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Abstract

Purpose—To evaluate the ability of black-blood coronary arterial wall MRI to identify the

coronary artery plaque, using intravascular ultrasound (IVUS) as the golden standard.

Materials and Methods—Nineteen consecutive patients underwent IVUS and coronary artery

wall MRI. Cross-sectional images were acquired on the lesion of coronary artery from the ostium

to the middle segment continuously. The vessel cross-sectional area (CSA), luminal CSA, plaque

burden, contrast-to-noise ratio (CNR) and signal-to-noise ratio (SNR) were measured in each slice

which was then compared with the IVUS images.

Results—Sixteen of 19 patients completed coronary artery MRA and wall imaging. 41 of 67

slices were found plaques on both IVUS and MRI; The maximal wall thickness, plaque burden,

SNR, CNR in the coronary wall containing plaque were greater compared with the normal

coronary wall (1.70 ± 0.51 versus 1.24 ± 0.24; 0.71 ± 0.13 versus 0.59 ± 0.12; 1.86 ± 0.41 versus

1.47 ± 0.23; 5.10 ± 2.21 versus 2.99 ± 1.17; respectively, P < 0.05). The matched MRI and IVUS

showed good correlation for vessel CSA (16.77 ± 10.67 versus 16.97 ± 8.36; r = 0.79; P < 0.01),

luminal CSA (5.18 ± 5.01 versus 7.13 ± 5.14; r = 0.88; P < 0.01), plaque burden (0.71 ± 0.13

versus 0.59 ± 0.15; r = 0.67; P < 0.01). in segments containing plaques, especially the luminal

CSA were strongly correlated.
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Conclusion—MRI coronary artery wall imaging can identify coronary plaque in the proximal

segments. It also has the potential to assess coronary artery size.
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CLINICALLY SIGNIFICANT CORONARY artery disease (CAD) is typically defined as

greater than 50% luminal diameter reduction. However, millions of people who experience

sudden cardiac events (acute coronary syndromes and/or sudden cardiac death) secondary to

coronary atherosclerosis each year have no significant CAD or prior symptoms. Plaque

rupture is the most common complication of atherosclerosis, accounting for approximately

70% of fatal acute myocardial infarctions and/or sudden coronary deaths (1-3). Therefore,

the ability to directly assess coronary artery endothelial injury, plaque composition, and

positive remodeling has profound potential clinical impact. A prior detection of vulnerable

plaques may allow early intervention, and reduce the occurrence of sudden cardiac events.

However, x-ray coronary angiography, the current diagnostic reference for CAD, only

assesses the vessel luminal diameter and does not provide direct information regarding

coronary artery wall or atherosclerotic plaques.

Intravascular ultrasound (IVUS) imaging allows the simultaneously assessment of the

lumen, vessel wall, and the atherosclerotic plaque. It is considered the reference method for

visualizing the coronary artery wall (4). However, it is an invasive technique and is not

appropriate for screening or serial examinations. Multidetector computed tomography

(MDCT) is highly effective for noninvasive identification and quantification of calcified

coronary plaques, but the accuracy for identifying noncalcifed plaque components such as

lipid-rich (soft) or fibrotic components remains low. This due to the overlap of CT values of

different composition in noncalcifed plaque (5,6). MRI has recently been shown to be a

promising method of examining vessel wall thickness and detecting positive outward

remodeling without obvious luminal narrowing in the coronary artery (7-9), but the accuracy

of this approach has not been evaluated against the reference method. The purpose of this

study was to evaluate the accuracy of black-blood coronary arterial wall MRI to identify and

quantify coronary artery plaques by directly comparing with IVUS.

MATERIALS AND METHODS

Patient Recruitments

From October 2009 to April 2010, 19 consecutive patients (mean age 58 ± 9 years, 12 men)

who were either scheduled for or had completed IVUS examination, but did not perform

percutaneous coronary intervention (PCI), underwent coronary artery wall MRI within 10

days before or after IVUS examination. The indication of coronary artery angiography and

IVUS were refer to the ACC guideline and the discretion of the cardiologists (10), Exclusion

criteria included acute myocardial infarction within 2 weeks, unstable angina, heart rate

above 80 beats/min (after giving β-blocker), arrhythmia, and any contraindications to MR

examination (metallic implants such as pacemakers, defibrillators, cerebral aneurysm clips,

severe claustrophobia). No clinical cardiac events were reported between the two
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examinations. Written informed consent was obtained from each patient. The study was

approved by the Ethics Committee of Beijing Anzhen Hospital.

