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Abstract

Background: Coronary high intensity plaques (CHIPs) detected using cardiovascular magnetic resonance (CMR)
coronary atherosclerosis T1-weighted characterization with integrated anatomical reference (CATCH) have been
shown to be positively associated with high-risk morphology observed on intracoronary optical coherence
tomography (OCT). This study sought to validate whether CHIPs detected on CATCH indicate the presence of
intraplaque hemorrhage (IPH) through ex vivo imaging of carotid and coronary plaque specimens, with
histopathology as the standard reference.

Methods: Ten patients scheduled to undergo carotid endarterectomy underwent CMR with the conventional
T1-weighted (T1w) sequence. Eleven carotid atherosclerotic plaques removed at carotid endarterectomy and
six coronary artery endarterectomy specimens removed from patients undergoing coronary artery bypass
grafting (CABG) were scanned ex vivo using both the conventional T1w sequence and CATCH. Both in vivo
and ex vivo images were examined for the presence of IPH. The sensitivity, specificity, and Cohen Kappa (k)
value of each scan were calculated using matched histological sections as the reference. k value between
each scan in the discrimination of IPH was also computed.

Results: A total of 236 in vivo locations, 328 ex vivo and matching histology locations were included for the
analysis. Sensitivity, specificity, and k value were 76.7%, 95.3%, and 0.75 for in vivo T1w imaging, 77.2%, 97.4%,
and 0.78 for ex vivo T1w imaging, and 95.0%, 92.1%, and 0.84 for ex vivo CATCH, respectively. Moderate
agreement was reached between in vivo T1w imaging, ex vivo T1w imaging, and ex vivo CATCH for the
detection of IPH: between in vivo T1w imaging and ex vivo CATCH (k= 0.68), between ex vivo T1w imaging
and ex vivo CATCH (k=0.74), between in vivo T1w imaging and ex vivo T1w imaging (k=0.83). None of the
coronary artery plaque locations showed IPH.

Conclusion: This study demonstrated that carotid CHIPs detected by CATCH can be used to assess for IPH, a
high-risk plaque feature.

Keywords: Coronary high intensity plagues (CHIPs), TTw imaging, Intraplaque hemorrhage, CATCH

* Correspondence: yuweimd@163.com

'Department of Radiology, Beijing Anzhen Hospital, Capital Medical
University, Beijing, China

Full list of author information is available at the end of the article

- © The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
() B|°Med Central International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to
the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12968-018-0447-x&domain=pdf
http://orcid.org/0000-0003-0672-2461
mailto:yuweimd@163.com
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/

Liu et al. Journal of Cardiovascular Magnetic Resonance (2018) 20:27

Background

Acute coronary syndrome (ACS) arises from an indolent
cardiovascular disease progression process and accounts
for >50% of sudden cardiac deaths [1]. Rupture or ero-
sion of the endothelial surface of an atherosclerotic
plaque with subsequent thrombosis is believed to be the
most common mechanism in ACS [2]. A noninvasive
and non-ionizing radiation imaging tool that enables the
detection of coronary plaques prone to disruption is
highly desirable for risk stratification and for evaluating
the response to therapeutic interventions.

During the past decade, non-contrast T1-weighted
(T1w) cardiovascular magnetic resonance (CMR) im-
aging with inversion-recovery (IR) sequence for plaque
imaging has emerged as a novel non-invasive imaging
technique for the identification of high-risk coronary
plaques. Previous studies have shown that high intensity
plaques in coronary artery on T1lw CMR images are as-
sociated with future cardiac events [3, 4]. In spite of the
prospective prognostic ability for conventional T1lw im-
ages to evaluate coronary atherosclerosis, there are a few
technical barriers preventing clinical translation, such as
lack of anatomical reference, low spatial resolution, and
long, unpredictable scan time. Recently, a novel three di-
mensional (3D) whole-heart imaging technique, coron-
ary atherosclerosis T1-weighted characterization with
integrated anatomical reference (CATCH) was devel-
oped to address the aforementioned limitations for cor-
onary atherosclerotic plaque characterization [5]. It used
IR-prepared spoiled gradient echo acquisition and could
simultaneously obtain T1w images along with reference
bright-blood coronary CMR angiogram with 100% re-
spiratory gating efficiency. Comparison with optical co-
herence tomography in patients indicated the positive
association between coronary high intensity plaques
(CHIPs) on CATCH and vulnerable plaque features such
as lipid core and macrophage accumulation. Based on
previous observations in carotid plaque imaging, CHIPs
on T1lw images may indicate the presence of intraplaque
hemorrhage (IPH), another important biomarker for
high risk plaques [6]. However, due to the lack of gold
standard for detecting IPH in vivo in the coronary arter-
ies, the potential link between CHIPs and coronary IPH
has not been established. The purpose of this work was
to investigate the association between CHIPs on CATCH
and the presence of IPH through ex vivo imaging of ca-
rotid and coronary plaque specimens.

