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Background: Although intraplaque hemorrhage (IPH) has been identified as a key feature of rupture-prone pla-
ques, noninvasive imaging-based features for its detection in coronary artery have not been clearly established.
The aim of this study was to investigate the relationship of the ratio between the signal intensities of coronary

::::Zi(l);z]sis plaque and cardiac muscle (PMR) on non-contrast T1-weighted imaging (T1WI) in magnetic resonance with IPH
M in the directional coronary atherectomy (DCA) specimens.
acrophage

Methods: Fifteen lesions from 15 patients, who underwent DCA and T1WI, were prospectively enrolled. The snap-
frozen samples obtained by DCA were used for immunohistochemical staining against a protein specific to
erythrocyte membranes (glycophorin A) and macrophages. The percentage of glycophorin A and macrophages
was graded using a scale from O to 4, with higher scores indicating higher percentages.

Results: PMR showed a strong positive correlation with glycophorin A scores (p = 0.772, p < 0.001), whreas,
there was a weak correlation between the PMR and macrophage scores (p = 0.626, p < 0.05). The receiver-
operating characteristic curve analysis showed that the optimal PMR cutoff value for predicting glycophorin A
scores >grade 2 (glycophorin A-positive area >5% of the plaque) was 1.2 (area under the curve; 0.91, 95%
confidence interval; 0.73-1.00), and this PMR value had a sensitivity of 8/9 (89%), specificity of 6/6 (100%),
positive predictive value of 8/8 (100%), and negative predictive value of 6/7 (86%).

Conclusions: In patients with ischemic heart disease, a high PMR on T1WI is a predictor of coronary IPH as
assessed by DCA specimens.

1. Introduction

Pathological studies have shown that plaque rupture or erosion of
the endothelial surface with subsequent thrombus formation are the
most important mechanisms in acute coronary syndromes [1-3]. A large
lipid-pool, thin-cap fibroatheroma, macrophage accumulation, and
intraplaque hemorrhage (IPH) have been identified as the key features
of rupture-prone plaques [4]. Among these vulnerable plaque charac-
teristics, IPH has been associated with more rapid growth of the lipid

core and accelerated enlargement of the plaque size, resulting in luminal
narrowing [5,6]. Nevertheless, noninvasive imaging-based features for
detecting IPH in the coronary artery have not been clearly established.

Over the past several decades, non-contrast T1-weighted imaging
(T1WI) in magnetic resonance (MR) has emerged as a novel plaque
imaging technique. Pathohistological studies using carotid endarterec-
tomy specimens demonstrated that high-intensity plaques (HIPs) in the
carotid arterial wall on T1WI indicate the presence of IPH-containing
methemoglobin [7-9]. Recently, coronary plaque imaging by T1WI

Abbreviations: IPH, intraplaque hemorrhage; TIWI, T1-weighted imaging; MR, magnetic resonance; HIP, high-intensity plaque; PMR, the ratio between the signal
intensities of coronary plaque and cardiac muscle; IVUS, intravascular ultrasound; OCT, optical coherence tomography; DCA, directional coronary atherectomy; PCI,

percutaneous coronary intervention; ROC, receiver-operating characteristic.
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has also been successfully applied with respiratory gating techniques
[10-13]. Some groups, including ours, reported that coronary artery
HIPs, determined by the ratio between the signal intensities of coronary
plaque and cardiac muscle (PMR), are associated with vulnerable plaque
characteristics detected by various imaging modalities such as intra-
vascular ultrasound (IVUS) and optical coherence tomography (OCT)
[10-12]. Moreover, the presence of plaques with high PMR on TI1WI was
a significant and independent predictor of future coronary events in
patients with coronary artery disease [13]. However, the association
between HIPs and specimens directly obtained from in vivo coronary
plaques has not been investigated. Therefore, the precise plaque
morphology of coronary HIPs is still unknown.

Coronary atherectomy specimens, a unique source of plaque tissue,
provide precise histological details regarding plaque morphology in vivo,
which has the potential for improving our understanding of HIPs on
T1WI. Accordingly, the aim of this study was to investigate the associ-
ation between PMR on non-contrast TIWI and IPH in the coronary
atherectomy specimens.