MRI Protocol

All participants were imaged on a 1.5 Tesla (T) whole-body MR scanner (Sonata, Siemens,

Erlangen, Germany) with a gradient strength of 40 mT/m, slew rate of 200 T/m/s, and 12-

channel radiofrequency receive coils (6 anterior and 6 posterior) The R-wave acquired from

a four-lead electrocardiogram (ECG) was used to trigger the data acquisition. An elastic belt

was placed on the abdomen of the patient to avoid changes in depth of breathing during data

acquisition. The 25–50 mg β-blocker (metoprolol tartrate tablets, China) was given orally to

patients with heart rate >75 beats/min. All images were collected under free breathing with

the patients in supine position.

A four-chamber cine scan was run first to determine the data acquisition window (DAW).

Appropriate DAW was crucial for high-quality coronary MRA and wall imaging. A free

breathing, retrospectively ECG-triggered steady state free precession (SSFP) sequence was

used. The temporal resolution was 28 ms and spatial resolution was 2.2 × 1.6 × 6.0 mm3.

Whole-heart coronary MRA using DAW provided by cine imaging was acquired during free

breathing to cover the entire coronary artery tree in one scan. The sequence was an ECG-

triggered, navigator-gated, T2-prepared, segmented three-dimensional (3D) SSFP. Imaging

parameters included: TR/TE = 3.4/1.7 ms, bandwidth flip angle = 890 Hz/pixel, angle =90°,

voxel size = 0.7 × 0.7 × 0.9 mm3 interpolated from 1.4 × 1.4 × 1.5 mm3, navigator

acceptance window = ± 2.5 mm.

Multiplanar reformations were performed on MRA images to show the left main coronary

artery (LM), the proximal and middle left anterior descending artery (LAD), circumflex

(LCX), and the right coronary artery (RCA). Image analysis of coronary MRA was quickly

performed by two observers to detect luminal lesion. The lesion was defined as luminal

diameter reduces or signal intensity decrease. Then 2D cross-sectional black-blood imaging

was performed on the coronary artery (LM, LAD, LCX, or RCA) that had at least one lesion

based on whole-heart coronary MRA. Contiguous images were acquired from the ostium to

the middle segment without interval using DAW same as whole heart coronary MRA. 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. A double

inversion recovery, ECG-triggered navigator-gated, fat suppressed, turbo spin echo (TSE)

sequence was used with the following parameters: TR = 2 R–R intervals, TE = 31 ms, echo

spacing = 6.1 ms, bandwidth = 303 Hz/pixel, echo train length = 13 acquisition matrix = 312

× 384, field of view = 325 × 400 mm2, in-plane resolution = 1.04 × 1.04 mm2, slice

thickness = 5 mm, navigator acceptance window = ± 2.5 mm. Average = 1 the total

examination time to complete the protocols was 60 min or less.

MRI Analysis

Coronary wall images were graded on a 3-point scale: 1 = invisible; 2 with = adequate; and

3 (7). Images a score of 2 or good 3 were analyzed using software (CASCADE) (11).
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Coronary wall images were zoomed by a factor of 3. The outer (adventitial) and inner

(luminal) boundaries of the coronary wall were traced manually using a region-of-interest

(ROI) tool. The following parameters were measured: The outer contour area vessel cross-

sectional area (vessel CSA), the inner contour area (luminal CSA), and percentage plaque

burden, defined as vessel CSA minus luminal CSA divided by vessel CSA. An ROI tool was

used to measure the signal intensity (SI). The area of ROI was 1.0 mm2. The signal-to-noise

ratio (SNR) was calculated based on the following formula: SNR = SIwall / SDnoise, where

SI of the vessel wall was determined by placing the ROI on the vessel wall, and the standard

deviation (SD) of the background noise was determined from an ROI placed in the air

anterior to the chest wall. Contrast-to-noise ratio (CNR) was calculated based on the

following formula: CNR = (SIwall – SIperivascular) / SDnoise. For the purpose of determining

the SI of the perivascular area, the ROI was placed in the region between the vessel wall and

the myocardium.

Intravascular Ultrasound

IVUS was performed as part of the invasive diagnostic procedure using a commercial 40-

MHz catheter (Atlantis Pro 2.9-F, Boston Scientific, Maple Grove, MN). The in-plane

spatial resolution is 0.2 mm. After coronary angiography, IVUS examination was performed

only in the branch with plaques. The IVUS catheter was positioned sufficiently distal (30

mm) to the targeted site, and auto pullback to the ostium of the branch at a speed of 0.5

mm/s was used. The IVUS data were stored digitally and assessed offline by the software

(iReview, Boston Scientific).