Methods

Study population and sample procurement

Between April 2016 and September 2017, 12 patients
scheduled to undergo carotid endarterectomy and 7 pa-
tients underwent coronary artery endarterectomy with
coronary artery bypass grafting (CABG) (61.6 + 8.6 years)
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from the departments of vascular surgery and cardiac
surgery, respectively, were prospectively recruited with
informed consent. Eleven patients scheduled to undergo
carotid endarterectomy received carotid artery CMR im-
aging within 5 days before the surgical procedure. One
patient failed to undergo CMR examination before ca-
rotid endarterectomy.

After carotid endarterectomy or coronary artery end-
arterectomy, 12 carotid and 7 coronary atherosclerotic
plaques were obtained. To preserve excised plaques,
samples were placed in 0.9% saline solution immediately
after being removed from patients. To preserve the re-
laxation parameters of the in vivo tissue while not inter-
rupting the histological processing, the ex vivo CMR
study was conducted within 3 h after surgery. After ex
vivo CMR imaging, the samples were immediately fixed
in formalin.

Among the 19 subjects enrolled initially, 2 were ex-
cluded from the final analysis: one (coronary plaque)
due to poor ex vivo image quality because of delayed
preservation of excised plaque resulting in severe tissue
distortion; and one carotid plaque due to the failure to
match histology because of specimen damage (Fig. 1).

CMR imaging protocols

For in vivo imaging, the CMR scanning was per-
formed on a 3 Tesla (MAGNETOM Verio, Siemens
Healthineers, Erlangen, Germany) using an 8-channel
phased-array carotid surface coil (Shanghai Chen-
guang Medical technologies CO, LTD, Shanghai,
China). Axial Tlw images and T2 weighted (T2w)
images centered around the carotid bifurcation were
acquired for a total longitudinal coverage of 24 mm.
The parameters of turbo spin echo T1lw images were
as follows: TE/TR=9.4/720 ms, in-plane resolution
=0.6x0.6 mm? number of slices=18, slice
thickness =2 mm, number of averages =2, flip angle
=131°, bandwidth =407 Hz/Pixel, field of view
(FOV) =160 mm?>, scan time=3 min and 4 s. In
addition, parameters of turbo spin echo T2w images
were as follows: TE/TR =59/4000 ms, in-plane reso-
lution = 0.6 x 0.6 mm? number of slices =18, slice
thickness =2 mm, number of averages =2, flip angle
=160°, bandwidth =407 Hz/Pixel, FOV =160 mm®,
scan time =3 min and 6 s.

For ex vivo imaging, plaque specimens were scanned
on the same 3 T scanner with a carotid surface coil. A
glass container filled with 0.9% saline solution for sample
preservation was used to accommodate the specimen.
The protocol of CMR ex vivo imaging included T1w im-
ages, T2w images and CATCH sequences, with the fol-
lowing imaging parameters: (1) 2D turbo spin echo T1w
images: TE/TR =15/800 ms, in-plane resolution = 0.5 x
0.5 mm?, number of slices = 28, slice thickness =1 mm,
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Fig. 1 Flow Chart of Inclusion Criteria. Twelve patients scheduled to undergo carotid endarterectomy and 7 patients underwent coronary artery
endarterectomy with coronary artery bypass grafting (CABG) were recruited for the study, while11 patients scheduled to undergo carotid
endarterectomy successfully completed T1w images and T2w images in vivo scans. After carotid endarterectomy or coronary artery
endarterectomy with CABG, 12 carotid and 7 coronary atherosclerotic plaques respectively were obtained for ex vivo T1w images, ex vivo T2w
images and ex vivo CATCH scans. Among the 19 subjects enrolled initially, 2 were excluded from the ultimate analysis: one (coronary plaque) was
due to poor imaging quality, while the other (carotid plaque) failed to histology matching owing to specimen damage. Ultimately, 10 in vivo
plagques and 17 ex vivo plaques were included for analysis, yielding a total of 236 in vivo locations, 328 ex vivo and matched histology locations
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number of averages =3, flip angle = 180°, bandwidth =
407 Hz/Pixel, FOV = 138 mm?, scan time = 11 min and
57 s; (2) 2D turbo spin echo T2w images: TE/TR =46/
4000 ms, in-plane resolution = 0.5 x 0.5 mm?, number of
slices = 28, slice thickness = 1 mm, number of averages =
5, flip angle = 180°, bandwidth =407 Hz/Pixel, FOV =
138 mm?, scan time = 19 min and 38 s; (3) IR prepared
spoiled gradient echo sequence for CATCH: TE/TR =5
/966 ms, in-plane resolution = 0.5 x 0.5 mm?, inversion
time =470 ms, number of slices = 28, slice thickness = 0.
5 mm, number of averages=1, flip angle=12°,
bandwidth = 149 Hz/Pixel, FOV = 120 mm?®, scan time
= 16 min and 31 s.

