessed by x-ray angiography
showed local increases in wall thickness compared to normal subjects(16) as did patients
with 10-50% coronary diameter reduction.(10) A recent study showed that in asymptomatic
type 1 diabetics, coronary wall MRI reveals greater coronary plague burden in subjects with
nephropathy compared with those with normoalbuminuria.(17)

The purpose of this study was to describe the application of coronary wall MRI as a measure
of atherosclerotic disease burden in an asymptomatic population of the Multi-Ethnic Study
of Atherosclerosis (MESA). We describe the associations between coronary artery wall
thickness and other measures of atherosclerotic burden in the MESA population in order to
assess the potential use of the MRI technique in individuals without known coronary heart
disease.

MATERIALS AND METHODS

Study Design And Subject Selection

Study participants were recruited from the Multi-Ethnic Study of Atherosclerosis (MESA).
(18) In brief, participants were 45 to 84 years old and free of clinically apparent
cardiovascular disease at the time of their initial enrollment into the MESA study.
Participation in the MRI examination was voluntary. The MESA is a multi-center study, but
the present study was based on the Baltimore and Chicago cohort participants only.

Exclusion criteria were absence of sinus cardiac rhythm, heart rate above 85 beats per
minute, claustrophobia and contraindications to MRI such as the presence of ferromagnetic
implants. Fifty MESA participants were enrolled in the study. The study was approved by
our institutional review board and informed consent was obtained from all subjects.
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Coronary Artery Wall MRI

Of the 50 enrolled subjects, 48 individuals completed the cardiac MRI scan. Two
participants did not complete the protocol: one due to sinus tachycardia (heart rate of 105
beats per minute) and the other due to inability to perform ECG gating during the MRI scan.
The first 11 subjects were evaluated using a 1.5 T whole-body MRI system (Signa CVi,
General Electric Medical Systems, Waukesha, WI) with 40 mT/m gradients using a four-
element phased-array coil for signal reception. Subsequently, 39 subjects were imaged on a
1.5T whole-body clinical scanner (Avanto, Siemens Medical Solutions, Erlangen, Germany)
operating at a maximum gradient strength of 45 mT/m and slew rate of 200 T/m/sec using
six anterior channels and six posterior channels for data acquisition.

In order to localize the coronary arteries, a coronary magnetic resonance angiogram (MRA)
was acquired using either breath-hold technique (n=23) or free breathing whole heart
technique (n=25).(19) Images were acquired during the longer of the systolic or diastolic
rest period based on visual inspection of coronary wall motion observed on a transaxial
steady state free precession cine MRI acquisition obtained at the mid-ventricular level. On
the General Electric scanner, a double oblique breath-hold coronary MRA was obtained
using a T2 prepared fat suppressed three-dimensional steady state free precession acquisition
with relaxation time/echo time (TR/ TE) = 4.7/1.9 ms, flip angle = 65°, readout bandwidth =
970 Hz/pixel, field of view = 280x224 mm, matrix = 256x192, slice thickness = 2 mm with
interpolation to 1 mm, number of partitions = 12. On the Siemens scanner, axial whole heart
free breathing coronary MRA parameters were TR/TE = 3.7/1.7 mm, flip angle = 90°,
readout bandwidth = 870 Hz/pixel, parallel imaging factor=2, field of view = 320 mm,
matrix = 288 x 288, slice thickness = 3.0 mm with sinc-interpolation to 1.5 mm, number of
partitions = 40.