2. Methods
2.1. Study design and participants

Between May 2017 and August 2019, a total of 16 patients, who
underwent directional coronary atherectomy (DCA) of a native “de
novo” atherosclerotic lesion and MR, were prospectively enrolled in this
study. A bypass graft or restenotic lesion after percutaneous coronary
intervention (PCI) was not included in this study. After coronary angi-
ography, patients were selected for DCA using strictly defined angio-
graphic criteria: a proximally located eccentric target lesion in a non-
tortuous coronary artery >3 mm in diameter, particularly bifurcated
lesions including left main trunk, ostial left anterior descending coro-
nary artery, ostial left circumflex coronary artery and ostial right coro-
nary artery [14]. All patients underwent MR within 7 days (2 + 1 days)
before DCA was performed. Among the 16 subjects enrolled initially,
one was excluded from the final analysis because a specimen was not
obtained. Finally, 15 lesions from 15 patients, who presented with un-
stable angina pectoris (n = 1), stable angina pectoris (n = 7), or silent
myocardial ischemia (n = 7) were examined in this study. The target
vessel was identified based on clinical and angiographic data in a patient
with unstable angina and was considered as an ischemia-related vessel
identified on a scintigram stress test in patients with stable angina or
silent myocardial ischemia. Oral aspirin (100 mg) and clopidogrel (75
mg) or prasugrel (3.75 mg) were administered on admission.

The study was approved by the hospital ethics committee (approval
n0.2020-019).

2.2. MR coronary plaque image acquisition and analysis

Coronary plaque imaging was performed using a 1.5-T MR imager
(Achieva, Philips Medical Systems) with a 32-element cardiac coil.
Initial survey images were focused around the heart, following which
the reference images were obtained for the sensitivity of parallel im-
aging. Transaxial cine MR images were then acquired using a steady-
state free-precession sequence with breath holding, to determine the
trigger delay time when the motion of the right coronary artery was
minimal.

First, to obtain detailed information on the location of the target
lesion, free-breathing, steady-state, free-precession, whole-heart coro-
nary MR angiographic images were obtained (repetition time, 3.7 ms;
echo time, 1.8 ms; flip angle, 80°; SENSE factor, 2.0; number of exci-
tations, 1; navigator gating window of +2.0 mm with diaphragm drift
correction; field of view, 300 x 255 x 120 mm [rectangular field of
view, 85%]; acquisition matrix, 240 x 240; reconstruction matrix, 512
x 512 x 160, resulting in an acquired spatial resolution of 1.25 x 1.25
x 1.5 mm reconstructed to 0.6 x 0.6 x 0.75 mm).
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Next, coronary plaque images were obtained while the patients were
breathing freely, by using a three-dimensional T1WI, inversion-
recovery, gradient-echo technique with fat-suppressed and radial k-
space sampling in the Y-Z plane (repetition time, 4.4 ms; echo time, 2.0
ms; flip angle, 20°; SENSE factor, 2.5; number of excitations, 2; navi-
gator gating window of +1.5 mm with diaphragm drift correction; field
of view, 300 x 240 x 120 mm [rectangular field of view, 80%];
acquisition matrix, 224 x 224; reconstruction matrix, 512 x 512 x 140,
resulting in an acquired spatial resolution of 1.34 x 1.34 x 1.7 mm
reconstructed to 0.6 x 0.6 x 0.85 mm). The inversion time of the
inversion-recovery sequence was adjusted to null blood signal by using a
Look-Locker sequence [12].

The location of the target lesion was determined by carefully
comparing the coronary angiographic and MR angiographic images by
using fiduciary points such as side branches. Once the target lesion had
been confirmed on coronary MR angiography, the areas corresponding
to the above site in coronary T1WI were carefully matched according to
the surrounding cardiac and chest wall structures. PMR was then
calculated as the highest signal intensity of the coronary plaque divided
by the signal intensity of the left ventricular muscle near the coronary
plaque, measured by placing a manually freehand circular region of
interest on a standard console of the clinical MR system, in accordance
with previous reports [10-13]. The MR coronary image dataset was
analyzed by a single investigator (S.E.) who was blinded to the patients'
pathohistological data. The interobserver variability for measurement of
the PMR performed in a random sample of patients previously was 5.8 +
3.9% (% = 0.968, p < 0.0001).

2.3. Directional coronary atherectomy and specimen pretreatment

Atherectomy was performed with a femoral approach using an 8-Fr
arterial sheath and guide catheter and DCA (ATHEROCUT, Nipro Co.).
Immediately after atherectomy, the tissue specimens were carefully
oriented along their longest axis, snap-frozen, and stored at —80 °C.
Subsequently, the snap-frozen samples obtained by DCA were serially
sectioned to produce 5-pm sections, which were then fixed in acetone.
The first section was stained with hematoxylin-eosin. The other sections
were used for immunohistochemical staining [15].