CMR imaging analysis

Imaging quality of the in vivo images was rated on a 5-
point scale according to the signal-to-noise ratio (SNR)
as previously described [7]. Briefly, grade 1 was charac-
terized as low SNR, and wall structures and the outer
boundary of vessels are invisible; grade 2 was character-
ized as marginal SNR, and wall structures are identifi-
able, while outer boundaries and other substructure of
arteries are indistinct; grade 3 was characterized as mar-
ginal SNR, arterial walls are visible, while outer boundar-
ies and arterial lumen are partially obscured; grade 4
was characterized as high SNR with minimal artifacts,

wall structures, arterial lumens, and outer boundaries
are well identifiable; grade 5 was characterized as high
SNR without apparent artifacts, arterial walls depicted
well, lumens and outer boundaries are identified clearly.
Images with an imaging quality grade of at least 2 were
included for the study.

The definition of hemorrhage for in vivo plaque im-
aging was described previously [8, 9]. Briefly, the adja-
cent sternocleidomastoid muscle was used as the signal
reference. Areas with higher signal intensity than the ref-
erence sternocleidomastoid muscle were classified as
IPH, or else it was classified as non-IPH.

For ex vivo images (CATCH and Tlw images), the
plaque-to-saline solution ratio (PSR) value was calcu-
lated. PSR was defined as the highest signal intensity of
the plaque area divided by average signal intensity of ad-
jacent saline solution, in a manually drawn region of
interest with 2 mm diameter size.

Two experienced reviewers (WY, and WL, radiologists
with 10 and 3 years of experience, respectively) blinded
to the histological findings assessed plaque signal inten-
sity for both in vivo and ex vivo images. The distance be-
tween the lesion and the bifurcation was used as an
anatomical reference. For the ex vivo CATCH sequence,
in order to emphasize the anatomic relationship between
CHIPs on gray blood CATCH sequence and bright
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blood CATCH sequence, gray and bright blood CATCH
images were fused using a post-processing software
(Horos 2.02) before the plaque signal was measured.

Histology and microscopy

After all ex vivo CMR images were acquired, the samples
were processed and sectioned as previously reported for
histological analysis [7], briefly, the samples were stained
with hematoxylin-eosin and Mallory’s Trichrome, with a
thickness of 4 pm approximately at 2 mm interval from
each specimen. The histological slides were independ-
ently evaluated by 2 reviewers who were blinded to the
imaging results, to identify the existence and extent of
intraplaque hemorrhage.

CMR imaging and histology matching

To obtain accurate spatial correlation with histological
slices, CMR images were divided into quadrants as pre-
viously described [7]. In vivo and ex vivo images were
matched with histological results by two viewers who
were experienced with both histologic slides and CMR
imaging. The Receiver-operating characteristic (ROC)
curve analysis was introduced for the determination of
optimal PSR cutoff value matching with histological re-
sults. With reference to optimal PSR cutoff value, areas
with higher PSR value on ex vivo CATCH or ex vivo
T1w images were defined as CHIPs, otherwise it was de-
fined as non-CHIPs. CHIPs on in vivo T1w images, ex
vivo T1w images and ex vivo CATCH were also matched
with each other. To account for the different slice thick-
ness between in vivo Tlw images (2 mm), ex vivo Tlw
images (1 mm), ex vivo CATCH sequence (0.5 mm) and
histological sections (4 pum, every 2.0 mm), 1 histological
section, 2 ex vivo T1w image sections, 4 ex vivo CATCH
sections were matched with each in vivo image section,
respectively. Only the locations with corresponding hist-
ology matching were used for analysis. Morphological
features such as lumen shape or size, vessel wall, loca-
tion or shape of calcification, and the distance to bifur-
cation were used as landmarks for matching MR images
and histological slides.

