UCLA
UCLA Previously Published Works

Title

Coronary Atherosclerosis T1-Weighed Characterization With Integrated Anatomical
Reference Comparison With High-Risk Plaque Features Detected by Invasive Coronary
Imaging

Permalink
https://escholarship.org/uc/item/4fw7s3t7

Journal
JACC Cardiovascular Imaging, 10(6)

ISSN
1936-878X
Authors

Xie, Yibin

Kim, Young-Jin
Pang, Jianing

Publication Date
2017-06-01

DOI
10.1016/j.jcmg.2016.06.014

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4fw7s3t7
https://escholarship.org/uc/item/4fw7s3t7#author
https://escholarship.org
http://www.cdlib.org/

1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
JACC Cardiovasc Imaging. Author manuscript; available in PMC 2020 July 29.

-, HHS Public Access
«

Published in final edited form as:
JACC Cardiovasc Imaging. 2017 June ; 10(6): 637-648. doi:10.1016/j.jcmg.2016.06.014.

Coronary Atherosclerosis T;-Weighed Characterization With
Integrated Anatomical Reference:

Comparison With High-Risk Plaque Features Detected by Invasive Coronary Imaging

Yibin Xie, PhD*aP, Young-Jin Kim, MD*°, Jianing Pang, PhD2, Jung-Sun Kim, MDY, Qi Yang,
MD?2, Janet Wei, MD?, Christopher T. Nguyen, PhD2P, Zixin Deng, MS&P, Byoung Wook
Choi, MD¢, Zhaoyang Fan, PhD?, C. Noel Bairey Merz, MD®, Prediman K. Shah, MD®, Daniel
S. Berman, MD2€, Hyuk-Jae Chang, MDY, Debiao Li, PhD2P

aBiomedical Imaging Research Institute, Cedars Sinai Medical Center, Los Angeles, California

bDepartment of Bioengineering, University of California, Los Angeles, California

¢Department of Radiology, Severance Hospital, Yonsei University College of Medicine, Seoul,
South Korea

dDivision of Cardiology, Severance Cardiovascular Hospital, Yonsei University College of
Medicine, Seoul, South Korea

®Heart Institute, Cedars Sinai Medical Center, Los Angeles, California
Biomedical Imaging Institute, Yonsei University College of Medicine, Seoul, South Korea

# These authors contributed equally to this work.

Abstract

OBJECTIVES—The aim of this work is the development of coronary atherosclerosis T1-
weighted characterization with integrated anatomical reference (CATCH) technique and the
validation by comparison with high-risk plaque features (HRPF) observed on intracoronary optical
coherence tomography (OCT) and invasive coronary angiography.

BACKGROUND—T-weighted cardiac magnetic resonance with or without contrast media has
been used for characterizing coronary atherosclerosis showing promising prognostic value. Several
limitations include: 1) coverage is limited to proximal coronary segments; 2) spatial resolution is
low and often anisotropic; and 3) a separate magnetic resonance angiography acquisition is needed
to localize lesions.

METHODS—CATCH acquired dark-blood Tq-weighted images and bright-blood anatomical
reference images in an interleaved fashion. Retrospective motion correction with 100% respiratory
gating efficiency was achieved. Reference control subjects (n = 13) completed both pre- and post-
contrast scans. Stable angina patients (n = 30) completed pre-contrast scans, among whom 26
eligible patients also completed post-contrast scans. After cardiac magnetic resonance, eligible
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patients (n = 22) underwent invasive coronary angiography and OCT for the interrogation of
coronary atherosclerosis. OCT images were assessed and scored for HRPF (lipid-richness,
macrophages, cholesterol crystals, and microvessels) by 2 experienced analysts blinded to
magnetic resonance results.

RESULTS—Per-subject analysis showed none of the 13 reference control subjects had coronary
hyperintensive plagques (CHIP) in either pre-contrast or post-contrast CATCH. Five patients had
CHIP on pre-contrast CATCH and 5 patients had CHIP on post-contrast CATCH. Patients with
CHIP had greater lipid abnormality than those without. Per-segment analysis showed elevated pre-
and post-contrast plaque to myocardium signal ratio in the lesions with HRPF versus those
without. Positive correlation was observed between plaque to myocardium signal ratio and OCT
HRPF scoring. CHIP on pre-contrast CATCH were associated with significantly higher stenosis
level than non-CHIP on invasive coronary angiography.