2.4. Immunohistochemistry

The cellular components were analyzed using monoclonal antibodies
against macrophages (EBM11, DAKO) and a protein specific to eryth-
rocyte membranes (Glycophorin A, DAKO). Non-immune mouse IgG
serum (DAKO) served as a negative control. Sections were incubated at
4 °C overnight or for 1 h at room temperature, and then subjected to a
three-step staining procedure, using the streptavidin-biotin complex
method for detection [15].

2.5. Quantitative methods

The tissue area occupied by immunostained glycophorin A and
macrophages was quantified using computer-aided planimetry and
expressed as a percentage of the total surface area of the tissue section.
On the basis of the percentage of glycophorin A and macrophages, scores
were assigned from 0 to 4 as follows according to a previous report [5]:
0 indicates no detectable staining; 1 indicates focal granular staining in
<5% of the plaque; 2 indicates mild granular staining in 5 to 10% of the
plaque; 3 indicates moderate granular staining in 11-25% of the plaque;
and 4 indicates marked granular staining in >25% of the plaque.
Morphometric analysis was performed by a single investigator (T.N.)
who was blinded to the patients' characteristics and clinical data.

2.6. Statistical analyses

Continuous data are presented as the mean + standard deviation or
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median and interquartile range for non-normally distributed data. PMR
did not distribute normally; therefore, a transformed logarithmic value
was used for the following analyses. Correlations among continuous
variables were assessed with the use of the Spearman rank-correlation
coefficient. Receiver-operating characteristic (ROC) curve analysis was
used to assess the cutoff values of PMR to predict glycophorin A scores
>grade 2 at the highest possible sensitivity and specificity levels. All
analyses were performed using JMP statistical software version 10 (SAS
Institute Inc., Cary, NC, USA) and SPSS version 22.0 (SPSS, Chicago, IL,
USA), and p-values <0.05 were considered significant.

3. Results

All DCA procedures were successfully performed without any serious
complications. Subsequent to DCA, 7 patients (46.7%) underwent drug-
eluting stents implantation; PCI was completed without stent implan-
tation (DCA alone or drug-coated balloon) in 8 patients (53.3%). Clinical
characteristics of all patients are shown in Table 1. The mean age of the
study cohort was 67 + 11 years, and most patients were men. Most
target lesions were observed in the proximal left anterior descending
artery; no patients had the target lesion in the left circumflex coronary
artery. The median value of PMR was 1.2.

Fig. 1 shows the correlation between PMR and the glycophorin A or
macrophage scores. PMR showed a positive correlation with glyco-
phorin A scores (p = 0.772, p < 0.001; Fig. 1-A), whereas, there was a
weak correlation between PMR and macrophage scores (p = 0.626, p <
0.05; Fig. 1-B). A significant positive correlation was noted between the
scores of glycophorin A and macrophages (p = 0.590, p < 0.05; Fig. 1-C).
The linear regression analysis was performed to identify the factors
associated with glycophorin A scores (Table 2). Among the clinical
covariates, PMR (p < 0.01) and smoking (p < 0.05) were associated with
a higher glycophorin A score. The ROC analysis showed that the optimal
PMR cutoff value for predicting glycophorin A scores >grade 2 (glyco-
phorin A-positive area >5% of the plaque) was 1.2 (area under the
curve, 0.91; 95% confidence interval, 0.73-1.00). This PMR value had a
sensitivity of 8/9 (89%), specificity of 6/6 (100%), positive predictive
value of 8/8 (100%), and negative predictive value of 6/7 (86%).
Moreover, the additional MR plaque image analysis performed by
another independent observer (K.M.) showed that sensitivity, speci-
ficity, positive predictive value, and negative predictive value of the
PMR of 1.2 to predict glycophorin A scores >grade 2 determined above

Table 1
Clinical characteristics.
n=15
PMR 1.19 (0.81-1.41)
Age, yrs 67.4 +10.7
Female 2 (13%)
Hypertension 6 (40%)
Dyslipidemia 10 (67%)
Diabetes mellitus 3 (20%)
Smoking 4 (27%)
Target vessel
Left main trunk 1 (7%)
Left anterior descending artery 13 (86%)
Left circumflex artery 0 (0%)
Right coronary artery 1 (7%)
Medication
Calcium channel blocker 5 (33%)
ACEi/ARB 7 (47%)
Beta blocker 7 (47%)
Statin 12 (80%)
Percent diameter stenosis 65.3 £ 5.5

Values are the n (%), mean + standard deviation, or median (interquartile
range).

