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Abstract
Objective—Coronary artery wall magnetic resonance imaging (MRI) has been developed to
assess coronary lumen diameter and wall thickness. The purpose of this study was to evaluate the
physiological parameters that affect the measures of coronary wall thickness using black-blood
MRI pulse sequences.

Methods—Eighty-seven participants (38 men and 49 women) of the Multi-Ethnic Study of
Atherosclerosis were enrolled in the coronary artery wall MRI study. Cine 4-chamber imaging was
used to determine the coronary artery rest period. Free-breathing whole-heart magnetic resonance
angiography with motion adaptor navigator was performed to localize the coronary arteries in 64
participants. Cross-sectional free-breathing black-blood images were acquired using
electrocardiogram-gated, turbo spin echo sequence. Imaging parameters were as follows:
repetition time = 2 R-R intervals, time to echo = 33 milliseconds, echo train length = 13,
bandwidth = 305 Hz/pixel, matrix = 416 × 416, field of view = 420 × 420 mm, and slice thickness
= 4 to 5 mm.

Results—Imaging was completed in 215 (92%) of 234 coronary segments; 9 participants had
incomplete scans. Mean age was 62.6 ± 8.4 years (range, 45–81 years). Mean body mass index
was 29.2 ± 5.9 kg/m2. A higher proportion of images with quality of “good” was seen in the right
coronary artery (40.5%) compared to the left main and left anterior descending coronary arteries
(31.9% and 26.4%, respectively). There was a very good agreement between observers in the
image quality scores (κ = 0.79, P < 0.001). Lower heart rate, male sex, and longer coronary rest
period were associated with higher image quality score (P < 0.05). Signal-to-noise ratio was
higher in participants with Agatston calcium score of more than 10 in the right coronary and left
main arteries (48.5 vs 69.7, P = 0.001; and 53.4 vs 61.6, P = 0.032, respectively).
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Conclusion—Improved depiction of the coronary artery wall with MRI is related to coronary
rest period and atherosclerotic plaque burden as measured by calcium score and inversely related
to heart rate. Because longer coronary artery rest periods are associated with improved image
quality both for angiography with MRI and coronary artery wall imaging, heart rate–lowering
methods in association with these techniques appear to be a logical application.
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Cardiovascular disease is the leading cause of death in the United States, and more than half
of cardiovascular disease–related deaths are due to coronary artery disease.1 Coronary
black-blood magnetic resonance imaging (MRI) is a method to noninvasively assess the
thickness of the coronary arterial wall to assess the extent of atherosclerotic disease. The
technique has been validated in ex vivo studies,2 and recent improvements in MRI pulse
sequences3,4 have allowed the method to be used in patient investigations.5

Due to motion of the coronary arteries along with small size of the arteries, the coronary
artery wall (<1-mm diameter) is at the threshold limit of identification with MRI. Coronary
artery wall thickness appears to be overestimated by MRI because of a combination of
factors including coronary artery motion and large pixel size.6 It is also likely that factors
related to the patient's physiological status (eg, body size, heart rate, breathing pattern,
coronary calcifications) may impact on the ability of MRI to obtain high-quality studies of
the coronary wall. The purpose of this study was to systematically evaluate patient and MRI
acquisition parameters that may impact on the image quality of coronary artery wall MRI
and to determine which factors require further study to improve this promising technology.

Materials and Methods
Study Design and Subject Selection

The study was approved by our institutional review board, and informed consent was
obtained from all participants. The study was conducted in the context of the Multi-Ethnic
Study of Atherosclerosis (MESA).7 For the purposes of this study, 87 randomly selected
participants of the Chicago and Baltimore MESA cohorts were invited to participate in the
coronary artery wall MRI study. Participants with absence of sinus cardiac rhythm, a heart
rate of more than 85 beats per minute, claustrophobia, and contraindications to MRI, such as
the presence of ferromagnetic implants, were excluded from the study.