IVUS Analysis

For comparison with MRI, the target coronary arteries were divided into 5-mm segments

from the ostium or onset using the longitudinally reconstructed IVUS. Each 5-mm section

was compared side by side with MRI. Furthermore, we selected side branches as fiduciary

points to ensure that the same corresponding coronary sections were compared. Each 5-mm

section in IVUS was then divided into five 1-mm sections; we used the average value of the

five sections for comparison with MRI. The external elastic membrane (EEM) CSA (equal

to the vessel CSA in MRI), luminal CSA, and plaque burden were calculated after the

borders of vessel intima and adventitia were depicted manually in each detectable cross

section. At sites where extensive calcification or large side branches originate, if acoustic

shadowing involved a relatively small arc (<90°), planimetry of the circumference was

performed by extrapolation from the closest identifiable EEM borders, although

measurement accuracy and reproducibility was reduced. If calcification was more extensive

than 90° of the arc, EEM measurements would not be reported. These quantitative

measurements were performed in accordance with the IVUS interpretation recommendations

of the American College of Cardiology (ACC) (12) According to the ACC

recommendations. Atherosclerotic plaques will be defined as lesions located between the

media and the intima with a thickness of at least 0.5 mm.

Two investigators independently determined the presence or quantitative measurements of

atherosclerotic plaques in both IVUS and MRI images.
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Statistical Analysis

Statistical analyses were performed with software SPSS13.0. Continuous variables were

presented as means and standard deviations. An unpaired t test was performed to evaluate

differences between plaque and normal wall thickness (divided by IVUS) in MRI. For

comparison of the external elastic membrane CSA, luminal CSA, and plaque burden

obtained by MRI and IVUS, the Pearman’s correlation coefficient was determined. P-values

of <0.05 were considered statistically significant.

RESULTS

Participant Characteristics

The characteristics of the study population are summarized in Table 1. Sixteen patients

completed coronary artery MRA and wall imaging (84%), 3 patients were excluded from

analysis (16%) (2 were due to poor MR image quality; 1 was due to premature ventricular

contraction during the examination). The mean heart rate was 67.08 ± 8.35 beats/min. The

mean navigator efficiency of whole heart MRcoronary imaging was 36 ± 11% (min 16%,

max 56%), the average scan time were 11.2 ± 4.1 min (min 4.9 min, max 23.1 min). The

mean navigator efficiency of wall imaging was 41 ± 12% (min 20%, max 70%). The

average scan time was 2.1 ± 0.9 min (min 0.9 min, max 4.0 min) for each slice.

Image Quality

The image quality of MRA was adequate for analysis at the sites where coronary artery wall

images were obtained in all 16 participants who completed the study. Five slices were

excluded because of severe calcify in IVUS. Finally, a total of 67/82 (81%) coronary wall

MR images with image quality scores 2 or 3 in the 16 participants (1 RCA, 15 LAD) were

analyzed. Fifteen slices were excluded because of poor image quality (n = 3), small diameter

(n = 8), or located in bifurcation (n = 4). The image quality of coronary artery wall imaging

is summarized in Table 2. The assessable rates in LM (78.6%) and proximal segment of

LAD (89.7%) were substantially higher than that of the middle segment of LAD (55.6%).

The weighted kappa value for interobserver agreement for image quality grading was 0.79.

Accuracy of Coronary Artery Wall Imaging

Plaques were found in 41/67 slices in both IVUS and MRI. In MRI, the maximal wall

thickness, plaque burden, SNR, and CNR in the coronary wall containing plaques were

greater than those of the normal coronary wall (1.70 ± 0.51 versus 1.24 ± 0.24; 0.71 ± 0.13

versus 0.57 ± 0.11; 1.86 ± 0.40 versus 1.46 ± 0.22; 5.10 ± 2.21 versus 2.99 ± 1.17,

respectively, P < 0.01). In all sites, the matched MRI and IVUS showed moderate

correlation for vessel CSA (15.94 ± 9.75 versus 16.64 ± 7.88; r = 0.79 P < 0.01), luminal

CSA (5.57 ± 4.53 versus 8.46 ± 5.67; r = 0.74; P < 0.01), and plaque burden (0.65 ± 0.14

versus 0.54 ± 0.20; r = 0.58; P < 0.01). The difference between the 2 correlations was

statistically significant (P < 0.001). Only in slices containing plaques, the vessel CSA (16.77

± 10.67 versus 16.97 ± 8.36; r = 0.79; P < 0.01), luminal CSA (5.18 ± 5.01 versus 7.13 ±

5.14; r = 0.88; P < 0.01), and plaque burden (0.71 ± 0.13 versus 0.59 ± 0.15; r = 0.67; P <

0.01) measured by MRI and IVUS were better correlated, especially the luminal CSA was
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strongly correlated (Fig. 1). Comparison plots of vessel CSA, lumen CSA, and plaque

burden of only the plaque sites and all sites between MRI and IVUS as well as scatter plot

were shown in Figure 2 and Figure 3, respectively.

