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Abstract
Objectives To investigate the usefulness of Simultaneous
Non-contrast Angiography and intraPlaque haemorrhage
(SNAP) imaging in characterising carotid intraplaque haem-
orrhage (IPH) compared with magnetisation-prepared rapid
acquisition gradient-echo (MP-RAGE) sequence.
Methods Fifty-four symptomatic patients (mean age: 63.1 ±
5.7 years, 38 males) with carotid atherosclerosis were recruit-
ed and underwent carotid MR imaging. The presence and area
of IPH on SNAP and MP-RAGE images were determined.
The agreement in identifying IPH and its area between
SNAP and MP-RAGE was analysed.
Results Of 1368 slices with acceptable image quality in 54
patients, 13% and 22.6% were found to have IPH on MP-
RAGE and SNAP images, respectively. There was moderate
agreement between MP-RAGE and SNAP sequences in iden-
tifying IPH (κ = 0.511, p = 0.029). The area of IPH on SNAP
images was significantly larger than that on MP-RAGE im-

ages (17.9 ± 18.2 mm2 vs. 9.2 ± 10.5 mm2, p < 0.001). For
IPHs detected by SNAP imaging, the area of IPHs also detect-
ed by the MP-RAGE sequence was significantly larger than
that of IPHs not detected by the MP-RAGE sequence (17.9 ±
19.2 mm2 vs. 6.4 ± 6.2 mm2, p < 0.001).
Conclusion Compared with the MP-RAGE sequence, SNAP
imaging detects more IPHs, particularly for smaller IPHs, sug-
gesting that SNAP imaging might be a more sensitive tool for
identification of carotid haemorrhagic plaques.
Key Points
• Moderate agreement was found between SNAP and MP-
RAGE in identification of IPH

• SNAP imaging might be a more sensitive tool to detect ca-
rotid IPHs

•Compared with the MP-RAGE sequence, SNAP imaging can
detect carotid IPHs with smaller size

• SNAP imaging can help clinicians to optimise the treatment
strategy
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Abbreviations
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Introduction

It has been shown that intraplaque haemorrhage (IPH) of ca-
rotid artery atherosclerotic plaque, as one of the key vulnera-
ble features, can accelerate plaque progression [1, 2] and in-
crease the risk of ischaemic cerebrovascular events [2–6]. A
study by Noguchi et al. showed that high intensity in carotid
plaques on magnetisation-prepared rapid acquisition gradient-
echo (MP-RAGE) imaging, which may represent IPH, was
significantly associated with cardiac events [7]. In addition,
investigators found that, for patients with carotid plaques with
IPH, the stenting therapy group developed more new ipsilat-
eral silent ischaemic lesions than the carotid endarterectomy
(CEA) group, suggesting CEA might be a better treatment for
carotid plaques with IPH [8]. Therefore, accurate identifica-
tion of carotid IPH prior to onset of cerebrovascular events is
important for prevention of stroke and optimising the treat-
ment strategy.

Currently, the assessment of carotid IPH is mainly based on
the T1-weighted magnetic resonance (MR) imaging tech-
niques, such as time of flight (TOF), T1-weighted (T1W)
and MP-RAGE imaging sequences. Among these T1-
weighted sequences, MP-RAGE has been demonstrated to
have the highest sensitivity and accuracy in detecting carotid
IPH validated by histology [9]. Most recently, Yao et al.
utilised apparent diffusion coefficient (ADC) measurement
on diffusion-weighted imaging to detect carotid artery IPH
without histological validation [10]. Recently,Wang et al. pro-
posed the Simultaneous Non-contrast Angiography and
intraPlaque haemorrhage (SNAP) imaging sequence, which
allows non-contrast MR angiography and identification of
IPH simultaneously [11]. The feasibility of SNAP imaging
in evaluating carotid IPH has been preliminarily reported
[11]. However, the usefulness of SNAP imaging in identifica-
tion of carotid IPH has not been validated in vivo. This study
sought to investigate the usefulness of SNAP imaging in
characterising carotid IPH by comparing it with MP-RAGE
sequence.