Statistical analysis

Continuous variables were reported as mean + standard
deviation (SD). Categorical variables were reported as
counts and percentages. ROC curve analysis was intro-
duced for the determination of optimal PSR cutoff value
matching with histological results for ex vivo CATCH
and ex vivo Tlw images sequences. Sensitivity, specifi-
city and Cohen’s Kappa (k) value with 95% confidence
interval were analyzed to quantify the agreement de-
tected IPH among the following CMR protocols: in vivo
T1w images, ex vivo T1lw images, and ex vivo CATCH,
with reference to histological findings. The correlation
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between in vivo Tlw images and ex vivo CATCH, ex
vivoTlw images and ex vivo CATCH, in vivo Tlw im-
ages and ex vivo Tlw images was also computed. All
statistical calculations were performed in SPSS (version
19.0, International Business Machines, Inc., Armonk,
New York, USA) and statistical differences were signifi-
cant for p values < 0.05.

Results

Among 12 patients who underwent carotid endarterec-
tomy, 11 patients successfully completed in vivo scans.
Ultimately, 10 in vivo plaques and 17 ex vivo plaques
were included for analysis, yielding a total of 236 in vivo
locations, 328 ex vivo and matched histology locations.
For in vivo samples, 86 locations contained histologically
confirmed IPH (36.4%), and for ex vivo ones, 96 loca-
tions confirmed IPH (40.3%), while none of the coronary
locations demonstrated IPH. The basic clinical charac-
teristics of study patients, gross locations of IPH, and
CMR imaging findings of CHIPs are represented in
Table 1.

Compared with pathology, 66 locations demonstrated
IPH for in vivo images (T1w, T2w), the sensitivity, speci-
ficity and k values were 76.7%, 95.3%, 0.75 (Tables 2, 3).
According to ROC curve analysis, the optimal PSR cut-
off value for identification of IPH on ex vivo CATCH
and ex vivo T1w images sequences was a PSR value of 2.
0 and 1.9, respectively, and the area underneath the

Table 1 Clinical characteristics, gross locations of IPH and CMR
imaging findings of CHIPs

Parameter Datum
Agely) 61.6+86
Male 12(70.6%)
Hyperlipidemia 14(82.4%)
Hypertension 13(76.5%)
History of CAD 11(64.7%)
History of Peripheral Artery Disease 6(35.3%)
History of Diabetes Mellitus 5(29.4%)
Current Statin User 14(82.4%)
Current Smoker 6(33.3%)
Symptom 12(70.6%)
Gross locations of IPH

Coronary plaques 0 (0%)
Carotid plaques 96(40.3%)
PSR value

Ex vivo CATCH 20£1.2
Ex vivo TTw 15+07

Note: values are median, mean £ SD or n (%)
IPH intraplaque hemorrhage, HIP high intensity signal, CAD coronary artery
disease, PSR plaque-to-saline solution ratio
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Table 2 Test performance of CMR Images and corresponding
histology for IPH

Histology(+) Histology(-)
In vivo TTw (+) 66 7
In vivo TTw () 20 143
Ex vivo TTw (+) 78 6
Ex vivo T1w (=) 23 221
Ex vivo CATCH (+) 96 18
Ex vivo CATCH (-) 5 209

ROC curve (AUC) was 0.96 for ex vivo CATCH and 0.
95 for ex vivo Tlw images (Fig. 2). With reference to
this value, 78 locations demonstrated IPH for ex vivo
T1w images the sensitivity, specificity and k values were
77.2%, 97.4%, 0.78, and 96 locations shows IPH for ex
vivo CATCH, the sensitivity, specificity and k values
were 95.0%, 92.1%, 0.84 respectively (Tables 2, 3). Mod-
erate agreement was reached for in vivo T1w images, ex
vivo Tlw images and ex vivo CATCH on detection of
IPH when compared with histology: in vivo T1w images
and ex vivo CATCH (k = 0.68), ex vivo T1lw images and
ex vivo CATCH (k =0.74), in vivo Tlw images and ex
vivo Tlw images (k =0.83). Figure 3 is a representative
case with CHIP on both Tlw images and CATCH se-
quences identified in the internal carotid artery and cor-
responding histologic section. Figure 4 is a presentative
case with non-CHIP in the proximal segment of the pos-
terior descending branch of right coronary artery.