Coronary MRI Scan
The first 11 participants were evaluated using a 1.5-T whole-body MRI system (Signa CVi;
General Electric Medical Systems, Waukesha, Wis) with 40 mT/m gradients and slew rate
of 150 T/m per second using a 4-element phased-array coil for signal reception.
Subsequently, 76 participants were imaged on a 1.5-T 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 per second using 6 anterior channels and 6 posterior
channels for data acquisition. Three plane scout images were acquired to verify coil
positioning and to localize the heart. To monitor motion of the coronary arteries, an
electrocardiogram (ECG)-gated, 2-dimensional, single-slice, cardiac 4-chamber view cine
steady-state free precession sequence was performed with temporal resolution of 50
milliseconds or less, retrospectively reconstructed at overlapping 20- to 35-millisecond
intervals over the cardiac cycle. These images were used to select the optimum delay time
corresponding to the coronary artery rest period in systole or diastole, which was determined
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based on the visual inspection of the right coronary artery (RCA) movement. The RCA rest
period is generally shorter and starts later than that of the left coronary artery8; thus the same
rest period parameters were able to be applied for all subsequent imaging of either the left or
right coronary arteries.

To localize the coronary arteries, a coronary magnetic resonance angiography (MRA) was
acquired using either breath-hold technique (n = 23) or free-breathing whole-heart technique
(n = 64). Free breathing was performed using a navigator echo technique that measures
respiratory-related displacement of the heart, allowing image acquisition only during a small
predefined fraction of the respiratory and cardiac cycle to reduce motion.9–11 On the
General Electric scanner, a double oblique breath-hold coronary MRA was obtained using a
T2-prepared fat-suppressed 3-dimensional steady-state free precession acquisition with the
following parameters: repetition time (TR)/time to echo (TE) = 4.7/1.9 milliseconds, flip
angle = 65 degrees, readout bandwidth = 970 Hz/pixel, field of view = 280 × 224 mm,
matrix = 256 × 192, number of averages = 0.5, slice thickness = 2 mm with interpolation to
1 mm, and number of partitions = 12. On the Siemens scanner, axial whole-heart coronary
MRA parameters were as follows: TR/TE = 3.7/1.7 mm, flip angle = 90 degrees, readout
bandwidth = 870 Hz/pixel, parallel imaging factor = 2, field of view = 320 mm2, matrix =
288 × 288, number of averages = 1, slice thickness = 3.0 mm with sine interpolation to 1.5
mm, and number of partitions = 40.

Once the coronary arteries were localized, cross-sectional black-blood images of the
proximal portions of the coronary arteries were acquired using a breath-hold, ECG-gated,
turbo spin echo (TSE) sequence with double inversion pulse preparation to null the blood.
Features of the black-blood TSE pulse sequence are explained in detail elsewhere.12,13 A
spectrally selective fat-suppression pulse was also used to increase the contrast between the
vessel wall and epicardial fat. For the General Electric scanner, imaging parameters were as
follows: TR = 2 R-R, TE = 5.1 milliseconds, echo train length = 16, bandwidth = 244 Hz/
pixel, matrix = 256 × 192, field of view = 280 × 224 mm, and slice thickness = 4 mm. For
the Siemens scanner, the cross-sectional black-blood images were acquired using free-
breathing, ECG-gated, TSE sequence imaging with the following parameters: TR = 2 R-R
intervals, TE = 33 milliseconds, echo train length = 13, bandwidth = 305 Hz/pixel, matrix =
416 × 416, field of view = 420 × 420 mm, and slice thickness = 5 mm. The free-breathing
images acquired were performed using a motion-adapted navigator technique with end-
expiratory imaging defined by the dome of the right hemidiaphragm. The motion-adapted
navigator technique was performed using a prospective slice following algorithm with a
correction factor of 0.6 in the inferior-superior direction. The center position of the navigator
acceptance window was adapted to diaphragm drift by immediately changing to higher
diaphragm positions (upward drift) and changing to lower diaphragm positions only if the
maximum diaphragm position over the last 20 heartbeats was below the acceptance window
(downward drift). In all cases, the duration of the echo train length of the TSE sequence was
individually optimized not to exceed the coronary rest period duration and to begin after the
onset of the coronary rest period based on the 4-chamber cine images.