For black blood coronary MRI, seven cross-sectional slices at 5 mm intervals were obtained
from the proximal portions of the coronary arteries (left main coronary artery (LM), left
anterior descending coronary artery (LAD) and the right coronary artery (RCA)). Each
cross-sectional image was individually prescribed based on double oblique multiplanar
reformations to be orthogonal to the local longitudinal axis of the coronary wall. None of the
patient studies had high grade (more than 50% coronary stenosis) and cross-sectional slices
were positioned based on a fixed distance from coronary landmarks (the coronary ostia for
the RCA and LM, and the bifurcation of the LM to the LAD and circumflex arteries for the
LAD) rather than through areas of coronary artery narrowing. Coronary wall images were
acquired using a breath-hold, ECG-gated, turbo spin echo (TSE) sequence with double
inversion pulse preparation for nulling the blood for the General Electric scanner and a free-
breathing navigator technique for the Siemens scanner. TSE pulse sequence settings were
optimized for comparability based on ex vivo scanning of coronary arteries of human hearts.
A spectrally selective fat suppression pulse was also used to increase the contrast between
the vessel wall and the epicardial fat. For the General Electric scanner, imaging parameters
were: TR = 2R-R, TE = 5.1 ms, echo train length = 16, bandwidth = 244 Hz/pixel, matrix =
256 x 192; field of view = 280 x 224 mm; 1.1x 1.1 mm pixel size with zero-filling to
0.55x0.55; slice thickness = 4 mm. For the Siemens scanner, imaging parameters were TR =
2 R-R intervals, TE = 33 ms, echo train length = 11-13, bandwidth = 305 Hz/pixel, matrix =
416x4186, field of view = 420 x 420 mm; 1.0x1.0 pixel size with zero filling to 0.50%0.50;
slice thickness = 5 mm. All acquisitions were performed during the same rest period as
determined for the coronary MRA. The acquisition window duration was 70-100 msec.
Acquisition times per image were 1-3 minutes.

Positioning of the MRI cross-sections of the coronary wall were done blinded to the results
of CT performed for calcification and all other imaging and serologic data.
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MRI Analysis

Coronary wall images were analyzed using VesselMASS software (Leiden University
Medical Center) (Figure 1 and Figure 2) (20). The images were zoomed to 500%. The outer
and inner boundaries of the vessel wall were traced manually by a single observer blinded to
other MESA parameters (discussed below) using a region of interest tool. The software then
reported the mean and maximum vessel wall thickness. The coefficient of repeatability
(COR) for interobserver variation was 0.28 mm; the COR for inter-study reproducibility was
0.39 mm.(13)

CAD Risk Factors

Hypertension was defined as diastolic blood pressure (DBP) > 90 mm Hg, systolic blood
pressure (SBP) > 140 mm Hg, or treatment for hypertension. Total cholesterol > 240 mg/dl
(6.2 mmol/l) was considered as elevated. HDL < 40 mg/dl (1.0 mmol/l) was defined as low.
Diabetic subjects were defined as either having fasting plasma glucose > 126 mg/dl (7.0
mmol/l) or treatment for diabetes. Smoking status was defined by history of smoking (ever
or never smoked). Age greater than or equal to 65 years and male gender were also
classified as coronary artery disease risk factors.

Coronary Artery Calcium—Computed tomography scanning of the chest was performed
with a prospectively ECG-triggered scan acquisition at 50% of the RR interval with a
multidetector computed tomography system (Siemens, Volume Zoom) with 2.5-mm slices
in a sequential scan mode. Each participant was scanned twice. Scans were read centrally at
the MESA CT reading center at the University of California Los Angeles.(21) The average
Agatston score was used in all analyses. The coronary artery calcium (CAC) scores between
participants were adjusted with a standard calcium phantom scanned simultaneously with
each participant.

Carotid Ultrasound

RESULTS

For carotid ultrasonography, images of the common carotid arteries were captured, including
images of the near and far wall, using high-resolution B-mode ultrasound with the Logiq
700 ultrasound machine (General Electric Medical Systems). Readings were performed
centrally at the MESA ultrasound reading center, New England Medical Center.(18,22)

Statistical Analysis—Continuous data are expressed as mean values with standard
deviations. Comparisons were made based on each artery rather than arterial segment.
Unpaired t-tests were performed to evaluate differences between groups. Associations of
coronary wall thickness with calcium score and common carotid intimal-medial thickness
were evaluated using linear regression. Because the distribution of calcium scores was not
normal, the logs of the (Agatston) scores were used for assessing the correlation with
coronary wall thickness. The Student t-test was performed for univariate analysis and was
used only for normally distributed data. We considered p-values of less than or equal to 0.05
to be statistically significant.

