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Abstract

Background: Intraplaque hemorrhage (IPH) is associated with atherosclerosis progression and subsequent
cardiovascular events. We sought to develop a semi-automatic method with an optimized threshold for carotid
IPH detection and quantification on MP-RAGE images using matched histology as the gold standard.

Methods: Fourteen patients scheduled for carotid endarterectomy underwent 3D MP-RAGE cardiovascular
magnetic resonance (CMR) preoperatively. Presence and area of IPH were recorded using histology. Presence and
area of IPH were also recorded on CMR based on intensity thresholding using three references for intensity
normalization: the sternocleidomastoid muscle (SCM), the adjacent muscle and the automatically generated local
median value. The optimized intensity thresholds were obtained by maximizing the Youden’s index for IPH
detection. Using leave-one-out cross validation, the sensitivity and specificity for IPH detection based on our
proposed semi-automatic method and the agreement with histology on IPH area quantification were evaluated.

Results: The optimized intensity thresholds for IPH detection were 1.0 times the SCM intensity, 1.6 times the
adjacent muscle intensity and 2.2 times the median intensity. Using the semi-automatic method with the optimized
intensity threshold, the following IPH detection and quantification performance was obtained: sensitivities up to 59,
68 and 80 %; specificities up to 85, 74 and 79 %; Pearson’s correlation coefficients (IPH area measurement) up to 0.
76, 0.93 and 0.90, respectively, using SCM, the adjacent muscle and the local median value for intensity
normalization, after heavily calcified and small IPH were excluded.

Conclusions: A semi-automatic method with good performance on IPH detection and quantification

can be obtained in MP-RAGE CMR, using an optimized intensity threshold comparing to the adjacent muscle.
The automatically generated reference of local median value provides comparable performance and may be
particularly useful for developing automatic classifiers. Use of the SCM intensity as reference is not recommended
without coil sensitivity correction when surface coils are used.
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Background

Intraplaque hemorrhage (IPH) is an important plaque
feature that is associated with accelerated plaque
progression [1] and increased risk of plaque rupture [2].
In both previously asymptomatic [1] and symptomatic
patients [3], the presence of IPH by cardiovascular mag-
netic resonance (CMR) has been shown to be predictive
of future ischemic events.

CMR is a noninvasive imaging modality that has been
shown to be capable of detecting IPH, attributed to the T1
shortening effect of methemoglobin [4]. Magnetization-
prepared rapid acquisition gradient echo (MP-RAGE) is a
highly T1-weighted sequence and has been widely used for
IPH detection, with the advantages of good tissue contrast,
high spatial resolution and short scan time. MP-RAGE was
first applied for the identification of IPH at 1.5T [5] and
further implemented at 3.0T [6]. At 3T, MP-RAGE has
been shown to outperform T1-weighted fast spin-echo and
time-of-flight sequences in detecting IPH [7].

In most previous studies, hemorrhage was identified
manually as hyperintense signal by visual inspection or
using an arbitrary threshold of 1.5 to 2.0 as compared to
the signal intensity of normal arterial wall or the adjacent
muscle (Table 1) [3, 7-10]. However, manual quantification
of IPH is problematic as small IPH and the peripheral areas
of large IPH are often less distinct and may suffer from
poor inter-reviewer reproducibility with subjective criteria.
To our knowledge, studies to determine the optimum
objective criteria for IPH detection in MP-RAGE with
histology validation are lacking. Furthermore, recent serial
studies have indicated that dynamic changes of vessel wall
hyperintense signals exist and may be associated with
plaque progression [11-14]. Therefore, automatic tech-
niques that allow reliable IPH detection and quantification
with histology validation are needed for understanding the
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clinical implications of hyperintense signal evolution within
atherosclerotic plaques.

The aim of this study was to develop a semi-automatic
method for IPH detection and quantification based on
the widely available MP-RAGE sequence. The method
was optimized by comparing multiple tissue references
and determining the hyperintensity threshold that
afforded the highest diagnostic accuracy using histology
as the gold standard.

Methods

Study population

A total of 14 patients (10 men, 4 women; mean age,
69 years + 12 [standard deviation]) scheduled for carotid
endarterectomy were recruited for this study. Among
them, 4 patients were symptomatic and 11 patients had
greater than 80 % carotid stenosis. This study was com-
pliant with the Declaration of Helsinki and was approved
by the institutional review boards of Ingham Cardiothor-
acic & Vascular Surgeons (Lansing, MI). All patients
provided written informed consent.