DISCUSSION

In this study, the accuracy of coronary artery wall imaging to identify the coronary artery

plaque was evaluated using IVUS as the reference. We used a 2D double inversion

recovery-prepared, ECG-triggered, navigator-gated, fat suppressed turbo spin-echo sequence

to acquire cross-sectional coronary artery wall images. We can obtain excellent MR images

in LM, proximal segment of LAD, proximal and middle segments of RCA (only one RCA).

Because of the limitation of our technique, the image quality distal to the proximal segment

of LAD was markedly decreased. In coronary wall imaging containing plaques, the plaque

burden, SNR, and CNR were significantly higher than those of the normal coronary walls,

which suggest that coronary artery cross-sectional wall imaging could identify coronary

artery plaques from normal walls. Good correlation between MRI and IVUS was found for

vessel CSA, lumen CSA, and plaque burden measurements, especially in the sites containing

plaques. Although MRI overestimated the plaque burden and the degree of lumen stenosis, it

has the potential to evaluate coronary artery size.

Previous studies have examined the ability of black blood MRI in identifying coronary

artery wall thickening. Fayad et al (13) and Botnar et al (14) used 2D black-blood MRI to

evaluate coronary arteries in normal participants and patients. The results showed that the

average maximum coronary wall thickness in patients was significantly greater than that in

normal participants. Another report by Kim et al (15) used 3D black-blood coronary wall

MRI to detect positive arterial remodeling in the RCA of 6 patients in areas of

nonsignificant CAD (10% to 50% diameter reduction). Both mean coronary wall thickness

and wall area were significantly increased in patients compared with 6 healthy participants,

whereas the lumen diameter and lumen area were similar, indicating positive arterial

remodeling. In the present study, we used IVUS as the reference method, accurately

dividing the normal and plaque segments. It was shown that the plaque burden was

significantly higher in the slices containing plaques, which suggests that it is possible to

identify plaques based on the morphology information. Meanwhile, in coronary walls

containing plaques, the SNR and CNR were significantly higher than those in the normal

coronary walls, which provide further evidence that MRI can be used to identify plaques.

The increases in SNR and CNR in segments containing plaques maybe correlated with the

wall thickening, lipid, and hemorrhage in the plaque.

Our study showed there was a good agreement between IVUS and MRI in vessel CSA,

lumen CSA, and plaque burden, especially in segments containing plaques. This result

suggests that MRI could evaluate coronary artery plaques and lumen stenosis on relative

terms, which provide further basis for screening coronary artery disease by MRI. This

technique could be used to improve coronary artery disease detection with bright-blood

coronary MRA (16). However, MRI overestimated the severity of stenosis and plaque

burden. The overestimation may be explained by the lower in-plane (1 × 1 mm2) and

through-plane spatial resolution (5 mm) of MRI compared with IVUS. It would lead to
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partial volume effect resulting in an overestimation of the true vessel wall area and

thickness. In areas of normal vessel wall, partial volume effect is more severe because the

wall is thinner, which might explain the reason why the correlation between the two

modalities in areas of plaque were greater. Furthermore, residual respiratory or cardiac

motion may cause image blurring, thereby leading to an overestimation of the true vessel

wall area. Compared with MRI, IVUS vessel wall measurements do not include the

adventitia, which might also contribute to the larger coronary vessel wall areas as measured

by MRI.

Cross-sectional imaging of the coronary arteries is challenging because of their complex

anatomical geometry, small size, and 3D rapid movement. An assessable coronary artery

wall imaging based on good compensation of cardiac and respiration movement,

suppression of the surrounding tissues include myocardium and fat to clearly delineate outer

boundaries of the vessel, suppression of the blood signal in the coronary artery to identify

the inner wall (17,18). In our study, we could analyze most LM and proximal LAD

segments, but nearly half of the distal segments were nonassessable. The reason maybe

includes two points, first, the diameter of the vessel is too small, and the partial volume

effects affect the delineation of real vessel wall. Another reason is that the middle segment

of coronary arteries are very close to the myocardium, absent of adjacent periadventitial fat,

however, the present technique could not differentiate the myocardium and the outer wall of

vessel.