For black-blood imaging of the coronary arteries, we acquired 3 slices at 5-mm intervals in
RCA, 1 slice in the left main (LM) coronary artery, and 3 slices in the left anterior
descending (LAD) artery. The best image in each coronary territory was considered for
further analysis (Fig. 1). 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.
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Coronary MRI Analysis
Coronary wall images were analyzed using VesselMASS software (Leiden University
Medical Center). Image quality of the coronary arteries was visually assessed by 2 observers
(A.A.M. and R.M.) and scored based on a scale of 1 to 5, in which 1 was the poorest image
quality (not interpretable) and 5 was the best image quality (Fig. 2). The images were
zoomed to 500%, and a region of interest (ROI) tool was used to measure the signal
intensity (SI). The signal-to-noise ratio (SNR) was calculated based on the following
formula: SNR = SIvessel wall / 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 =
SIvessel wall – SIperivascular area / 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.

Scan Efficiency
The mean of the percentage acceptance rate for the navigator during the axial whole-heart
MRA was determined as the scan efficiency.

Calcium Score Measurements
Computed tomography scanning of the chest was performed with a prospectively ECG-
triggered scan acquisition at 50% of the R-R interval with a multidetector computed
tomography system (Volume Zoom; Siemens) with 2.5-mm slices in a sequential scan
mode. The phantom adjusted average Agatston score was used in all analyses.14

Statistical Analysis
Statistical analysis was performed with SPSS (version 14.0 for Windows; SPSS, Chicago,
Ill). For the purpose of the statistical analysis, the averages of the scores of the 2 observers
were further categorized to poor (1–3), fair (3.5–4), and good (4.5–5) categories. Continuous
data are expressed as mean values with SDs. Unpaired t tests and analysis of variance were
performed to evaluate the difference between groups. Categorical data were analyzed by
Mann-Whitney non-parametric test. Due to the clustered nature of the data, we performed
the statistical analysis separately for each coronary artery. We performed the κ statistic to
measure the interobserver agreement.

Results
Study Population

Of 87 participants selected for participation, 49 participants were female (Table 1). The
mean age was 62.6 ± 8.4 years (range, 45–81 years). Mean body mass index (BMI) of our
population was 29.2 kg/m2 (SD, 5.9 kg/m2). Imaging the coronary arteries was not possible
in 9 (10.3%) of the participants, mainly because of inappropriate electrocardiographic gating
and irregular respiratory movements. Imaging was completed in 215 (92%) of the 234
remaining coronary segments.

Image Quality Assessment
One hundred twenty-two coronary segments (57%) had subjective ratings of good or fair
image quality, whereas 93 (43%) were considered poor. Overall, a higher proportion of
images with quality of “good” was seen in the RCA (40.5%) compared to the LM and LAD
arteries (31.9% and 26.4%, respectively). Images with poor quality were equally distributed
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among the 3 coronary artery territories. There was a good agreement between observers in
the image quality scores (κ = 0.79, P < 0.001).

The mean SNR and CNR values were 54.9 ± 15.6 and 25.3 ± 11.9, respectively, for all
arteries. Higher SNR was associated with higher image quality scores in the RCA and LM
artery (Fig. 2A). A similar trend was noted for CNR measurements (Fig. 2B), and this was
significant for the RCA.

MRI Scanning Parameters
Eleven of the scans were performed on GE scanners, and the rest of the scans were
performed on Siemens scanners. Image quality scores, SNR, and CNR were not significantly
different for the images acquired in different scanners, but the power to detect differences
between the 2 scanners was low. Scan efficiency was measured in 73 participants who had a
whole-heart MRA technique. Mean scan efficiency was 33.9% (SD, 9.1%). There was no
relationship between scan efficiency and coronary wall image quality (P = 0.86). Mean total
scan time was 46.34 minutes (SD, 16.4 minutes).