MR imaging protocol

Patients were imaged on a 3T Signa HDx MR scanner (GE
Healthcare, Waukesha, WI) using a dedicated 4-channel
carotid bilateral phased-array coils (Pathway MRI, Seattle,
WA) prior to carotid endarterectomy. A previously
described 3D MP-RAGE sequence was used [6]: TR/TE =
13.2 ms/3.2 ms, flip angle = 15°, in plan spatial resolution =
0.63 mm x 0.63 mm, reconstructed resolution = 0.31 mm x
0.31 mm, slice thickness = 1 mm, number of excitation = 2,
TI =304 ms, TR with respect to the nonselective inversion
=568 ms, acquisition time =3 min 50 s. Fat suppression
was achieved by water selective excitation.

Table 1 Previous studies that identified IPH (or high signal intensity) using MP-RAGE

Study No of Histology — Threshold  Reference tissue Field Coll TR/TI (ms)  Comments
subjects Intensity (T)
Yamada 222 No 20 Adjacent muscle 1.5 Standard neck array 1500/660 Define high signal
etal. [9] and spine array coil intensity regions
Hishikawa 35 Yes 20 Adjacent muscle 1.5 Standard neck array 1500/660 Define high signal
et al. [8] and spine array coil intensity regions
Altaf 64 No 1.5 SCM 1.5 Receive-only quadrature  1462/741%  Define regions
etal. [3] neck array cervical for IPH
spine coil
Mendes 35 No 1.5 SCM Custom designed 667/370 Define regions
et al. [10] 4 or 16 element for potential IPH
phased array
surface coils
Ota 20 Yes Subjective  Normal artery wall Four-channel 568/304 Manually define
et al. [7] or adjacent muscle phased-array regions for IPH

surface coil

IPH intraplaque hemorrhage, MP-RAGE magnetization-prepared rapid acquisition gradient-echo, SCM sternocleidomastoid muscle

Calculated based on imaging parameters reported in the paper
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Histology

The histology protocol for tissue processing and staining
has been previously described [7, 15, 16]. Briefly, carotid
endarterectomy specimens were excised en bloc, fixed in
formalin and decalcified in 10 % formic acid. The whole
specimen was then embedded in paraffin and sectioned
(10 pm) at every 1.0 mm in the common carotid artery and
at every 0.5 mm in the internal carotid artery. Sections were
stained with hematoxylin-eosin and Mallory’s trichrome.
Digital photographs of slides were taken. Pixel size on the
histology images were calibrated by photographing a cali-
bration grid of known size. Regions containing erythrocytes
and hemorrhagic debris (red to brown on Mallory’s stain)
were identified and outlined in the digital images using a
custom segmentation program (MATLAB, R2010b, US) by
an experienced histologist (M.S.F.) blinded to CMR. Areas
of IPH regions by histology were calculated based on the
outlined contours and calibrated pixel size. Scattered intact
erythrocytes without tissue structure disruption or inflam-
matory response were considered artifacts. Presence or ab-
sence and area of IPH were recorded for each histology
section.

Matching between histological sections and MR images
was done based on the relative distance to carotid bifur-
cation. Lumen and outer wall morphology and calcifica-
tions provided confirmatory information for satisfactory
matching. Because of the difference in slice thickness, one
MR image may have several matched histological sections,
in which case the averaged IPH area of matched histo-
logical sections was calculated and IPH was considered
present if it was identified in any of the matched histo-
logical sections.

IPH detection and quantification on CMR

Reference selection

In the literature, IPH was described as being hyperintense
on Tl1-weighted images such as MP-RAGE. Since the
original pixel values in MP-RAGE images vary not only
between patients, but also between axial slices due to the
inhomogeneous coil sensitivity, the original pixel values
should be normalized by dividing the signal intensity of a
reference region. The choice of a reference to calculate
the threshold can affect diagnostic performance.