Several important limitations exist in the current study. First, the scan time was relatively

long. Two patients could not tolerate the long scan time, the state of respiratory and heart

rate became unstable, the image quality was poor, and finally they withdrew from the study.

Scan time was dependent on respiratory gating efficiency and heart rate. With prolonged

scan time, the patients’ breathing patterns and heart rates tended to vary, which could reduce

the image quality. The average duration for each imaging session was approximately 60

min. Faster imaging techniques such as parallel data acquisition with higher acceleration

factors should allow further improvement in imaging speed. Second, the spatial resolution of

MRI was worse than intravascular ultrasound, which caused MRI to overestimate the plaque

burden. Higher field imaging may allow further increased spatial resolution (19,20). Third,

due to the thin vessel wall, the value of SNR and CNR may affected by the limited number

of pixels and by partial valuing. Fourth, only one weighted imaging was used in the present

study, limiting its ability to analyze the plaque composition. A combination of T1-weighted

(21-23), T2-weighted, and contrast-enhanced imaging may alleviate this problem.

In conclusion, MRI coronary artery wall imaging can identify plaques in proximal segments

of the coronary artery. Good correlation was found between MRI and IVUS, which suggests

that MR vessel wall imaging can relatively assess plaque burden and lumen stenosis. Future

work will certainly aim at the improvements in resolution, image quality and the

identification of the different plaque components.
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Figure 1.
A 46-year-old male participant with eccentric coronary plaque. a: LAD MRA showing

moderate stenosis in the proximal coronary artery (left arrow). b: Conventional coronary

artery angiography also shows moderate lumen stenosis in the same site (left arrow). c:
Cross-sectional MRI coronary wall images (top row), corresponding IVUS images (middle

row), and IVUS images (bottom row) from LM (right) to proximal segment of LAD (left).

Plaques were found in MRI (arrows), which were correlated well with IVUS.
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Figure 2.
Scatter plots of the vessel CSA (a), lumen CSA (b), and plaque burden (c) between MRI and

IVUS in the sites containing plaques. The vessel CSA, lumen CSA, and plaque burden are

positively correlated between MRI and IVUS. The measurements by MRI and IVUS are,

respectively: the vessel CSA (16.77 ± 10.67 versus 16.97 ± 8.36; r = 0.79; P < 0.01), lumen

CSA (5.18 ± 5.01 versus 7.13 ± 5.14; r = 0.88; P < 0.01), and plaque burden (0.71 ± 0.13

versus 0.59 ± 0.15; r = 0.67; P < 0.01).

He et al. Page 11

J Magn Reson Imaging. Author manuscript; available in PMC 2014 July 09.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 3.
Scatter plots of the vessel CSA (a), lumen CSA (b), and plaque burden (c) between MRI and

IVUS in all slices. The vessel CSA, lumen CSA, and plaque burden are positively correlated

between MRI and IVUS. The measurements by MRI and IVUS are, respectively: the vessel

CSA (15.94 ± 9.75 versus 16.64 ± 7.88; r = 0.79 P < 0.01); lumen CSA (5.57 ± 4.53 versus

8.46 ± 5.67; r = 0.74; P < 0.01), and plaque burden (0.65 ± 0.14 versus 0.54 ± 0.20; r = 0.58;

P < 0.01).
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Table 1

Participant Characteristics

Total no. of patients 19

Age (years) 58 ± 9

Male patients, N (%) 12 (63.2%)

Hypertension, N (%) 10 (52.6%)

Diabetes, N (%) 5 (26.3%)

Hypercholesterol, N (%) 5 (26.4%)

Smoker, N (%) 8 (42.1%)

Chest pain, N (%) 15 (78.9%)

Family history, N (%) 5 (26.3%)

Mean heart rate (beats/min) 67.08 ± 8.35
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Table 2

Image Quality of 82 Slices in 16 Patients

Cause of non-assessable segments

Artery No. of slices Assessable slices (%) Poor quality Small diameter Located at bifurcation Mean score

LM 14 12 (85.7%) 1 2 2.21 ± 0.80

LAD

 Proximal 39 35 (89.7%) 1 3 2.49 ± 0.68

 Middle 18 10 (55.5%) 1 5 2 2.06 ± 0.99

RCA

 Proximal 2 2 3.00

 Middle 9 9 2.33 ± 0.17
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