Subject Parameters
Image quality score was significantly lower for female participants (P = 0.007). Signal-to-
noise ratio and CNR were significantly higher in male participants (57.67 vs 52.0, P = 0.02;
and 27.78 vs 22.74, P = 0.007, respectively); also, the calcium score was significantly lower
in female participants (log transformed: 1.3 vs 1.9, P = 0.024).

Age was not significantly different for participants in different image quality categories (P =
0.27). There was a trend between increasing BMI and decreasing quality score, but these
differences were not statistically significant.

Heart rate was significantly lower in male population (69.8 vs 63.7 beats per minute, P <
0.001), and rest period was significantly higher in male population (183.8 vs 250.4
milliseconds, P < 0.001). Lower heart rate was associated with improved quality score in the
RCA (P = 0.001) (Fig. 3). Higher image quality was significantly associated with a longer
coronary rest period for all 3 coronary arteries (Fig. 4).

Calcium score was measured for all participants in the study. The mean Agatston calcium
score in our participants was 51.9 units. Signal-to-noise ratio in all coronary arteries was
higher in participants with Agatston calcium score of more than 10 (Fig. 5), and this
differences were significant in the RCA and LM artery (48.5 vs 69.7, P = 0.001; and 53.4 vs
61.6, P = 0.032, respectively) (Fig. 6).

Discussion
Cross-sectional imaging of the coronary arteries is challenging because of their complex
anatomical geometry, small size, and 3-dimensional rapid movement. The effects of heart
rate, heart rate variability, and diaphragm movement have been reported previously for CT
and magnetic resonance coronary angiography.8,15 However, the subject-specific parameters
that impact coronary artery vessel wall imaging with MRI have not previously been
reported. In 78 participants who completed the coronary artery wall MRI, improved image
quality was significantly associated with lower heart rate and longer coronary artery rest
period. These parameters were significant despite MRI scan adjustment for each participant
to individually establish the beginning and duration of the coronary rest period and ensure
that these values corresponded to timing of the k-space acquisition. Although we detected a
decreasing trend in BMI along image quality categories, this trend was not significant. Right
coronary artery and LM coronary artery image quality was the highest, and image quality
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was better in men than women. Image quality generally improved with increasing levels of
coronary atherosclerosis as assessed by CT calcium score.

One of the main challenges in imaging the heart structures is freezing the heart movement or
imaging the heart at the period of least movement or “rest period.” Besides subject-specific
trigger delays and k-space acquisition durations, navigator echoes or breath-holding was
used to reduce bulk motion artifacts. The efficiency of the free-breathing MRI scan was
determined by the acceptance rate of the navigator during the axial whole-heart MRA. We
did not detect any relationship between image quality category and navigator efficiency.
This finding suggests that diaphragmatic movement was effectively correlated with heart
displacement in the superior-inferior direction.

Previous CT and MRI angiography studies have noted the importance of coronary rest
period in relationship to angiogram quality.8,15,16 This study shows that similar
relationships hold for cross-sectional imaging of the arterial wall. The coronary artery rest
period in the RCA is shorter than the LAD,8,17 and the RCA has a faster and more complex
3-dimensional movement pattern than LAD and LM arteries.17,18 In this study, the onset
and duration of the rest period of the RCA were used to image all the coronary arteries.
Visual inspection of the cine images did not detect differences between the right and left
coronary rest periods, but quantitative analysis could potentially improve this optimization
for each artery segment.8,17

Calcium score is considered as a measure of atherosclerosis burden and is highly correlated
(r = 0.9) to the atherosclerotic plaque extent.14 Calcium score was significantly related to
subjective measure of image quality (SNR) in our study. This is likely related to higher
thickness of the coronary artery wall with increasing coronary calcium score. The observers
perceived this as improved image quality, because the coronary wall was better seen. This
relationship has not been shown before in MRI studies and holds out the future potential for
characterization of coronary plaque. Interestingly, image quality was higher in men than
women; this may be explained at least in part by higher calcium score in men and thus
higher atherosclerotic burden.