Three tissue references were evaluated in developing
semi-automatic IPH characterization (Fig. 1): 1) the
mean signal intensity of sternocleidomastoid muscle
(SCM), calculated from the portion that was within a
4 c¢cm diameter circular region of interest (ROI) centered
at the carotid lumen to reduce the influence of signal
inhomogeneity associated with surface coil; 2) the mean
signal intensity of adjacent muscle where an ROI was
drawn on the nearest muscle (such as the scalene) with
the similar signal intensity as normal carotid artery wall;
and 3) the median signal intensity within the 4 cm
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Out Wall

Fig. 1 MP-RAGE image slice with reference contours. The reference
region was confined by an ROI (yellow circle) centered at the carotid
artery with a diameter of 4 cm, while the IPH detection area was
confined by the out wall boundary (blue). The three references were
1) mean intensity of SCM (sternocleidomastoid muscle, pink),

2) mean intensity of adjacent muscle (green) isointense with the

normal carotid artery wall, and 3) median intensity within the ROI
J

circular ROI which has been used as a reference in
previous studies for signal normalization in automatic
plaque segmentation [17, 18].

The first two references needed manually drawn ROI
while the third one was more automatically generated. The
adjacent muscle reference was chosen beside the SCM
because the SCM was closer to the skin surface and may be
biased towards a higher value relative to the carotid artery.

Threshold selection

Receiver operating characteristic (ROC) curves for IPH
detection were generated for each of the reference methods.
The overall performance was summarized using the area
under the ROC curve (AUC) (MATLAB, R2010b, US). The
optimal thresholds were then chosen as those which maxi-
mized the Youden’s index (sensitivity + specificity-1).

Given the difference in spatial resolution between hist-
ology and CMR, the size of IPH could have an impact on
in vivo IPH detection. Furthermore, it is common to
observe colocalization of IPH and calcification during
histological assessment, which could affect the signal in-
tensity of IPH because of magnetic susceptibility effect on
gradient echo [7, 16]. Therefore, in this study, all the ana-
lyses were conducted using six data subsets, respectively:
1) all slices, 2) subset excluding slices with small IPH (area
<1.25 mm? as measured on histology), 3) subset excluding
slices with small IPH (area <2.8 mm?), and 4) — 6) subsets
with the same criteria of 1) -3), respectively, except that
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slices with heavily calcified IPH (>50 % IPH area calcified)
were also excluded. The small IPH area cutoff values were
determined using 11(0.63x)? with x being 1 and 1.5, re-
spectively, where 0.63 (mm) was the resolution of MP-
RAGE images [7].

IPH detection and quantification

To confine the area for IPH detection and measurement,
loose out wall boundaries that enclosed the carotid artery
were drawn by experienced reviewers. All pixels whose
signal intensity exceeded the hyperintensity threshold
defined by the tissue reference were outlined as IPH re-
gions (MATLAB, R2010b, US). The presence/absence and
the area of IPH in each MP-RAGE slice were recorded.

Cross-validation

Leave-one-out cross-validation was used to test the robust-
ness of the semi-automatic method [18]. Specifically,
images of each subject were analyzed using the semi-
automatic method based on the optimized thresholds
derived from the other subjects. By comparing with hist-
ology gold standard, sensitivity and specificity for IPH
detection and Pearson’s correlation coefficient for IPH area
quantification were calculated (MATLAB, R2010b, US).

Results

133 axial MR slices from 14 patients were matched with
histology specimens, among which 63 (47 %) slices had
IPH identified on histology. Eight of the 133 slices were
excluded when the SCM was used as reference, because
the SCM in those slices were more than 2 cm away from
the artery, outside the 4 cm diameter circular ROL

ROC curves for the subset excluding slices with IPH area
<2.80 mm? or heavily calcified IPH are plotted in Fig. 2.
The AUC for each subset is shown in Table 2 for all three
references. When compared to the full dataset, the AUC in-
creased when heavily calcified IPH and IPH with area
<2.80 mm? were excluded. There were no significant differ-
ences observed for the AUC between different references.

The optimized thresholds to detect the presence of
IPH are summarized in Table 2. The optimized IPH
signal intensity thresholds varied little across different
data subsets and remained at 1.0 times the SCM inten-
sity, 1.6-1.7 times the adjacent muscle intensity and 2.2
times the median intensity when slices with small IPH
or heavily calcified slices were included or excluded.