Study Population

Demographic and risk factor profiles for the participants in this study are presented in Table
1. The study population was 46% male, 54% African American and 46% Non-Hispanic
White. The mean age was 61.3 + 8.7 years. The average BMI was fairly high (29.5), 42%
had hypertension, and 27% were being treated for hypertension. Mean total cholesterol was
198 mg/dL and almost one-half of the participants reported ever smoking. Average fasting
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glucose was 101 mg/dl. Only 4 individuals reported a history of diabetes. Prior to statistical
analysis, participants were dichotomized into two groups based on their number of risk
factors: four participants had no cardiovascular risk factors and 13 had 1 risk factor (age >
65 years, male gender, hypertension, abnormal lipid levels, diabetes or smoking); these
participants were considered a low risk group. Thirty one other participants had 2 or more
risk factors. Non-zero calcium scores were present in 44% of study participants, and among
these the average Agatston score was 78. Average carotid intimal-medial thickness was 0.91
mm.

Overall, 38/48 (79%) subjects had diagnostic scans for coronary wall imaging. Eleven
participants had breath-hold imaging and 27 participants were studied with a free breathing
navigator technique. 8/48 (17 %) participants with nondiagnostic scans had significantly
higher (p<0.05) heart rate and shorter cardiac rest periods that resulted in more cardiac
motion artifacts compared to participants with diagnostic scans. The average length of the
MRI examination was 45 minutes.

Coronary Wall Thickness And CAD Risk Factors

Participants with two or more risk factors for CAD had higher mean and maximum coronary
wall thickness compared to participants with one or no risk factors (maximum wall
thickness: 2.59 + 0.33 mm versus 2.36 £ 0.30 mm, respectively, p=0.05, Figure 3). The
maximum coronary wall thickness of the left main coronary artery in participants with HDL
< 40 mg/dl was significantly higher compared to participants with HDL > 40mg/dl (2.71 +
0.0.44 mm versus 2.46 + 0.33 mm, respectively, p=0.05). The mean coronary wall thickness
of the left main coronary artery with a history of smoking was significantly higher compared
to participants who never smoked (2.10 + 0.39 mm versus 1.78 + 0.29 mm, respectively,
p=0.02). No significant differences in coronary wall thickness by age (<65 or >65 years-
old), gender, total cholesterol (<240 or >240mg/dl), diabetes (yes or no) or hypertension
(yes or no) were detected.

Considering all participants, those with any calcium present in the coronary arteries had
higher mean and maximum coronary wall thickness compared to those with no calcium,
except in the LAD subgroup, but these differences were not statistically significant. The
overall linear correlation between mean and maximum coronary wall thickness and calcium
score (or log transformed calcium score) was not significant. Inspection of the CAC score
versus wall thickness distribution showed that some participants with zero calcium scores
had increased coronary wall thickness substantially above the mean values, potentially
indicating areas of noncalcified atherosclerosis.

A separate statistical analysis of coronary artery wall thickness was then performed for
subjects with zero calcium score (n=23) in order to determine if atherosclerosis would be
detected by MRI in this subgroup. For participants with zero calcium score and two or more
risk factors for CAD, the coronary wall thickness was significantly greater for those with 1
or no risk factors (Figure 4, mean thickness: 1.95 + 0.17 mm versus 1.70 £ 0.19 mm;
maximum thickness: 2.67 + 0.24 mm versus 2.32 = 0.27 mm, respectively, p <0.05). Similar
patterns were also present for the left anterior descending coronary artery (mean thickness:
1.96 + 0.24 mm versus 1.68 + 0.24 mm; maximum thickness: 2.78 + 0.5 mm versus 2.33 +
0.4 mm, respectively, p<0.05) and for the right coronary artery (1.95 + 0.18 mm versus 1.71
+ 0.26 mm, respectively).

Coronary Wall Thickness And Common Carotid Intimal-medial Thickness (IMT)

Participants with carotid IMT thickness more than one standard deviation above the mean
(1.09 mm) had higher mean and maximum coronary wall thickness compared to participants
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with carotid IMT less than or equal to one standard deviation above the mean (e.g. mean
coronary thickness 1.99 £+ 0.14 mm versus 1.76 £ 0.21 mm, respectively, p< 0.05) (Figure
5). Linear regression analysis showed that increased mean coronary wall thickness was
positively associated with increased carotid IMT for all vessels combined (2, 0.48 + 0.22
(p<0.05).