Clinical Application
Because longer coronary artery rest periods are associated with improved image quality both
for angiography with MRI8,15–18 and coronary artery wall imaging, heart rate–lowering
methods in association with these techniques appear to be a logical application.8 Other than
pharmacological intervention to increase the rest period and reduce the heart rate, recent
advances have been made to detect the cardiac rest period more accurately by myocardial
motion–tracking methods in coronary MRA19 and black-blood imaging.20

Limitations
There are several limitations of this study. Although we had a good sample size compared to
previous studies, a larger sample size would indicate if certain trends, such as the
relationship to BMI and image quality, should be further studied. Voxels were anisotropic,
and a slice thickness of 4 to 5 mm was necessary to provide sufficient SNR. Three-
dimensional MRI technique can provide near-isotropic spatial resolution21 at the expense of
longer acquisition time to sample the right and left coronary arteries. However, the faster 2-
dimensional technique that we used allowed cross-sectional images to be easily repeated if
necessary. In addition, vessel cross-sections rather than long-axis image acquisition and
analysis have previously been shown to be advantageous for atherosclerosis assessment.22

The coronary rest period determination was based on RCA motion only; this simplified
image acquisition for the technologist but more optimal rest period assessment could be
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performed in future studies for each individual coronary artery territory. Finally, we did not
specifically obtain images in areas of luminal narrowing/stenosis. Therefore, our finding that
there is a correlation between calcium score and higher image quality is more likely due to a
generalized diffuse process of atherosclerosis, rather than providing information regarding
plaque assessment in areas of luminal narrowing. Signal-to-noise ratio and CNR estimates
are less reliable for normal coronary arteries because of their small size, but are likely to be
more reliable as the extent of atherosclerosis and wall thickness increase.
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FIGURE 1.
Cross-sectional slice positioning for each coronary artery based on the coronary artery MRI
(top left) and corresponding cross-sectional images of the coronary artery wall.
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FIGURE 2.
Arteries were visually scored based on the ability of the observer to distinguish all or part of
the coronary artery wall from surrounding tissue. A, A score of 1 indicated the observer was
unable to distinguish the artery. B, If parts of the artery were visible (<50%) but with hazy
borders, it was scored as 2. C, If at least 50% of the wall was identified and the borders were
sharp, it was scored as 3. D, If only small portions of the vessel (25%) were not present with
well-defined borders, it was scored as 4. E, If the entire coronary wall was visible and well
defined, it was scored as 5.
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FIGURE 3.
A, Mean SNR values for each coronary artery as a function of the subjective image quality
categories (*P = 0.022, †P = 0.013). IQ indicates image quality. T bars represent 95%
confidence intervals. B, Mean CNR values for each coronary artery as a function of the
subjective image quality categories. The CNR difference between poor and good image
quality of the RCA was statistically significant (*P = 0.022). T bars represent 95%
confidence interval.
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FIGURE 4.
The relationship between heart rate and image quality category for RCA. Asterisk (*)
indicates P = 0.001. T bars represent 95% confidence interval.
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FIGURE 5.
The relationship between coronary artery rest period image quality category for each
coronary artery. Image quality increases significantly with increased rest period in all
coronary arteries (*P = 0.001, †P = 0.026, ◆P = 0.033, ‡P < 0.001, ◆◆P = 0.017). T bars
represent 95% confidence interval.
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FIGURE 6.
The relationship between SNR and image quality category for each coronary artery stratified
by Agatston calcium score. Differences were significant for the LM and RCA (*P =
0.032, †P = 0.001). T bars represent 95% confidence interval.
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TABLE 1
General Characteristic of the Study Population

Demographic Data n (%)

Sex

 Men 38 (43.7)

 Women 49 (56.3)

 Total 87 (100)

Ethnicity

 Non-Hispanic White 44 (50.6)

 African American 43 (49.4)

Age, yrs 62.6 ± 8.4

BMI, kg/m2 29.2 ± 5.9

Agatston calcium score

 ≥10 30 (34.5)

 <10 57 (65.5)

Data are presented as number and mean ± SD. Percentages are in parentheses.
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