Discussion

This is the first study to demonstrate that CHIPs de-
tected by CATCH on ex vivo plaques are indicative of
the presence of IPH with histological validation. Our
preliminary findings support the potential role of
CATCH to detect IPH. Ex vivo T1w images, in vivo T1w
images, and ex vivo CATCH all showed moderate agree-
ment with histology.

Assessment of HIPs on CATCH

In previous studies of coronary plaque imaging with
T1w images, plaque to muscle ratio (PMR) value defined
as the highest signal intensity of coronary plaque to ad-
jacent left ventricular cardiac muscle was introduced as
a quantitative measure of CHIPs. Areas with PMR > 1.0
were defined as CHIPs, or else they were defined as

Table 3 The sensitivity, specificity and k values of each
CMR sequence

Sensitivity (%) Specificity (%) k values
In vivo TTw 76.7 953 0.75
Ex vivo T1w 772 974 0.78
Ex vivo CATCH 95.0 92.1 0.84
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non-CHIPs [3, 12]. However, in our ex vivo CMR plaque
images (CATCH and T1w images), left ventricular car-
diac muscle was absent, while saline solution was used
as an objective reference to quantify CHIPs. On the basis
of the PMR value, the PSR, the highest signal intensities
of excised plaques divided by adjacent saline solution,
was calculated. And ROC curve analysis was applied to
define optimal PSR cutoff value matching with histo-
logical results. In the ROC curve analysis, the optimal
cutoff value for identification of IPH on both CATCH
and ex vivo T1lw images was PSR value of 2.0 and 1.9 re-
spectively, and the area underneath the ROC curve
(AUC) was 0.96 for ex vivo CATCH and 0.95 for ex vivo
T1lw images, according to ROC curve analysis (Fig. 2),
yielding substantial sensitivity, specificity and agreement
on both ex vivo CATCH and ex vivo T1lw images while
compared with histology (Table 2).

Tissue characteristics and progress of CHIPs

CMR technique for atherosclerotic plaque imaging
was originally used as a diagnostic tool for cerebro-
vascular disease. Many investigators have reported
that CHIPs detected on T1lw images in carotid artery
indicates IPH containing methemoglobin, a product of
hemoglobin degeneration after erythrocyte extravasa-
tion, leading to significantly T1 shortening and high
signal intensity [9-11]. Furthermore, several studies
have shown that CHIPs in coronary artery on Tlw
images are associated with the presence of mural or
intraluminal hemorrhage detected by invasive coron-
ary imaging [3, 12]. Jansen et al. reported that CHIPs
detected on Tlw images allowed the detection of
intra-coronary thrombus correctly compared with in-
vasive coronary angiography [12]. Matsumoto et al,
using OCT as a gold standard, showed that intralum-
inal CHIPs on non-contrast Tlw CMR images indi-
cate thrombus and intimal vasculature, while mural
CHIPs on T1lw images may associate with intraplaque
hemorrhage [3].

The relationship between CHIPs on CATCH and IPH

Recently, a novel 3D whole-heart imaging tool was de-
veloped for coronary artery plaque characterization,
namely CATCH, which simultaneously obtained heavily
grey-blood T1lw images along with bright-blood refer-
ence images in an interleaved fashion. The preliminary
comparison with OCT indicated the positive association
between CHIPs on CATCH and vulnerable plaque fea-
tures such as large lipid pools and macrophage accumu-
lation. Unfortunately, the patient population enrolled in
this study all presented with stable angina with none of
the subjects presenting with intracoronary thrombus de-
tected on OCT [5]. Therefore it was unclear from that



Liu et al. Journal of Cardiovascular Magnetic Resonance (2018) 20:27

Page 6 of 9

0.2

0.67

0.4

Sensitivity

oo AUC = 0.96

Sensitivity

ory AUC=0.95

0.0 T T T J
00 02 04 0.6 0s 1.0

1-Specificity

Fig. 2 ROC curve analysis for identification of CHIP. On ROC curve analysis, the optimal cutoff value for identification of high intensity plague on
ex vivo CATCH (a) and ex vivo T1w images (b) was a PSR value of 2.0and 1.9, respectively, and the AUC was 0.96 forex vivo CATCH and 0.95 for
ex vivo T1w images, yielding good sensitivity and specificity on both ex vivo CATCH and ex vivo T1w images (95.0%, 92.1% VS 77.2%, 97.4%,
respectively). PSR = plague-to-saline solution ratio value, AUC = area underneath the ROC curve
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study whether the presence of CHIPs on CATCH indi-
cates IPH with histopathologic validation.