DISCUSSION

In this study we report the use of MRI to directly and noninvasively measure coronary artery
wall thickness as a measure of atherosclerotic disease burden. Our objective in this study
was to assess the potential utility of coronary artery wall thickness as a marker of
atherosclerotic burden in a population free of clinical cardiovascular disease. In this study,
participants with 2 or more cardiovascular risk factors had significantly greater maximum
coronary wall thickness than those with 1 or no risk factors. This relationship was also
present even in subjects without coronary calcification by CT scan. Coronary artery wall
thickness overall showed better correlation with carotid intimal-medial thickness than
coronary calcium score.

The extent of coronary calcium correlates with overall plaque burden.(8,23) Calcium is a
minor component of total plaque and is not present in early plaque on autopsy specimens.
(8,9) Despite a strong correlation between coronary calcium and coronary atherosclerosis,
there is substantial interindividual variation in calcium deposition that is apparently due to
differences in the tendency for plaque to calcify. (24,25) For example, a “zero” calcium
score is associated with mild to moderate coronary narrowing in 15% of patients.(26) The
role of coronary calcium scoring seems to be greatest for detection of advanced
atherosclerosis in individuals at intermediate risk.(14,26-28)

We found that there was a trend toward greater coronary wall thickness for increasing levels
of calcium but overall this relationship was not statistically significant. Reasons for lack of
correlation between calcium score and MRI wall thickness may be related to the threshold
method for calcium scoring used for computed tomography, low spatial resolution of the
MRI, or both. The calcium scoring method defines a threshold level of x-ray density (130
Hounsfield units), below which calcium (and therefore atherosclerosis) is defined to be
absent. We noted that some individuals with a calcium score of zero had increased coronary
wall thickness above the mean value. When we evaluated only participants with zero
calcium score, we found that participants with 2 or more risk factors had significantly
increased coronary wall thickness compared to those with 1 or no risk factors. The ability of
MRI to identify coronary artery wall abnormalities in subjects without clinical
cardiovascular disease and with zero calcium scores suggests that MRI could be used as an
early marker of subclinical coronary atherosclerosis.

Indeed, carotid IMT overall showed better correlation with coronary wall thickness than did
calcium score. Carotid IMT is abnormal in individuals with coronary heart disease;(29,30)
and the relationship between IMT and CHD severity is constant but not strong.(14,31) In the
Cardiovascular Health Study, carotid IMT greater than 80th percentile had a sensitivity of
47% for predicting coronary artery calcium (CAC) score equal to or greater than 400.(32) In
the present study, participants with IMT values higher than one standard deviation above the
mean (greater than the 68t percentile) had thicker coronary artery walls compared to those
with lower IMT values. Since atherosclerosis is a systemic disease, these results confirm the
expected co-development of atherosclerosis in multiple vascular territories.

The results of this study show that asymptomatic individuals with increased risk factors for
cardiovascular disease have thicker coronary walls than those one or no risk factors. Our
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results support prior studies using echocardiography, which can interrogate the left anterior
descending coronary artery.(33,34) Risk factor reduction, including statin therapy,(35-38)
can reverse the adverse cardiovascular effects of atherosclerosis, but currently there is no
noninvasive method that can reliably quantify the anatomic correlate of risk factor reduction
in the coronary arteries. Most studies demonstrating the benefit of medical intervention have
targeted a population with advanced stages of atherosclerosis because of the inability to
detect earlier disease, but a greater reduction in risk is expected if an earlier stage of vascular
disease can be identified and quantitatively monitored for response to preventive
interventions. Modest reductions in coronary plaque burden after intervention have been
reported with intravascular ultrasound,(39) but the technique is invasive and not easily
repeated nor performed on asymptomatic individuals.

There were several limitations of this study. The coronary MRI technique is technically
challenging, and only approximately 80% of participants who completed the protocol had
interpretable images. As indicated, the sample size was small, limiting the ability to detect
graded responses of wall thickness over multiple categories. The spatial resolution of MRI is
limited and overestimates the wall thickness of normal coronary arteries.(40) The spatial
resolution used in this study was similar to other studies for MRI of coronary plaque(19 that
have also noted correlation with measures of coronary wall thickness. Focal deposits of
calcium may cause loss of signal on the coronary wall images. The MRI readers were
blinded to the CT images for calcium, so the mean wall thickness in particular could be
reduced if heavy deposits of calcium were present. Despite these issues, the multiple
associations between coronary wall thickness by MRI and other subclinical measures of
atherosclerosis that were detected in this and other studies thus relates to the identification of
abnormal coronary walls by the method. Another limitation of this study is its cross-
sectional nature, which prevented us from assessing the temporal sequence between MRI-
defined coronary wall thickness and the other variables.