PMR, the ratio between the signal intensities of coronary plaque and cardiac
muscle; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin
receptor blocker.
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analysis, were 8/9 (89%), 5/6 (83%), 8/9 (89%), and 5/6 (83%),
respectively. A representative case of HIP on T1WI in comparison with
plaque morphology in the atherectomy specimen is shown in Fig. 2-A. In
the lesion with a high PMR (PMR = 1.41), immunostaining for eryth-
rocytes (glycophorin A) revealed that abundant erythrocytes were found
in the area of macrophage accumulation. In contrast, Fig. 2-B shows a
case with a non-HIP lesion (PMR = 0.63). The atherectomy specimens
contained white plaques and scattered macrophages, but no
erythrocytes.

4. Discussion

To the best of our knowledge, this is the first study to show the sig-
nificant association between a high PMR on non-contrast TIWI and IPH
in coronary atherectomy specimens.

Since the introduction of non-contrast TIWI on MR for plaque im-
aging, the usefulness of this tool has predominantly been investigated
for carotid arteries. In comparative studies using carotid atherectomy
specimens, many researchers showed that HIPs in the carotid arterial
wall on T1WI related to the presence of IPH-containing methemoglobin
[7-9] and cerebral ischemia. Although the significant association be-
tween HIP on T1WI and intracoronary thrombus detected by invasive
CAG [16] and OCT [11] has been shown in the previous studies, the role
of HIP in the prediction of IPH in coronary arteries remains uncertain.
Recent studies showed the close relationship of HIP presence with
vulnerable plaque characteristics detected by multislice computed to-
mography, IVUS, and OCT [10-12]. Regrettably, these current imaging
techniques do not allow a definitive discrimination between haemor-
rhages and lipid components. Therefore, the current study aimed to test
whether HIP indicates IPH seen in the pathohistological specimens from
coronary, rather than carotid, arteries.

To date, few comparisons with pathohistological data have been
performed in coronary artery studies. Liu et al. investigated the associ-
ation between HIPs on T1WI and the presence of IPH through ex vivo
imaging of both carotid and coronary plaque specimens, obtained dur-
ing coronary artery bypass grafting [17]. Unfortunately, no coronary
artery plaques had IPH in this study, although carotid HIPs were shown
to be associated with the presence of IPH. More recently, Kuroiwa et al.
demonstrated that HIPs defined as PMR >1.4 may reflect IPH in coro-
nary arteries from autopsy cases [18]. However, no direct comparisons
with pathohistological data have been performed in living patients. We
first show that a higher PMR correlated with higher glycophorin A scores
indicating greater proportions of erythrocytes in the coronary atherec-
tomy specimens.

There was a significant positive correlation between the scores of
glycophorin A and macrophages. This finding is consistent with several
lines of evidence, which show that an increase in the amount of lipid
core, mechanical stresses, and overproduction of oxygen free radicals by
macrophages could lead to the breakdown of microvessels and IPH
production [5,6]. Findings from previous reports [8,18] indicate that the
presence of IPH associated with inflammation may be related to HIP on
T1WL

The findings of the present study are clinically significant. First, the
detection of IPH represented by HIP in coronary arteries would alert the
clinician to the possibility of plaque instability. The PMR of 1.2 was the
best cutoff value for the prediction of glycophorin A scores >grade 2 as a
representative of IPH regardless of the clinical symptom. This finding is
in consistent with our recent study reported that the optimal PMR cutoff
value for predicting OCT defined intracoronary thrombus was 1.2 [12].
Therefore, patients with HIP should be recognized as high risk including
subclinical IPH. Moreover, it should be noted that higher the PMR,
greater is the accumulation of glycophorin A. Kolodgie et al. showed that
glycophorin A score of grade 4 was associated with markedly larger size
of necrotic core than that of grade 3 or less [5]. Thus, HIP with much
higher PMR might be associated with the large necrotic core which was
frequently observed in patients with acute coronary syndrome. A recent
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Fig. 1. (A) Correlation between the ratio of the signal intensities of the coronary plaque and cardiac muscle (PMR) and glycophorin A scores. (B) Correlation between
PMR and macrophage scores. (C) Correlation between glycophorin A and macrophage scores. Scores can range from 0 to 4, with higher scores indicating greater

proportions of glycophorin A or macrophages.