IPH detection sensitivity, specificity and IPH area quan-
tification correlation between CMR and histology using
the three different references are shown in Table 3. During
cross-validation, the optimized thresholds for each refer-
ence varied by less than 10 % across each leave-one-out
data set. Without excluding heavily calcified IPH and
small IPH, the sensitivity of IPH detection was relatively
low (sensitivity =49, 56 and 40 %, respectively, using the
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Fig. 2 Receiver operator characteristic curves using three references
(SCM, adjacent muscle and median intensity). The subset of slices
without heavily calcified IPH or small IPH of area smaller than

2.8 mm? was used

SCM, the adjacent muscle or the median as reference).
After excluding heavily calcified IPH and small IPH, sensi-
tivity increased to 59, 68 and 80 %, respectively, using the
SCM, the adjacent muscle and the median as reference;
specificity and Pearson’s correlation coefficients (r) of IPH
area between CMR and histology also increased overall
(specificity =85, 74 and 79 %; r=0.76, 0.93 and 0.90,
respectively, using the SCM, the adjacent muscle and the
median as reference). IPH area correlation based on the
adjacent muscle and the median were relatively higher
than that based on the SCM (Fig. 3), although there were
no statistically significant differences between them. The
sensitivity, specificity and Youden’s index for various
thresholds using the adjacent muscle and the median as
reference are shown in Fig. 4. Semi-automatic IPH seg-
mentation using a threshold based on the median method
compared well with the IPH region identified based on
histology (one example is shown in Fig. 5).

Discussion

This study demonstrated that the semi-automatic detec-
tion and quantification of carotid intraplaque
hemorrhage on MP-RAGE CMR can be obtained by op-
timizing thresholds with proper references using hist-
ology as the gold standard. The choice of reference for
signal normalization affected the optimized threshold
and IPH detection performance.

A threshold of 1.6 based on the adjacent muscle inten-
sity was found to have good performance for IPH detec-
tion with high correlation (r=0.83-0.93) for IPH area
quantification. As such, the adjacent muscle method is
recommended for IPH detection where an adjacent
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Table 2 The optimized thresholds for detecting IPH

Data subset AUC Optimized threshold
IPH Area (mm?)? n+/n° SCM Adjacent muscle Median SCM Adjacent muscle Median

With CA >0 63/133 0.69 0.71 058 1.0 16 22
>1.25 52/122 071 0.72 0.64 1.0 1.6 2.2
>2.80 34/104 0.74 0.79 0.68 1.0 16 22

No CA® >0 49/119 0.74 0.71 0.66 1.0 1.7 2.2
>1.25 40/110 0.76 071 0.72 1.0 1.7 2.2
>2.80 25/95 0.83 0.80 0.80 1.0 16 22

AUC area under the ROC curve, IPH intraplaque hemorrhage, ROC Receiver operating characteristic, SCM sternocleidomastoid muscle
2IPH area: excluding IPH with areas < m (0.63x)?, where 0.63 mm was the in-plane resolution of MP-RAGE, and x was set as 1 and 1.5 which gave areas of 1.25

and 2.80
Pn+: number of slices with IPH present in histology; n:total number of slices

“No CA: excluding heavily (>50 %) calcified IPH; with CA: not excluding heavily calcified IPH

muscle region that is isointense with the normal artery
wall can be readily identified and manually outlined. For
a more automatic IPH detection method, the local
median method appears to be the optimal choice for
efficiency and accuracy, considering that the threshold
of 2.2 based on the median intensity also has good IPH
detection performance with IPH area correlation r=
0.81-0.90. The optimized threshold for the commonly
used the SCM reference method [3, 10] was around 1.0,
due to the vicinity of the SCM with the surface coils.
Also, the measured IPH area correlation between MP-
RAGE and histology was relatively low using the SCM
as reference compared with the adjacent muscle and the
median, although these differences were not statistically
significant, potentially due to our limited sample size.
Therefore, using the SCM as reference may be problem-
atic without coil intensity correction when surface coils
are used, where the SCM has elevated signal intensity.
Thus use of the adjacent muscle or the median method
is recommended over the SCM.