Materials and methods

Study population

In total, 64 patients [mean age, 68 years ± 9.5 (SD); age range,
29-82 years] with recent cerebrovascular symptoms (< 2
weeks) and carotid atherosclerotic disease (> 30% stenosis)
determined by ultrasound from November 2012 to April 2016
were recruited and underwentMR imaging for carotid arteries.
The exclusion criteria include carotid occlusion and contrain-
dications to MR imaging examination. The clinical character-
istics such as age, gender, history of smoking, hypertension,
diabetes, and stroke were collected from the clinical records.

The levels of high-density lipoprotein (HDL), low-density
lipoprotein (LDL), total cholesterol (TC) and triglycerides
(TG) were also recorded. The study protocol was approved
by the institutional review board and a written consent form
was obtained from all subjects.

Carotid MR imaging

Carotid MR imaging was performed on a whole-body 3.0-T
MR scanner (Achieva TX, Philips Healthcare, Best,
The Netherlands) with dedicated eight-channel carotid coil.
The carotid arteries were imaged using a multicontrast vessel
wall imaging protocol with the following parameters: (1)
three-dimensional time of flight (3D TOF): fast field echo
(FFE), TR/TE 20/4 ms, flip angle 20°; (2) quadruple-
inversion-recovery T1-weighted imaging (T1W QIR): turbo
spin echo (TSE), TR/TE 800/10 ms, flip angle 20°; (3) multi-
slice double inversion-recovery T2-weighted imaging (T2W
MDIR): TSE, TR/TE 4800/50 ms, flip angle 90°: (4) MP-
RAGE: fast field echo (FFE), TR/TE 8.8/5.3 ms, flip angle
15°; (5) SNAP: fast field echo (FFE), TR/TE 89.9/4.8 ms, flip
angle 11/15°. The TOF, T1W, T2W, and MP-RAGE images
were acquired cross-sectionally centred at the bifurcation of
index carotid arteries with a field of view (FOV) 140 × 140
mm2. The index carotid artery was defined as arteries associ-
ated with clinical symptoms. The slice thickness was 2mm for
T1W and T2W imaging and 1 mm for TOF and MR-RAGE
imaging, respectively. The longitudinal coverage was 32 mm
for T1W, T2W, TOF, and MP-RAGE imaging. The SNAP
images were acquired coronally with FOV of 140 × 140
mm2. The corrected real images derived from SNAP imaging
were re-sliced cross-sectionally with slice thickness of 2 mm
centred to the bifurcation of index carotid arteries.

Image analysis

All carotidMR imageswere interpreted by three radiologists
with more than 5 years’ experience in vascular imaging
blinded to clinical information. A custom-designed software
of CASCADE [12] was utilised to trace the boundaries of
lumen and outer wall and intraplaque haemorrhage compo-
sitions. The work flow of image review was as follows (Fig.
1): (1) one reviewer outlined the lumen and wall boundaries
on multi-contrast MR images including TOF, T1W, T2W,
MP-RAGE, and SNAP images; (2) the presence and size of
the IPH were determined by the two other reviewers on a
single MP-RAGE imaging sequence after hiding all other
contrast-weighted images with consensus; (3) after 1 month
time interval forminimising thebias ofmemory, thepresence
and size of the IPHweredeterminedby the two reviewersona
single SNAP imaging sequence after hiding all other
contrast-weighted images with consensus. The presence of
IPH on MP-RAGE or SNAP images was defined as
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hyperintense compared to adjacent muscle (signal intensity
ratio ≥ 1.5:1). The area of IPH on MP-RAGE and SNAP
images for each axial location was measured. The image
quality (IQ) of MR images was evaluated using a 4-point
scale (from poor to excellent) and the images with poor IQ
(IQ = 1) were excluded [13].