CONCLUSIONS—CATCH provided accelerated whole heart coronary plaque characterization
with simultaneously acquired anatomical reference. CHIP detected by CATCH showed positive
association with high-risk plaque features on invasive imaging studies.

Keywords

atherosclerosis; inflammation; intraplaque hemorrhage; magnetic resonance imaging; optical
coherence tomography

Plaque rupture is the most common mechanism for acute coronary syndromes, accounting
for approximately 70% of fatal acute myocardial infarctions and/or sudden coronary deaths
(1). The detection of coronary plaques at high risk for rupture may improve the assessment
of risk for acute coronary syndrome and facilitate therapeutic decision making (2).

Recently, T1-weighted (T1w) cardiac magnetic resonance (CMR) with (3) or without (4)
contrast enhancement has been proposed for characterizing coronary atherosclerosis.
Noguchi et al. (5) examined the signal intensity of coronary plaques on native Tlw CMR
from 568 patients with suspected or known coronary artery disease (CAD) and demonstrated
that high intensity plaques are associated with higher risk of coronary events during a 6-year
follow-up. Intraplague hemorrhage, the primary suspect for causing coronary hyperintensive
plagues (CHIP) on pre-contrast Tlw CMR, is a potent atherogenic stimulus that contributes
to the deposition of free cholesterol, macrophage infiltration, and enlargement of the
necrotic core (6). Varma et al. (7) investigated the coronary wall enhancement by gadolinium
in Tlw CMR images from patients with CAD and patients with systemic lupus
erythematosus and found that coronary wall contrast enhancement may serve as a direct
marker for vessel wall injury and remodeling related to inflammation.

Despite the promising prognostic capability of Tlw CMR for the assessment of coronary
atherosclerosis, the current protocols using conventional Cartesian acquisition and navigator
gating have several drawbacks that may hinder the clinical application of this technique.
First, anatomical coverage is limited to only the proximal segments of coronary arteries.
Second, current spatial resolution is low and anisotropic, leading to blurring and partial
volume effects. Third, acquisition time is long and unpredictable, depending largely on the
breathing pattern of the patient. Patient movement associated with prolonged scanning also
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causes considerable exclusion rate due to poor image quality (5). Lastly, because the
background tissue in Tlw CMR is heavily suppressed, a separate acquisition of bright-blood
images is needed to provide the anatomical reference for identifying and localizing target
lesions. This further lengthens the total scan time and requires additional steps of image
registration.

The first aim of this study is to address the aforementioned limitations of conventional
protocols by developing a highly efficient magnetic resonance (MR) imaging method for
coronary artery plague characterization, namely, coronary atherosclerosis T;-weighted
characterization with integrated anatomical reference (CATCH). CATCH is designed to
provide the following: 1) 3-dimensional whole-heart coverage; 2) isotropic high spatial
resolution (1.1% mm3); and 3) simultaneously acquired dark-blood T1w images and
anatomical reference images. The second aim of this study is to validate this new MR
imaging technique by comparing it with high-risk plaque features observed on invasive
coronary imaging studies.

MR SEQUENCE DESIGN.

The proposed MR acquisition method was based on prospectively electrocardiogram-gated,
inversion recovery (IR) prepared spoiled gradient echo (fast low angle shot) sequence with
golden angle 3-dimensional radial trajectory (Figure 1A). The IR pulse was applied every
other heartbeat, allowing interleaved acquisition of dark-blood T1w images and bright-blood
anatomical reference images (Figure 1B). Slab-selective excitation pulses were used to
suppress the tissue outside of the heart to reduce the streaking artifacts resulting from radial
undersampling. Spectral adiabatic IR was used together with water-only excitation pulses to
suppress the signal from epicardial fat. No respiratory gating was applied with all of the
imaging data used for reconstruction (equivalent to 100% respiratory gating efficiency).
Diaphragm navigator was turned on in “monitor-only” mode for monitoring patients’
breathing conditions during the scan. A flip-back pulse was applied immediately after IR
pulse to restore the navigator signal.