Table 2
Linear regression analysis for factors associated with glycophorin A scores.
p (SE) p-value
Log-PMR 0.66 (1.24) 0.0072
Age —0.21 (0.030) 0.44
Female 0.22 (0.46) 0.44
Hypertension 0.095 (0.32) 0.74
Dyslipidemia 0.29 (0.32) 0.30
Diabetes mellitus —0.087 (0.40) 0.76
Smoking —0.59 (0.29) 0.021
Left anterior descending artery 0.30 (0.45) 0.28
Medication
Calcium channel blocker —0.041 (0.34) 0.88
ACEi/ARB —0.12 (0.32) 0.66
Beta blocker 0.11 (0.32) 0.70
Statin —0.20 (0.39) 0.47

PMR, the ratio between the signal intensities of coronary plaque and cardiac
muscle; ACEi, angiotensin converting enzyme inhibitor; ARB, angiotensin re-
ceptor blocker; SE, standard errors.

study demonstrated that the PMR was lowered by statin therapy, which
was also associated with decrease in low-density lipoprotein-cholesterol
and high-sensitivity C-reactive protein levels as well as a decrease in
plaque volume on computed tomography angiography [19]. Accord-
ingly, in the future, IPH detected by TIWI may be a potential therapeutic
target to prevent cardiovascular events. In addition, several studies have
demonstrated that the presence of HIP has the potential to predict
myocardial injury during PCI, which is associated with worse short-term
and long-term clinical outcomes [20,21]. Although the etiology of PCI-
related myocardial injury is a multifactorial phenomenon, the pre-
dominant mechanism involves the distal embolization of atheromatous
or thrombotic materials, and results from the mechanical fragmentation
of the culprit plaque during PCI [22]. Taken together, further prospec-
tive randomized trials should be conducted in order to examine whether

distal protection devices might prevent myocardial injury during PCI for
patients with higher PMR.

5. Limitations

This study had some limitations. First, in the present DCA analysis,
the number of samples (n = 15) is too small to perform multivariate
analysis. Further studies with more cases will be needed to confirm the
present results. Nevertheless, a pathohistological approach using DCA
specimens is acknowledged as the only reliable method for the assess-
ment of in vivo coronary plaque characteristics. Therefore, we consider
the quality of our data obtained using both coronary MR imaging and
DCA specimens as sufficiently high to validate our conclusion. Second,
all target lesions except one HIP were present in the proximal left
anterior descending artery. Therefore, our results were also limited by
selection bias.

6. Conclusions

In patients with ischemic heart disease, a high PMR on T1WI rep-
resents coronary IPH as assessed using DCA specimens. This finding may
provide insights to further our understanding of coronary IPH.
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PMR=0.63

Fig. 2. (A) A representative case of a high-intensity plaques (HIP) on T1-weighted imaging (T1WI) in comparison with plaque morphology in an atherectomy
specimen. a, Coronary angiography revealed severe coronary stenosis in the proximal left anterior descending artery (arrowhead). b, Whole-heart coronary MR
angiography showed severe stenosis in the proximal left anterior descending artery (circle). ¢, Coronary TIWI demonstrated HIP (circle). The value of PMR was 1.41.
d-g, Micrographs of an atherectomy specimen obtained from a target lesion. d, Hematoxylin-eosin stained section. e, The adjacent section stained with an anti-
glycophorin A antibody revealed the presence of abundant glycophorin A-positive cells. The boxed area is enlarged in f and g. f, Anti-CD68 antibody staining
showed macrophage accumulation. g, Anti-glycophorin A antibody staining revealed the presence of abundant glycophorin A-positive cells. Bar: d, e, 200 pm. f, g,
100 pm.

(B) A representative case of a non- HIP lesion on TIWI in comparison with plaque morphology in an atherectomy specimen. h, Coronary angiography revealed
moderate coronary stenosis in the ostium of the left main coronary artery (arrowhead). i, Whole-heart coronary MR angiography showed significant stenosis in the
ostium of the left main coronary artery (circle). j, Coronary TIWI revealed a low-intensity plaque (circle). The value of PMR was 0.63. k-n, Micrographs of an
atherectomy specimen obtained from a target lesion. k, Hematoxylin-eosin stained section. 1, The adjacent section stained with an anti-glycophorin A antibody
revealed no glycophorin A-positive cells. The boxed area is enlarged in m and n. m, Anti- CD68 antibody staining revealed scattered macrophages. n, Anti-
glycophorin A antibody staining revealed no glycophorin A-positive cells. Bar: k, 1, 500 pm. m, n, 100 pm.
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