Compared with manual IPH detection, semi-automatic
IPH detection has comparable performance, yet it has
the advantage of higher repeatability and requires less
time. Ota et al. [7] manually outlined IPH for 20 patients
scheduled for carotid endarterectomy using the MP-
RAGE sequence and evaluated the performance by

referring to histology ground truth. Using the semi-
automatic median technique, we found better IPH area
correlation with histology in the present study than in
Ota’s study (r = 0.90 compared with r = 0.81), comparable
sensitivity (80 % in both), but lower specificity (79 %
compared with 97 %). It should be noted that manual
segmentation reproducibility is affected by the incon-
spicuous boundaries of IPH and window level settings,
which is further aggravated by the lack of objective cri-
teria on intensity threshold. Of the limited number of
studies which reported on manual measurement of IPH
area, Touze et al. [19] found that the intraobserver and
interobserver reproducibility on IPH area quantification
were suboptimal (ICC = 0.70 and 0.60, respectively). The
semi-automatic method can theoretically achieve near-
perfect reading reproducibility if using the automatically
generated local median intensity as reference. Nonethe-
less, interscan reproducibility remains to be evaluated.
Using the adjacent muscle as reference introduces add-
itional variability than using local median intensity. Des-
pite the limited signal-to-noise of MP-RAGE, to find
such a reference was usually not challenging as the goal
was to sample a region that had similar signal intensity as
normal carotid wall rather than to accurately identify the
anatomy. Additionally, manual segmentation of IPH areas
can be time-consuming given the increasing use of high-

Table 3 IPH detection and quantification performance using the optimized thresholds

Data subset Sensitivity (%)

Specificity (%) Pearson’s correlation coefficient (r)

IPH Area (mm?) n+/n SCM Adjacent Median SCM Adjacent Median SCM Adjacent Median
muscle muscle muscle
With CA >0 63/133 49 56 40 62 69 80 0.58 0.83 0.81
>1.25 52/122 57 62 52 76 69 80 0.61 0.82 0.80
>2.80 34/104 50 68 59 85 70 80 061 0.83 0.82
No CA >0 49/119 54 49 39 66 76 81 0.74 0.92 0.90
>125 40/110 62 53 58 76 74 80 0.76 091 0.89
>2.80 25/95 59 68 80 85 74 79 0.76 093 0.90

IPH intraplaque hemorrhage, SCM sternocleidomastoid muscle
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Fig. 3 Pearson’s correlation coefficients (r) of IPH area measured in
MP-RAGE images and histology. IPH areas were detected using the
optimized thresholds based on three kinds of reference for different
subsets of data, respectively

_

resolution protocols that result in big volumes of images.
In a recent study [20], IPH plaques had an average length
of 19.4 mm. Given the MP-RAGE resolution (1 mm slice
thickness) used in this study, manual segmentation would
take 20-30 min depending on image quality and re-
viewers’ experience. In contrast, the semi-automatic
method does not require detailed segmentation of vessel
wall or reference tissue, and would take about 5 min using
the adjacent muscle as reference and 2—3 min using auto-
matically generated local median intensity as reference.
Figure 4 provides thresholds for selection by determin-
ing the desired optimum sensitivity and specificity for the
adjacent muscle and the median methods. A threshold
with higher sensitivity may be preferred to screen patients
for IPH, whereas a threshold with a lower false positive
rate may be preferable for clinical decision-making.
Furthermore, our study demonstrated the limitation of
MP-RAGE CMR sequence in detecting heavily calcified
IPH and small IPH. This is likely due to 1) co-localized
calcification resulting in lowered IPH signal intensity
and 2) IPH areas smaller than the detection threshold of
MP-RAGE. Sensitivity, AUC and Pearson’s correlation
coefficient progressively increased when heavily calcified
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IPH and/or IPH smaller than cutoff area were excluded.
However, the optimal threshold was found to be stable
regardless of the presence/absence of these characteris-
tics. This suggests that using these thresholds can detect
IPH with the caveat that sensitivity may be reduced in
populations with small or heavily calcified IPH. This limi-
tation is inherent to CMR given the limited resolution
(compared to histology) that is afforded by current tech-
niques. Nonetheless, in previous studies, CMR-detected
IPH, which presumably corresponds to large IPH in hist-
ology, has been found to be associated with plaque
progression and future cardiovascular disease [1, 3], and
larger CMR-depicted IPH area has been associated with
recent [21] and subsequent events [22]. Therefore, the
limitations in detecting small IPH and heavily calcified
IPH do not appear to preclude CMR from being a mean-
ingful tool for detecting clinically significant IPH. The
proposed method provides semi-automatic IPH quantifi-
cation and may facilitate future studies on the clinical
significance of IPH size.