MR RECONSTRUCTION SCHEME.

An image-based retrospective affine motion correction algorithm was used to correct for
respiratory motion between different bins with an integrated self-calibrating iterative
sensitivity-encoding scheme (Figure 2) (8). Both dark-blood and bright-blood k-space data
were segmented into 6 respiratory bins using the navigator signal as the consistent criteria.
Breathing motion parameters were estimated based on the bright-blood data, which had
higher signal to noise ratio. Because of the same binning criteria, intra-bin motions in both
dark-blood and bright-blood k-space data were assumed identical. Therefore the same
motion correction transformation could be applied for both dark-blood and bright-blood
images.
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ENROLLMENT CRITERIA.

The study protocol was approved by the institutional review boards of both participating
institutions. Informed consent was obtained from each subject before being enrolled in the
study. Healthy volunteers (n = 13) with no known CAD were recruited for the control group.
Consecutive patients (n = 30) with new-onset or recurrent stable chest pain for whom
coronary catheterization were planned were enrolled into the patient group.

Exclusion criteria for this study were the following: 1) acute coronary syndrome (acute
myocardial or unstable angina); 2) history of coronary revascularization (coronary bypass
graft surgery, and/or percutaneous coronary intervention); 3) claustrophobia; 4) renal
insufficiency with estimated glomerular filtration rate <45 ml/min/1.73 m? (for post-contrast
MR); or 5) known allergy to gadolinium-based contrast media (for post-contrast MR).
Specific control and patient characteristics are summarized in Table 1.

MR IMAGING PROTOCOL.

In vivo MR imaging was performed on clinical 3-T scanners (MAGNETOM Verio and
MAGNETOM Trio, Siemens AG Healthcare, Erlangen, Germany) with 12-channel body
matrix receiver coil. Preparatory scans were performed before the CATCH sequence
including the following steps: 1) low-resolution 2-dimensional survey images with multiple
orientations to localize the heart; 2) multiecho gradient echo sequence for cardiac shimming;
and 3) free-breathing 4-chamber cine images of the heart to determine the trigger delay time
when the motion of the coronary arteries was minimal.

Pre-contrast CATCH sequence was executed with the following parameters: 3-dimensional
sagittal slab covering the entire heart with field-of-view = 3303 mms3; matrix size = 2883;
spatial resolution = 1.13 mm3; flip angle = 12°; repetition time/echo time = 4.6/2.3 ms;
inversion time interval = 580 ms, applied every other heartbeat; bandwidth = 721 Hz/pixel;
total number of radial projections = 8,500; acquisition time was approximately 10 min
depending on heart rate. Immediately after the pre-contrast imaging, gadoterate meglumine
(Dotarem, Guerbet, Bloomington, Indiana) was injected intravenously with the dose of 0.1
mmol/kg bodyweight at the injection rate of 2 ml/s, followed by 20 ml of saline flush. After
25 min of delay time to allow contrast media to wash out, a Look-Locker type sequence (9)
was used to determine the optimal inversion time interval (typically about 270 ms) to null
the blood pool signal. The post-contrast CATCH sequence was executed using the identical
parameters as the pre-contrast one, but employing patient-specific inversion time intervals.

ICA AND OCT IMAGING PROTOCOL.

After completing CMR, 22 eligible patients underwent invasive coronary angiography (ICA)
and intracoronary optical coherence tomography (OCT) for plaque evaluation within 5 days.
OCT was performed in selected coronary arteries based on ICA findings with either the M2
or the C7-XR imaging systems (LightLab Imaging, Inc., St. Jude Medical, St. Paul,
Minnesota). An occlusion catheter was positioned proximally and an imaging catheter was
positioned distally. During imaging acquisition, an occlusion balloon (Helios, Avantec
Vascular Corp., Sunnyvale, California) was inflated to 0.4 to 0.6 atm and lactated Ringer
solution was infused at 0.5 to 1.0 ml/s. In the M2 system, the imaging catheter was pulled
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from distal to proximal with a motorized pullback system at 1.0 mm/s. In the C7-XR system,
the pullback speed was 20 mm/s due to the system’s faster frame rate (100 frame/s).
Contrast medium was continuously flushed through a guiding catheter at the rate of 4 to 5
ml/s for 3 to 4 s. Images from were acquired and stored digitally for subsequent analysis.