Our study demonstrated that CHIPs detected on
CATCH for ex vivo plaques are highly indicative of the
presence of IPH, yielding good sensitivity, specificity and

agreement compared with histology (Table 2). Moderate
agreement was also reached between ex vivo CATCH
and in vivo T1w images (k = 0.68), and ex vivo T1w im-
ages (k = 0.74), respectively. The CATCH technique fea-
tures an interleave acquisition scheme with dark-blood

In vivo

\

Tiw

ex vivo

ge

CATCH dark blood  CATCH bright blood Fusion image

Fig. 3 A representative case with CHIP in the internal carotid artery with in vivo T1w images, ex vivo TTw CMR images and ex vivo CATCH (red
arrow) identified in the internal carotid artery. Its corresponding histologic section with hematoxylin-eosin
staining and Mallory's trichrome staining shows IPH. Red elbow type arrow shows lumen of internal carotid artery; red arrow indicates IPH

Histology

—

Hematoxylin-eosin
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ex vivo MR images

coronary angiography

staining and Mallory's trichrome staining indicates non-IPH. Red arrowhead

.l
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Fig. 4 A representative case with non-CHIP in the proximal of posterior descending branch artery. In this case, x-ray coronary angiography shows
severe stenosis in the proximal of posterior descending branch artery (white arrow). But none of the ex vivo CMR images demonstrates CHIP
(a: CATCH bright blood, b: CATCH dark blood, c: T1w images, d: T2w images), and corresponding histologic section with hematoxylin-eosin

Histology

Y

HE

shows calcification

T1w images and bright-blood T2w images in an approxi-
mately 10-min scan. Dark-blood T1w images is used for
the identification of IPH, while bright-blood T2w images
is used as anatomical reference [5]. Our study demon-
strates IPH indicated CHIPs on dark-blood T1w images,
which was consistent with previous conventional T1lw
images sequence [3, 12]. Furthermore, this study also
shows a slightly higher sensitivity, specificity and k value
with ex vivo CATCH than in vivo Tlw images and ex
vivo Tlw images with statistical significance. Such im-
provement may result from the stronger T1-weighting
from CATCH to heavily suppress blood, fat, and back-
ground tissues. Moreover, signal of plaque components
such as lipid-rich necrotic core and fibrous tissue can
also be suppressed by CATCH sequence, owing to their
relatively long T1 characteristics [13, 14].

Unfortunately, none of the coronary plaque locations
in this study show IPH. This may be because the coron-
ary plaque specimens were gained from patients who
underwent coronary artery endarterectomy suffered
from mural extensive and diffuse coronary artery disease

[15]. Fuster et al. described the pathologic process of this
type of coronary plaques as phase 5 (types Vb and Vc le-
sions), characteristic as severely stenotic or occlusive fi-
brotic lesions [16] which presented as non-HIP on T1lw
images and CATCH.

Limitations

In this preliminary study to evaluate CATCH sequence
for IPH detection, several limitations can be identified
prompting further study and validation. First, the sample
size of plaque specimen is relatively small, which re-
sulted in a limited statistical power requiring further val-
idation via a much larger sample size. Though our
sample size was limited, CATCH was able to demon-
strate moderate agreement with histology with a rela-
tively high sensitivity, specificity, and Cohen’s K. Second,
in the previous study of coronary CMR plaque imaging,
left ventricular cardiac muscle was used as objective ref-
erence and PMR value was introduced as a quantitative
manner of CHIPs [3, 12]. This is in comparison with our
ex vivo images (CATCH and T1w images), in which the
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left ventricular cardiac muscle was absent. Saline solu-
tion was used instead as an objective reference to quan-
tify CHIPs. Therefore, the threshold for CHIPs was
different from previous study and the results should be
interpreted cautiously. Third, all specimen slices with
IPH were identified from carotid plaques, while none of
coronary plaques indicated CHIPs. Although the nega-
tive predictive value was validated from coronary pla-
ques, the positive predictive value could only have
verified from carotid plaques, which is indirect evidence
due to potentially different pathophysiological course be-
tween carotid and coronary vessels. Therefore, additional
validation studies from specifically coronary plaques are
required. Fourth, the ROC analysis was performed in the
same sample and a further prospective validation was
needed in another sample. Furthermore, our study uses
saline solution as nutrient media for sample preserva-
tion, which is different from in vivo condition and may
result in components change of atherosclerotic plaques.
Lastly, the ex vivo images (CATCH and T1lw images)
would have been limited by the same fluid being in the
lumen and surrounding tissue unlike in vivo where there
would be blood and tissue. In addition, T1 relaxing time
of saline solution might differ from in vivo conditions
and they all could influence the identification of CHIPs
on ex vivo CATCH and T1w images. Furthermore, com-
pared with in vivo conditions, the surgical excision
process and tissue preparation course may lead to tissue
distortion.