It is possible that variations among scanners, sequence
parameters or use of different coils may cause signal ratio
variance from those reported here. Choice of receiver coil
can have a big impact on IPH/muscle signal ratio, as
shown in the present study. Dedicated carotid coils use
surface arrays to improve local signal reception, which has
been increasingly used in carotid CMR studies. However,
receive coil sensitivity for such surface coils decreases
from the surface of the skin towards the center of the
neck. Tissues closer to the skin such as SCM tends to have
higher signal than deeper tissues such as the carotid ar-
tery. Different algorithms exist for surface coil intensity
correction [23, 24] and correcting the signal drop-off may
partially correct for the receive coil sensitivity difference.
However, this effect is difficult to quantify and may differ
between coil geometries and correction algorithms used.
Furthermore, many carotid CMR studies do not use coil

Threshold (x adjacent muscle intensity)
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Fig. 4 Sensitivity and specificity using different thresholds based on two types of references. (a) The adjacent muscle and (b) the median
intensity within the ROL. Red line shows the optimized thresholds (heavily calcified IPH areas and IPH area < 2.80 mm? excluded, n = 95)

Threshold (x median intensity)
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(blue line). Red asterisk in (b) indicates lumen

Fig. 5 Matched MP-RAGE image slices and histology specimens with IPH contours. (a) Coronal MP-RAGE slice of the left carotid artery;
(b) axial MP-RAGE slices within the out wall boundary at the blue line levels in (a) with IPH contours (red line) generated semi-automatically
using 2.2 times the median intensity as the intensity threshold (MATLAB, R2010b, US); (c) matched histology specimens with IPH outlined

intensity correction. As such, our results comparing differ-
ent references provide a practical guidance for clinicians
and researchers who perform carotid CMR studies on
IPH. Since the adjacent muscle reference is outlined in a
region very close to the carotid artery with similar signal in-
tensity as the normal artery wall, and the local median inten-
sity is based on the ROI with a diameter of 4 cm centered at
the carotid artery, differences in coil sensitivity will affect the
adjacent muscle and the median reference less than the
SCM. Use of colil intensity correction may improve perform-
ance of SCM relative to adjacent muscle. Sequence parame-
ters such as inversion time (TI) and repetition time between
successive inversion pulses can also affect signal ratios.
Therefore, we used MP-RAGE sequence parameters recom-
mended as optimum by Zhu et al. [6] at 3T. Different scan-
ner platforms may also differ in implementation details such
as type of inversion pulse used, reconstruction filters etc.
Such scanner platform differences may cause minor signal
ratio variance. To account for these unavoidable variances, a
phantom with multiple T1 values mimicking muscle and
IPH might be useful for signal intensity calibration.

Limitations of the study

One limitation of the current study is that the thresholds
were optimized based on IPH presence/absence in each
slice, without considering the location of detected IPH
within the slice or its size. Nevertheless, based on our
observation, the location of detected IPH in MP-RAGE
mostly coincided with the true IPH location in histology
when checked visually (Fig. 5). While the optimized
threshold was determined without consideration of size
of IPH, our study demonstrates that the size of IPH
measurement using the semi-automatic method corre-
lated well with that in histology (r = 0.93 for the adjacent
muscle and r=0.90 for the median). In addition, due to
our small sample size, we were not able to test the per-
formance of each threshold on an independent sample,
though we applied cross-validation to reduce the bias
associated with optimizing and testing thresholds using
the same data set. The semi-automatic method was
developed based on the widely used MP-RAGE tech-
nique. There are other emerging techniques, but they
have not become widely available. It is conceivable that
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T1-mapping would allow more accurate measurements
of IPH. Techniques that can perform atherosclerosis T1-
mapping with sufficient image quality and clinically
acceptable scan time warrant further investigations.

Conclusions

With histology validation, a semi-automatic intrapla-
que hemorrhage detection and quantification method
based on an optimized threshold was developed. Use
of the adjacent muscle as reference is recommended
where an adjacent muscle region isointense with the
normal carotid artery wall can be manually defined;
while for a more automatic IPH detection, reference
of the local median intensity is recommended. The
sternocleidomastoid muscle is not recommended as a
reference when surface coils are used without coil
sensitivity correction.