IMAGE ANALYSIS.

CATCH images were reviewed on a clinical workstation (Leonardo, Siemens AG
Healthcare, Erlangen, Germany) with consensus reading by 2 experienced observers (Y.X.
and Q.Y.) who were blinded to patient information and invasive imaging results. Fusion
images were created on the workstation by overlaying the dark-blood T1w images onto the
reference images using the Fusion functionality. Region of interest analysis was performed
on the T1w images with anatomical reference images and fusion images displayed
simultaneously to localize the coronary arteries. In total, 30 coronary segments that had
coronary plaque by invasive angiography and matched OCT data available for comparison
were evaluated. Plaque to myocardial ratio (PMR), defined as the signal intensity of the
coronary plagque normalized by the signal intensity of adjacent myocardium, was measured
on both pre-contrast and post-contrast images using the method previously described (4).
Full dynamic window level was used for display and actual signal intensity was used for
quantification. According to Noguchi et al. (5), lesions with PMR value >1.4 were
considered CHIP.

All OCT images were analyzed by 2 experienced analysts who were blinded to MR analysis
results. Cross-sectional OCT images were analyzed at 1-mm intervals using a dedicated
software program (QIVUS, Medis Medical Imaging Systems, Inc., Leiden, the Netherlands).
OCT images were assessed qualitatively for 4 major high-risk plaque features: 1) large lipid
pools, defined as signal-poor regions with diffuse borders (10); 2) macrophage clusters,
defined as multiple strong back reflections resulting in a high signal variance in the area
(11); 3) cholesterol crystals, defined as oriented, linear, highly reflecting structures within
the plaques (12); and 4) microvessels, defined as the well-delineated low backscattering
structures <200 um in diameter and showing a trajectory within the vessel (13). Each feature
was scored based on the following diagnostic confidence scale: 1 = negative; 2 = likely
negative; 3 = unsure; 4 = likely positive; 5 = positive.

STATISTICAL ANALYSIS.

All statistical analysis was performed in R statistical programming language version 3.0.3
(The R Foundation for Statistical Computing, Vienna, Austria). A 2-tailed 2-sample
heteroscedastic Student #test was performed between OCT-positive (score =4) and OCT-
negative (score <3) segments for pre-contrast and post-contrast PMR after verification of
data normality with Shapiro-Wilk test. Categorical variables were analyzed using Fisher
exact test or the chi-square test as appropriate. Pearson correlation analysis was performed
between OCT scoring and PMR values. All numerical data are presented in the format of
mean + SD (normally distributed data) or median and interquartile range (non-normally
distributed data) and statistical difference was considered significant when p was <0.05.
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RESULTS
PER-PATIENTS ANALYSIS.

All 13 subjects in the control group successfully completed both the pre-contrast and post-
contrast CATCH scans. All 30 patients completed the pre-contrast CATCH scan, among
which 26 eligible patients also completed the post-contrast CATCH scan. The ineligible
patients for the post-contrast CATCH included ones with known allergy to contrast media (n
= 1), inability to continue the scan due to claustrophobia (n = 2), and insufficient renal
function (n = 1). The average scan time of each CATCH scan was 10.4 + 1.1 min.

Based on PMR cutoff value of 1.4 (5), no CHIP was found in the control group on either
pre-contrast or post-contrast CATCH images. Five patients (5 of 30, 16.7%) and 5 patients
(5 of 26, 19.2%) had CHIP on pre-contrast CATCH and post-contrast CATCH, respectively,
among which 3 patients (3 of 26, 11.5%) had CHIP on both.

Table 2 summarizes the clinical characteristics comparison among patients with no CHIP
[CHIP ()], pre-contrast CHIP [CHIP (pre)], and post-contrast CHIP [CHIP (post)]. Notably,
the CHIP (pre) group had significantly higher low-density lipoprotein level (+34%) and
higher total cholesterol level (+19%) than the CHIP (=) group. The CHIP (pre) and CHIP
(post) groups also had slightly lower body mass index (=7.7%).