Statistical analysis

Continuous variables are described as mean ± standard devi-
ation (SD) and the percentage is used to describe the categor-
ical variables. Cohen’s kappa (κ) was analysed to determine
the agreement between SNAP and MP-RAGE in identifica-
tion of IPH. Pearson correlation coefficients (r) were evaluated
to assess the correlations of IPH area between SNAP and MP-
RAGE sequences. The paired t test was used to compare the
difference in IPH area between MP-RAGE and SNAP images
when IPH was present on both imaging sequences. A p value
of p < 0.05 was considered as statistically significant. All
statistical analyses were performed using SPSS 16.0 (SSPS
Inc. Chicago, IL, USA).

Results

Of 64 recruited patients, 10 were excluded because of poor
image quality. Of the remaining 54 patients (mean age: 63.1 ±
5.7 years old), 70% (38/54) were male, 64.8% (35/54) had
hypertension, 16.7% (9/54) had a history of smoking, 29.6%
(16/54) had diabetes, and 42.6% (23/54) had stroke. The clin-
ical characteristics of this study population are detailed in
Table 1.

Agreement between SNAP and MP-RAGE

In the 108 carotid arteries of 54 patients, 1368 slices
had acceptable image quality for analysis. Of 1368
slices, 13% (178/1368) and 22.6% (309/1368) were
found to have IPH on MP-RAGE and SNAP images,
respectively. The IPH was found in 10.5% (144/1368)
slices on both SNAP and MP-RAGE images. The kappa
value of κ was 0.511 (p = 0.029, Table 2) between
SNAP and MP-RAGE images in the identification of

IPH. Pearson correlation analysis revealed that there
was strong correlation between SNAP and MP-RAGE
in measuring the IPH area (r = 0.816, p < 0.001).

Comparison of IPH area between SNAP and MP-RAGE

In all 144 slices having IPH on both SNAP and MP-
RAGE images, the area of IPH on SNAP was signifi-
cantly larger than that on MP-RAGE (17.9 ± 18.2 mm2

vs. 9.2 ± 10.5 mm2, p < 0.001, Fig. 2). Similarly, the
volume of IPH on SNAP images was larger than that on
MP-RAGE images (165.2 ± 227.9 mm3 vs. 74.2 ±
116.9 mm3, p < 0.001). For IPHs detected by SNAP
imaging, the area of IPHs also detected by MP-RAGE
was significantly larger than that of IPHs not detected
by MP-RAGE (17.9 ± 18.2 mm2 vs. 6.4 ± 6.2 mm2, p
< 0.001). Figure 3 represents examples showing IPH on
both MP-RAGE and SNAP images with different size
(a, b), and IPH was detected by SNAP imaging but not
detected by MP-RAGE imaging (c, d).

Outline lumen and wall boundaries

(TOF+T1W+T2W+MP-RAGE+SNAP)

Determine presence and size of IPH

(MP-RAGE with lumen and wall boundaries)

Determine presence and size of IPH

(SNAP with lumen and wall boundaries)
One month interval

Fig. 1. Flow chart of MR image review

Table 1. Clinical characteristics of the study population (n = 54)

Mean ± SD
or n (%)

Range if
applicable

Gender, male 54 (38)

Age, years 63.1 ± 5.7 29-82

Systolic pressure, mmHg 136.7± 19.2 100-194

Diastolic pressure, mmHg 79.3 ± 10.0 62-110

High-density lipoprotein, mmol/l 1.1 ± 0.2 0.7 - 1.9

Low-density lipoprotein, mmol/l 2.2 ± 0.9 0.8 - 5.2

Total triglyceride, mmol/l 1.6 ± 0.9 0.7 - 4.4

Total cholesterol, mmol/l 4.1 ± 1.4 2.5 -7.5

Smoking 9 (16.7)

Hypertension 35 (64.8)

Diabetes 16 (29.6)

Hyperlipidaemia 10 (18.5)