Conclusions

This preliminary study demonstrates that CHIPs on
CATCH in ex vivo carotid plaques are highly indicative
of the presence of IPH with excellent accuracy as evi-
denced by histopathological validation. The results sup-
port CATCH’s potential role in detecting IPH.

Abbreviations

3D: Three dimensional; ACS: Acute coronary syndrome; AUC: The area
underneath the ROC curve; CABG: Coronary artery bypass graft surgery;
CATCH: Coronary atherosclerosis T1-weighted characterization with inte-
grated anatomical reference; CHIP: Coronary high intensity plaque;

CMR: Cardiovascular magnetic resonance; FOV: Field of view; IPH: Intraplaque
hemorrhage; IR: Inversion recovery; PMR: plaque to muscle ratio; PSR: Plaque-
to-saline solution ratio; ROC: Receiver-operating characteristic; SD: Standard
deviation; SNR: Signal-to-noise ratio; T1w: T1-weighted; T2w: T2 weighted;
TE: Echo time; TR: Repetition time

Acknowledgements

We thank the Beijing Institute of Heart, Lung, and Blood Vessel Diseases for
providing experimental technology support. We especially thank the patient
and her family for generously consenting to the publication of this case
report.

Funding

This work was supported by grants from the National Natural Science
Foundation of China (Nos. 81541126 and 81071196), Health Industry Special
Scientific Research Project (201402019) and Natural Science Foundation of
Beijing (7182046).

Page 8 of 9

Availability of data and materials
The datasets used and/or analyzed during the current study are available
from the corresponding author on reasonable request.

Authors’ contributions

CW and CG offered coronary samples for the study. YL, WL and JA
performed the in vivo and ex vivo CMR examination. YX, ZF, XB were
responsible for sequence optimization. ZW and WY analyzed and interpreted
the patient data. YD and LD performed the histological examination and
interpreted histological results of carotid and coronary samples. WY and WL
assessed plaque signal intensity for both in vivo and ex vivo images, and WL
was a major contributor in writing the manuscript. YX, CN, WY and DL
revised the text. All authors read and approved the final manuscript.

Ethics approval and consent to participate

The study has been approval by the Beijing AnZhen Hospital ethics review
board in March 17, 2016. The design is reasonable, data collection
standardized, the relevant rights and interests of the patients have been fully
protected.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details

'Department of Radiology, Beijing Anzhen Hospital, Capital Medical
University, Beijing, China. “Biomedical Imaging Research Institute,
Cedars-Sinai Medical Center, Los Angeles, CA, USA. *Department of Cardiac
Surgery, Anzhen Hospital, Capital Medical University, Beijing, China.
“Departments of Medicine and Bioengineering, University of California, Los
Angeles, CA, USA. MR R&D, Siemens Healthineers, Los Angeles, CA, USA.
MR Collaborations NE Asia, Siemens Healthcare, Beijing, China.
’Cardiovascular Research Center, Massachusetts General Hospital, Harvard
Medical School, Charlestown, MA, USA.

Received: 31 August 2017 Accepted: 20 March 2018
Published online: 26 April 2018

References

1. Go AS, Mozaffarian D, Roger VL, et al. American Heart Association statistics
committee and stroke statistics subcommittee. Heart Dis Stroke statistics—
2014 update. 2014;129(3):.e28-€292.