PER-SEGMENT ANALYSIS.

The whole-heart coverage and fine spatial resolution by CATCH enabled the examination of
the entire coronary circulation, including the mid-distal segments that were previously not
accessible. Table 3 summarizes the localization of the segments (n = 30) that had complete
data sets (MR, ICA, and OCT) according to the presence of CHIP.

Figure 3 shows a representative patient case with a CHIP on pre-contrast CATCH images.
Pre-contrast T1w images showed a CHIP at mid LAD as localized on the anatomical
reference images. ICA showed significant stenosis (70%) at the same location. On the
computed tomography angiography the lesion appeared to be a noncalcified plague with
“napkin-ring sign” attenuation pattern. OCT image showed large signal-poor area suggestive
of possible lipid core or intraplague hemorrhage (yellow arrows).

Figure 4 shows a different representative patient case with a CHIP on post-contrast T1w
CATCH. Pre-contrast T1w images showed no CHIP. Post-contrast T1w showed diffused
wall enhancement at proximal right coronary artery as localized on the anatomical reference
images. Corresponding x-ray angiography showed only mild stenosis (30%) at proximal
right coronary artery. Computed tomography angiography showed marked positive modeling
at the location of the stenosis. OCT image showed strong multifocal back reflections and
signal heterogeneity within the overlying tissue suggestive of high macrophage density
(yellow arrows).

Figure 5 shows the relationship between PMR on CATCH and OCT classifications.
Significantly elevated pre-contrast PMR was observed in coronary lesions with large lipid
pools, multiple macrophages clusters, and presence of cholesterol crystals. Significantly
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elevated post-contrast PMR was observed in lesions with multiple macrophages clusters and
presence of microvessels.

Figure 6 shows the results of the correlation analysis between OCT plaque risk score and
PMR values. A moderate, but significant positive correlation was found between pre-
contrast PMR and OCT risk score (r = 0.58, p = 0.0012), as well as post-contrast PMR and
OCT risk score (r = 0.56, p = 0.0016). When we combined pre- and post-contrast PMR, we
found stronger correlation with OCT scores (r = 0.68, p = 0.000052), which suggested that
there might be additional value in performing both pre- and post-contrast CATCH.

Based on the ICA results of all 30 patients, pre-contrast CHIP had significantly higher
degree of luminal stenosis than did plaques without pre- or post-contrast hyperintensity
(median 75% vs. 60%; p = 0.005). However, there was no significant difference between
post-contrast CHIP and plaques without hyperintensity. Figure 7 shows the distribution of
stenosis levels of the examined lesions categorized in terms of plaque hyperintensity.

DISCUSSION
TECHNICAL IMPROVEMENTS.

CATCH imaging technique developed in this work is the first MR method to enable
coronary plaque characterization with simultaneously acquired bright-blood reference
images. The reference images were acquired along with dark-blood T1w images in an
interleaved fashion; therefore they were inherently coregistered to each other. This design
provides potential benefits for its clinical applications. First, no additional image-registration
steps were required and perfectly matched fusion images could be generated easily by
overlaying the 2 sets of images. Second, no additional bright-blood scan such as MR
angiography was needed to help localizing lesions. Therefore, the entire protocol could be
shortened, which could potentially facilitate the clinical application of coronary plaque T1w
imaging.

The CATCH technique allowed accelerated imaging of the entire coronary artery system.
Whole-heart coverage and fine isotropic resolution were achieved with scan time of
approximately 10 min. This now more easily enables integration into a routine clinical
protocol that was not possible before. In comparison, a conventional navigator gated
Cartesian scan with similar coverage and spatial resolution is estimated to require scan time
of about 40 min, depending on the patient’s breathing pattern. Based on our experience, such
protocol would not be clinically feasible due to patient discomfort and motion-induced
image quality degradation. The accelerated acquisition by CATCH was achieved in 2
aspects. First, respiratory motion was corrected retrospectively to allow the utilization of all
k-space data for image reconstruction, which was equivalent to having 100% efficiency in
navigator gating. Second, a higher level of undersampling can be tolerated by radial
acquisition (factor of 3.7 in this application) than conventional Cartesian acquisition (typical
factor of 2 with parallel imaging), because undersampling in radial acquisition has “noise-
like” streaking artifacts, whereas undersampling in Cartesian acquisition results in ghosting.
In this application, the streaking artifacts were also largely suppressed by the iterative
sensitivity encoding reconstruction.