In conclusion, coronary artery wall thickness appears to be related to the coronary artery
disease risk factors and carotid IMT, a general marker of atherosclerosis. Further studies are
needed to determine the relationship of coronary artery wall thickness to the subsequent
development of luminal narrowing and ultimately to the development of cardiovascular
events.

Abbreviations

MRI magnetic resonance imaging

MESA Multi ethnic study of atherosclerosis
CT computed tomography

ECG electrocardiogram

DBP diastolic blood pressure

SBP systolic blood pressure

CAD coronary artery disease

HDL high density lipoprotein

CAC coronary artery calcium

IMT intimal-medial thickness
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Figure 1.

Normal coronary MRA and normal coronary wall thickness. 55 year-old female participant,
with one risk factor for CAD and a calcium score of zero.

a) Coronary MRA demonstrating slice positioning for representative cross-sectional slices
for coronary wall imaging.

b), ¢) and d) Coronary wall images of the LM, RCA and LAD, respectively.
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Figure 2.

Normal coronary MR angiogram with increased coronary artery wall thickness. 73 year-old
male participant with 2 risk factors for CAD and Agatston score of 200.

a) Coronary MRA demonstrating slice positioning of representative slices for coronary wall
imaging.

b), ¢) and d) Coronary wall images of the LM, RCA and LAD, respectively, showing
increased wall thickness.
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Figure 3.
Mean and maximum coronary wall thickness as a function of coronary risk factor group (all
subjects).
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Figure 4.
Mean and maximum coronary wall thickness for participants with zero calcium score as a
function of coronary risk factor group.
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Figure 5.
Mean coronary wall thickness by carotid artery intimal-medial thickness (IMT) (all
subjects).
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Table 1

Characteristics of MESA participants evaluated by coronary wall MRI

n (%) Range
Demographic data

Men 22 (45.8)

Women 26 (54.2)

Non-Hispanic white 22 (45.8)

African American 26 (54.2)

Age (yrs) 61.3+8.7 46-76
BMI (kg/m?) 295+57 23-45.7
Blood pressure

SBP (mm Hg) 127+21 89-193

DBP (mm Hg) 72+11 46-99

Self-reported hypertension 11 (23.4)

Treatment for hypertension 13 (27.1)

Hypertension(DBP>=90 or SBP>=140 or treatment for Hypertension) 20 (41.7)

Lipids

Total cholesterol, mg/dl 197.9+405 | 118-290

LDL cholesterol, mg/dl 122.0+38.4 23-211

HDL cholesterol, mg/dl 525+ 14.0 32-94

Triglycerides, mg/dl 116.6 +58.0 31-294

Treatment for hyperlipidemia 7 (14.6)

Elevated lipid level 17 (35.4)

Smoking*

Never smoked 25(53.2)

Former smoking 18 (38.3)

Current smoking 4(8.5)

Glucose

Plasma glucose, mg/dl 101.4+25.6 73-202

History of diabetes mellitus 4 (8.5)

Insulin-treated 0(0)

Positive calcium score 21(43.8%)

Calcium score 78.2+227.0 | 0-14475
Common carotid intimal-medial thickness (mm) 0.91+0.18 | 0.59-1.37
Mean coronary wall thickness (mm) 1.83+0.25 | 1.32-2.33
Maximum coronary wall thickness (mm) 250+0.34 | 1.78-3.35

Data are presented as n, mean + SD, or range. Percentages are in parentheses.

BMI = body mass index; DBP = diastolic blood pressure; ECG = electrocardiogram; HDL = high-density lipoprotein; LDL = low-density

lipoprotein; SBP = systolic blood pressure.

*
(One participant’s smoking status was unknown, thus only 47 were considered.)
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