Abbreviations

AUC, area under the ROC curve; CA, calcification; CMR, Cardiovascular
magnetic resonance; IPH, intraplaque hemorrhage; MP-RAGE,
Magnetization-Prepared Rapid Acquisition Gradient-Echo; ROC,
Receiver operating characteristic; SCM, sternocleidomastoid muscle

Funding

This study was support by National Institutes of Health through grant
number TROTHL103609, the American Heart Association Midwest Affiliate
Grant-in-Aid 0855604G, Michigan State University/Office of Vice-President
for Research & Graduate Studies and the Office of the Provost through the
Internal Grant Program 05-IRGP-472, Bracco Diagnostics Extramural research
grant 1021764, and Pfizer. The views expressed in this article are those of the
authors and do not necessarily reflect the official policy or position of the
Department of Defense or the U.S. Government.

Authors’ contributions

JL performed image processing, data analysis, data interpretation and
manuscript preparation. NB contributed to study design, background
exploration and data interpretation. DSH contributed to study design and
statistical analysis. MSF and VM performed histology analysis. JKD
contributed to patient recruitment and data collection. DCZ designed the
MR sequences. HO performed MR image review. JS contributed to data
interpretation. DX performed surface coil correction and data processing.
WSK was involved with image processing tool development. TSH was
involved with data interpretation. CY contributed to study design. All authors
critically revised the paper and have read and approved the final manuscript.

Competing interests

NB has received grants from Philips Healthcare; DSH has received grants
from GE Healthcare and Philips Healthcare. WSK is an employee of Presage
Biosciences. CY holds grants from the NIH and Philips Healthcare. He also
serves as a Member of Radiology Advisory Network, Philips. TSH has received
grants from Philips Healthcare. The remaining authors declare that they have
no competing interests.

Author details

'University of Washington, Seattle, WA, USA. *Walter Reed National Military
Medical Center, Bethesda, MD, USA. 3r\/ﬁchigan State University, East Lansing,
MI, USA. “Tohoku University, Miyagi, Japan.

Received: 16 March 2016 Accepted: 25 June 2016
Published online: 16 July 2016

References
1. Takaya N, Yuan C, Chu BC, Saam T, Polissar NL, Jarvik GP, et al. Presence of
intraplaque hemorrhage stimulates progression of carotid atherosclerotic

20.

Page 8 of 9

plaques - A high-resolution magnetic resonance Imaging study.
Circulation. 2005;111:2768-75.

Kolodgie FD, Gold HK, Burke AP, Fowler DR, Kruth HS, Weber DK, et al.
Intraplaque hemorrhage and progression of coronary atheroma.

N Engl J Med. 2003,;349:2316-25.

Altaf N, Daniels L, Morgan PS, Auer D, MacSweeney ST, Moody AR, et al.
Detection of intraplaque hemorrhage by magnetic resonance imaging in
symptomatic patients with mild to moderate carotid stenosis predicts
recurrent neurological events. J Vasc Surg. 2008;47:337-42.

Bradley Jr WG. MR appearance of hemorrhage in the brain. Radiology.
1993;189:15-26.

Moody AR, Murphy RE, Morgan PS, Martel AL, Delay G, Allder S, et al.
Characterization of complicated carotid plaque with magnetic resonance
direct thrombus imaging in patients with cerebral ischemia. Circulation.
2003;107:3047-52.

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;26:1360-6.

Ota H, Yarnykh VL, Ferguson MS, Underhill HR, DeMarco JK, 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;254:551-63.

Hishikawa T, lihara K, Yamada N, Ishibashi-Ueda H, Miyamoto S. Assessment
of necrotic core with intraplaque hemorrhage in atherosclerotic carotid
artery plaque by MR imaging with 3D gradient-echo sequence in patients
with high-grade stenosis. Clinical article. J Neurosurg. 2010;113:890-6.
Yamada N, Higashi M, Otsubo R, Sakuma T, Oyama N, Tanaka R, et al.
Association between signal hyperintensity on T1-weighted MR imaging of
carotid plagues and ipsilateral ischemic events. AJNR Am J Neuroradiol.
2007,28:287-92.

Mendes J, Parker DL, Kim SE, Treiman GS. Reduced blood flow artifact in
intraplaque hemorrhage imaging using CineMPRAGE. Magn Reson Med.
2013,69:1276-84.