JACC Cardiovasc Imaging. Author manuscript; available in PMC 2020 July 29.
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CLINICAL IMPLICATIONS.

This is also the first study to show that CHIP on both pre-contrast (native) and post-contrast
T1lw CMR were associated with high risk plaque features detected by OCT imaging in
patients with stable angina pectoris. Previously, several groups have investigated the nature
of native CHIP by comparing it with other imaging modalities. The study by Kawasaki et al.
(4) demonstrated that pre-contrast hyperintensity on MR was typically associated with
ultrasound attenuation on intravascular ultrasound, remarkably low x-ray attenuation on
coronary computed tomography angiography, and positive remodeling, all of which
suggested high-risk lesions. More recently, Matsumoto et al. (14) showed that native
intrawall hyperintensity was associated with macrophage accumulation as assessed by OCT,
which is consistent with the results in our study. In addition, we also found the association
between native CHIP and cholesterol crystals. Jansen et al. (15) showed that CHIP correctly
identified intracoronary thrombus in 9 of 10 patients recently presenting with acute coronary
syndrome. Similar finding was also observed by Ehara et al. (16) using OCT comparison,
though only in a small number of patients. However, we were not able to establish such a
link between native CHIP and intracoronary thrombus in this study, as none of the patients
presented with thrombus during OCT imaging. This was likely due to the fact that the
patients enrolled in this study consisted of a more stable population, as we excluded all
subjects with acute symptoms including acute coronary syndrome.

Although CHIP on pre- and post-contrast CATCH both resulted from shortened T, in the
plaque tissue, it is important to note the different mechanisms leading the 2 types of CMR
hyperintensity. Pre-contrast T1w hyperintensity stems from endogenous source(s) with
inherent short T1. Among different plaque tissue types, methemoglobin from recent
intraplaque hemorrhage/thrombus and lipids from necrotic cores are most likely contributors
to the elevated native CMR signal. Though no study on coronary plaques is currently
available with histopathological validation, extensive evidence from carotid plaque studies
on endarterectomy specimen has pointed to intraplaque hemorrhage as the major source of
native hyperintensity on CMR (17). The preliminary comparison with OCT imaging in our
study suggested that the CHIP on the pre-contrast T1w images were associated with large
lipid pools. Unfortunately, currently, there is no standard imaging method to detect
intraplague hemorrhage in vivo.

Post-contrast T1w hyperintensity, on the other hand, results from exogenous cause of T1
shortening, in other words, the residual gadolinium contrast media in the coronary vessel
wall. Previous studies suggested that post-contrast CHIP are caused by endothelial leakiness
(18) commonly associated with neovascularization and vascular inflammation. Yeon et al.
(19) examined post-contrast CHIP in CAD patients and found increasing prevalence of
coronary artery wall contrast enhancement with increasing severity of plaque calcification
by multislice computed tomography and correlation with lumen stenosis by ICA. Varma et
al. (7) found significantly higher contrast-to-noise ratio and total enhanced area in CAD
patients and patients with systemic lupus erythematosus compared with healthy control
subjects. In this study, our observation was in line with previous reports, as we found the
associations among post-contrast enhancement, macrophage clusters (inflammation), and
microvessels (vessel remodeling) as seen on OCT. However, it is important to note that
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currently the exact mechanism of plaque contrast enhancement is still not fully understood
and histological verification is needed.

STUDY LIMITATIONS.