2. Fuster V, Badimon L, Badimon JJ, Chesebro JH. The pathogenesis of
coronary artery disease and the acute coronary syndromes. N Engl J Med.
1992;326:242-50. 310-8

3. Matsumoto K Ehara S, Hasegawa T, et al. Localization of coronary high-
intensity signals on T1-weighted MR imaging: Relation to Plaque
Morphology and Clinical Severity of Angina Pectoris. J Am Coll Cardiol Img.
2015;8:1143-52.

4. Noguchi T, Kawasaki T, Tanaka A, et al. High-intensity signals in coronary
plagques on non-contrast T1-weighted magnetic resonance imaging as a novel
determinant of coronary events. J Am Coll Cardiol Img. 2014;63:989-99.

5. XieY, Kim Y-J, Pang J, et al. Coronary atherosclerosis T1-weighed Characte-
rization with integrated anatomical reference. (CATCH) J Am Coll Cardiol
Img. 2017;10(6):637-48.

6. Cai JM, Hatsukami TS, Ferguson MS, Small R, Polissar NL, Yuan C, et al.
Classification of human carotid atherosclerotic lesions with in vivo
multicontrast magnetic resonance imaging. Circulation. 2002;106(11):1368-73.

7. Yuan C, Mitsumori LM, Ferguson MS, et al. In vivo accuracy of multispectral
magnetic resonance imaging for identifying lipid-rich necrotic cores and
Intraplaque hemorrhage in advanced human carotid plaques. Circulation.
2001;104(17):2051-6.

8. Chu B, Kampschulte A, Ferguson MS, et al. Hemorrhage in the
atherosclerotic carotid plaque: a high-resolution MRI study. Stroke. 2004;
35(5):1079-84.

9. Takaya N, Yuan C, Chu B, et al. Presence of Intraplaque hemorrhage
stimulates progression of carotid atherosclerotic plaques: a high-resolution
magnetic resonance imaging study. Circulation. 2005;111(21):2768-75.



Liu et al. Journal of Cardiovascular Magnetic Resonance (2018) 20:27

Sun J, Underhill HR, Hippe DS, Xue Y, Yuan C, Hatsukami TS. Sustained
acceleration in carotid atherosclerotic plaque progression with intraplague
hemorrhage. J Am Coll Cardiol Img. 2012;5(8):798-804.

Kelly J, Hunt BJ, Moody A. Magnetic resonance direct thrombus imaging: a
novel technique for imaging venous thromboemboli. Thromb Haemost.
2003,89(5):773-82.

Jansen CH, Perera D, Makowski MR, et al. Detection of intracoronary
thrombus by magnetic resonance imaging in patients with acute
myocardial infarction. Circulation. 2011;124(4):416-24.

Zhu DG, Ferguson MS, DeMarco JK. An optimized 3D inversion recovery
prepared fast spoiled gradient recalled sequence for carotid plaque
hemorrhage imaging at 3.0 T. Magn Reson Imaging. 2008;26(10):1360-6.
Ota H, Yarnykh VL, Ferguson MS, Underhill HR, Kevin DeMarco J, Zhu DC,
et al. Carotid Intraplaque hemorrhage imaging at 3.0-T MR imaging:
comparison of the diagnostic performance of three T1-weighted sequences.
Radiology. 2010;254(2):551-63.

Sirivella S, Gielchinsky |, Victor Parsonnet PV, et al. Results of coronary artery
endarterectomy and coronary artery bypass grafting for diffuse coronary
artery disease. Ann Thorac Surg. 2005;80(5):1738-44.

Fuster V, Lewis A. Conner memorial lecture. Mechanisms Teading to
myocardial infarction: insights from studies of vascular biology. Circulation.
1994,90(4):2126-46.

Page 9 of 9

Submit your next manuscript to BioMed Central
and we will help you at every step:

* We accept pre-submission inquiries

e Our selector tool helps you to find the most relevant journal

* We provide round the clock customer support

e Convenient online submission

e Thorough peer review

e Inclusion in PubMed and all major indexing services

e Maximum visibility for your research

Submit your manuscript at

www.biomedcentral.com/submit () BiolMed Central




	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Study population and sample procurement
	CMR imaging protocols
	CMR imaging analysis
	Histology and microscopy
	CMR imaging and histology matching
	Statistical analysis

	Results
	Discussion
	Assessment of HIPs on CATCH
	Tissue characteristics and progress of CHIPs
	The relationship between CHIPs on CATCH and IPH
	Limitations

	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s Note
	Author details
	References