Wang QJ, Wang Y, Cai JM, Cai YQ, Ma L, Xu XA. Differences of signal
evolution of intraplague hemorrhage and associated stenosis between
symptomatic and asymptomatic atherosclerotic carotid arteries: an in vivo
high-resolution magnetic resonance imaging follow-up study. Int J
Cardiovasc Imaging. 2010;26:323-32.

Sun J, Underhill HR, Hippe DS, Xue YJ, Yuan C, Hatsukami TS. Sustained
Acceleration in Carotid Atherosclerotic Plaque Progression With Intraplaque
Hemorrhage A Long-Term Time Course Study. JACC Cardiovasc Imaging.
2012;5:798-804.

Noguchi T, Tanaka A, Kawasaki T, Goto Y, Morita Y, Asaumi Y, et al. Effect of
Intensive Statin Therapy on Coronary High-Intensity Plaques Detected by
Noncontrast T1-Weighted Imaging The AQUAMARINE Pilot Study. J Am Coll
Cardiol. 2015,66:245-56.

Simpson RJ, Akwei S, Hosseini AA, MacSweeney ST, Auer DP, Altaf N. MR
Imaging-Detected Carotid Plaque Hemorrhage Is Stable for 2 Years and a
Marker for Stenosis Progression. AJNR Am J Neuroradiol. 2015;36:1171-5.
Cai JM, Hastukami TS, Ferguson MS, Small R, Polissar NL, Yuan C.
Classification of human carotid atherosclerotic lesions with in vivo
multicontrast magnetic resonance imaging. Circulation.
2002;106:1368-73.

Saam T, Ferguson MS, Yarnykh VL, Takaya N, Xu D, Polissar NL, et al.
Quantitative evaluation of carotid plague composition by in vivo MRI.
Arterioscler Thromb Vasc Biol. 2005;25:234-9.

Liu F, Xu DX, Ferguson MS, Chu BC, Saam T, Takaya N, et al. Automated in
vivo segmentation of carotid plague MRI with morphology-enhanced
probability maps. Magn Reson Med. 2006;55:659-68.

Gao S, van't Klooster R, van Wijk DF, Nederveen AJ, Lelieveldt BPF, van der
Geest RJ. Repeatability of in vivo quantification of atherosclerotic carotid
artery plaque components by supervised multispectral classification.
MAGMA. 2015;28:535-45.

Touze E, Toussaint JF, Coste J, Schmitt E, Bonneville F, Vandermarcq P,

et al. Reproducibility of high-resolution MRI for the identification and the
quantification of carotid atherosclerotic plague components consequences
for prognosis studies and therapeutic trials. Stroke. 2007;38:1812-9.

Sun J, Canton G, Balu N, Hippe DS, Xu DX, Liu J, et al. Blood Pressure Is a
Major Modifiable Risk Factor Implicated in Pathogenesis of Intraplaque
Hemorrhage An In Vivo Magnetic Resonance Imaging Study. Arterioscler
Thromb Vasc Biol. 2016;36:743-9.



Liu et al. Journal of Cardiovascular Magnetic Resonance (2016) 18:41

21. Saam T, Cai J, Ma L, Cai YQ, Ferguson MS, Polissar NL, et al. Comparison of
symptomatic and asymptomatic atherosclerotic carotid plaque features with
in vivo MR imaging. Radiology. 2006;240:464-72.

22. Takaya N, Yuan C, Chu BC, Saam T, Underhill H, Cai JM, et al. Association
between carotid plaque characteristics and subsequent ischemic
cerebrovascular events - A prospective assessment with MRI - Initial results.
Stroke. 2006;37:818-23.

23. Han C, Hatsukami TS, Yuan C. A multi-scale method for automatic
correction of intensity non-uniformity in MR images. J Magn Reson Imaging.
2001;13:428-36.

24. Vovk U, Pernus F, Likar B. A review of methods for correction of intensity
inhomogeneity in MRI. IEEE Trans Med Imaging. 2007;26:405-21.

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
	Conclusions

	Background
	Methods
	Study population
	MR imaging protocol
	Histology
	IPH detection and quantification on CMR
	Reference selection
	Threshold selection
	IPH detection and quantification
	Cross-validation


	Results
	Discussion
	Limitations of the study

	Conclusions
	Abbreviations
	Funding
	Authors’ contributions
	Competing interests
	Author details
	References