First, the sample size in this study, particularly the number of positive cases, remains small.
The preliminary findings in this study, although found to be statistically significant, have to
be further validated in a larger clinical study. Second, CATCH is designed to largely
suppress tissue types with normal range of T, and facilitate the identification of CHIP as
they appeared as “hot spots” among mostly dark background tissue. However, it also made it
hard to identify plaques that were not hyperintense and therefore could not reliably evaluate
global plaque burden. The bright-blood reference images, although sufficient for anatomical
localization, may not have the ideal image contrast as a dedicated CMR angiography. Third,
no histopathological data was available in this study to precisely verify the components in
the native and post-contrast CHIP. In particular, macrophage accumulation was not
quantified or rigorously validated. Therefore, the results should be interpreted with caution.
Lastly, CMR imaging visualizes the entire wall, albeit with a limited spatial resolution,
whereas OCT could only assess the superficial layers of the vessel wall due to the limited
optical penetration. Nevertheless, OCT is acknowledged as among the most reliable tools for
coronary plaque characterization. Moreover, as the most important morphological
determinants of plaque vulnerability are superficial, the region of greatest interest was still
within the imaging range of the current OCT system. We consider, therefore, that the quality
of both coronary CMR and OCT data obtained in this study is sufficiently high to support
our conclusion.

The concept of using PMR to quantify plaque hyperintensity requires further studies. First,
the best cutoff PMR threshold of CHIP for risk stratification is still not clear. A previous
study by Noguchi et al. (5) has demonstrated that pre-contrast PMR cutoff value of 1.4
provides the best prognostic accuracy. However, no consensus has been reached, and PMR
cutoff of 1.0 has also been used by others in recent studies (4,14). No study has yet
investigated the appropriate PMR cutoff value for post-contrast CMR based on outcome
data. Second, PMR is normalized by myocardial signal intensity, which may be perturbed
due to pathophysiology and/or acquisition-related factors such inversion time, flip angle, and
the frequency of IR pulses. Therefore the variability and reliability of PMR also requires
further investigation.

Future technical improvements for the proposed CATCH technique are possible on the
following aspects. First, methods to improve lumen-to-tissue contrast such as T, preparation
may be applied to the bright-blood acquisition to facilitate the detection of stenosis. Second,
the image reconstruction of CATCH was performed off the scanner and took more than 2 h
per patient. Further work is needed to implement the process on the scanner and reduce the
reconstruction time. Third, the current analysis of CATCH images was based on manual
regions of interest, which could introduce user variability. Future work may utilize the
registered bright-blood images to segment the coronary arteries and detect CHIP on the
dark-blood images automatically.

JACC Cardiovasc Imaging. Author manuscript; available in PMC 2020 July 29.
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CONCLUSIONS

The proposed CATCH technique enabled accelerated T1w whole-heart coronary plaque
imaging with fine isotropic resolution and simultaneously acquired anatomical reference.
The preliminary comparison with invasive imaging studies demonstrated the association
between CHIP on CATCH and high-risk atherosclerotic plaque features on OCT and ICA.
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ABBREVIATIONS AND ACRONYMS

CAD coronary artery disease

CATCH coronary atherosclerosis T1-weighted characterization with
integrated anatomical reference

CHIP coronary hyperintensive plaque
CMR cardiac magnetic resonance
ICA invasive coronary angiography
IR inversion recovery
OCT optical coherence tomography
PMR plaque to myocardium signal intensity ratio
Tiw Tq-weighted
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PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE:

The proposed CATCH technique provided accelerated whole heart MR coronary plaque
characterization with integrated anatomical reference. Hyperintensity on CATCH was
found to be positively associated with high-risk plaque features on OCT and greater lipid
abnormality. CATCH can potentially serve as a noninvasive, nonradiation imaging tool to
determine the riskiness of coronary lesions.

TRANSLATIONAL OUTLOOK:

Image reconstruction and the qualification of plaque hyperintensity have to be faster and
more automated before this technique can be applied in a larger patient population.
Further studies are needed to establish the ideal cutoffs of pre- and post-contrast PMR for
risk stratification before they can be used as fully quantitative imaging biomarkers.
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FIGURE 1. Image Acquisition Strategy of the CATCH Technique
(A) Sequence diagram of coronary atherosclerosis T1-weighted characterization with

integrated anatomical reference (CATCH) for accelerated 3-dimensional dark-blood T;-
weighted coronary imaging with interleaved anatomical reference. (B) Simulated steady-
state signal behavior of different tissue types (blood, normal vessel wall, and intraplaque
hemorrhage). FLASH = fast low angle shot; IR = inversion recovery; NAV = navigator;
SPAIR = spectral adiabatic inversion recovery; Tl = time interval.
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FIGURE 2. Image Reconstruction Strategy of the CATCH Technique
The schematic flow chart shows the image reconstruction processes for interleaved dark-

blood T1-weighted images and bright-blood anatomical reference images. Motion
compensation and parallel imaging were integrated in the joint reconstruction utilizing the
high signal to noise ratio of the anatomical reference magnetic resonance data. CATCH =
coronary atherosclerosis Tq-weighted characterization with integrated anatomical reference;

SENSE = sensitivity encoding.
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A
Anatomical Reference Dark-Blood T1-Weighted Fusion

Pre-Contrast

FIGURE 3. Representative Case of a Suspected CAD Patient With a CHIP in the Mid LAD on
Pre-Contrast CATCH

(A) Pre-contrast Tq1-weighted, anatomical reference and fusion images. (B) Computed
tomography angiography. (C) X-ray angiography. (D) Optical coherence tomography cross-
sectional image at the corresponding location of the coronary hyperintensive plaque (CHIP)
on coronary atherosclerosis T1-weighted characterization with integrated anatomical
reference (CATCH). Arrows point to signal-poor regions, suggesting a large lipid pool.
Dotted lines represent the location and orientation of the cross-sectional images at the lesion
which are shown in boxes. CAD = coronary artery disease; LAD = left anterior descending.
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A

Pre-Contrast
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FIGURE 4. Representative Case of a Suspected CAD Patient With a CHIP in the Proximal RCA
on Post-Contrast CATCH

(A) Pre- and post-contrast T1-weighted, anatomical reference and fusion images. (B)
Computed tomography angiography. (C) X-ray angiography. (D) Optical coherence
tomography cross-sectional image at the corresponding location of the CHIP on CATCH.
Arrows point to areas with multiple strong back reflections, suggesting macrophage
clusters. Dotted lines represent the location and orientation of the cross-sectional images at
the lesion which are shown in boxes. RCA = right coronary artery; other abbreviations as in
Figure 3.
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Coronary plaques with high-risk features as classified by optical coherence tomography
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Microvessel (+) Microvessel (<)

2.5

OCT Classification

Microvessel (+) Microvessel (<)

OCT Classification

(OCT) tended to be hyperintensive on coronary atherosclerosis T1-weighted characterization
with integrated anatomical reference images. (A to D) Pre-contrast plague to myocardium
signal ratio (PMR) versus OCT classifications. (E to H) Post-contrast PMR versus OCT
classifications. Error bars represent standard deviation. Positive sign (+) and negative sign
(=) denote lesion groups with corresponding OCT grading. Star signs (*) denote statistical
significance (p < 0.05). CE = contrast enhancement; Chol. = cholesterol.
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FIGURE 6. Analysis of Correlation Between OCT Scoring and PMR Values
(A) Correlation between OCT high-risk plague feature scoring and pre-contrast PMR values.

(B) Correlation between OCT high-risk plaque feature scoring and post-contrast PMR
values. (C) Correlation between OCT high-risk plaque feature scoring and combined pre-
and post-contrast PMR values. Abbreviations as in Figure 5.
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FIGURE 7. Relationship Between MR Signal Hyperintensity and Stenosis Level
Based on invasive coronary angiography (n = 30), pre-contrast CHIP had significantly

higher lesion stenosis level than non-CHIP. Error bars represent interquartile range.
Abbreviations as in Figure 3.
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Control and Patient Characteristics

TABLE 1

Control Subjects (n =13) Patients (n =30) p Value
Age, yrs 36 +15 62 + 10 <0.0001
Male 6 (46) 23 (77) <0.0001
BMI, kg/m? 23.2+24 240+24 0.034
Diabetes mellitus 0(0) 6 (20) <0.0001
Dyslipidemia 0 (0) 24 (80) <0.0001
Heart rate, beats/min 66.2 £ 6.6 65.8+£8.9 0.865
History of Ml 0(0) 1(3) 0.326
Medications
Aspirin 1(7.7) 30 (100) <0.0001
Beta-blocker 0 (0) 10 (33) 0.00067
Statin 0(0) 24 (80) <0.0001

Values are mean + SD or n (%).

BMI = body mass index; MI = myocardial infarction.
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