History of cardiovascular disease 4 (7.4)

Stroke 23 (42.6)
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Discussion

In this study, we evaluated the performance of SNAP imaging
in the identification of carotid IPH compared with MP-RAGE
imaging sequences. We found that SNAP imaging detected
70% more IPHs than MP-RAGE sequences, indicating the
SNAP sequence might be a more sensitive imaging tool for
identification of carotid IPH. In addition, we found the size of
IPH measured by SNAP imaging was significantly larger than
that measured byMP-RAGE imaging and SNAP imaging can
detect IPHs with smaller size. Our findings suggest that SNAP
imaging might be a sensitive tool for identification of carotid
IPH, particularly for small IPHs.

In identifying carotid IPH, in the present study, we found
that SNAP imaging showed moderate agreement and can de-
tect 70% more IPHs compared with MP-RAGE. In a previous
study, Wang et al. [11] demonstrated that the SNAP sequence
significantly improved the intraplaque haemorrhage-wall
contrast-to-noise ratio (p <0.01) and blood suppression effi-
ciency (p < 0.01) using optimised parameters with phase-
sensitive inversion-recovery reconstruction. With increased
IPH-wall contrast, SNAP may detect plaques with smaller
IPH that may not detectable by MP-RAGE. In the present
study, the area of IPHs detected by both SNAP and MP-
RAGE imaging was found to be significantly larger than that
of IPHs detected by SNAP only. This finding indicates that

SNAP imaging can detect IPHs with smaller size compared
with MP-RAGE. A previous study has shown that the sensi-
tivity and the agreement of MP-RAGE with histology were
decreased when detecting IPH with small size or coexisting
heavy calcification [9]. Investigators believed that it is more
difficult or even impossible to detect calcified IPH with
coexisting signal trends (an increase due to T1 shortening
and a decrease due to the susceptibility effect) at 3.0 T [9].
In contrast, for the higher detection of T1 hyperintensity with-
in the carotid wall on SNAP, there might be a possibility of
overestimation of SNAP imaging in identification of IPH. Our
results further compel the evidence that SNAP imaging may
be a more sensitive tool for identification of carotid IPH com-
pared with MP-RAGE.

In the present study, for IPH detected by both SNAP and
MP-RAGE imaging, its size on SNAP images was significant-
ly larger than that on MP-RAGE images. The IPH was quan-
tified manually when hyperintense signal was present on MP-
RAGE or SNAP images. The contour of IPH delineated on
SNAP images might be larger than that onMP-RAGE images
because of the larger dynamic range and higher IPH-wall
contrast-to-noise ratio (CNR) of SNAP than MP-RAGE
[14]. Moreover, MP-RAGE might underestimate IPH size be-
cause of the insufficient IPH-wall CNR. The criteria for IPH
quantification are critical for IPH areameasurement. Recently,

Table 2. Agreement between SNAP and MP-RAGE imaging in
identification of carotid IPH

IPH detected by
SNAP imaging

IPH detected by
MP-RAGE imaging

Cohen’s kappa P value

Presence Absence

Presence 144 165 0.511 0.029
Absence 34 1025

Fig. 2. Comparison of the area of IPHs between SNAP and MP-RAGE

Fig. 3. SNAP imaging has different performances in evaluating carotid
IPH compared to the MP-RAGE sequence. The a and b images are from
the same carotid artery location of one patient. SNAP imaging shows a
larger IPH than MP-RAGE (a and b, arrows). The c and d images are
from the same carotid artery location of another patient. SNAP imaging
detects IPH (d, arrows) but MP-RAGE does not
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a histology-verified intensity threshold for IPH detection by
MP-RAGE has been optimised as 1.6 times the adjacent mus-
cle intensity, similar to our criteria [15]. However, the criteria
for IPH quantification by SNAP are still lacking and should be
determined in future studies.

SNAP imaging not only provides vessel wall images
that can be used for detecting IPH, but also simultaneously
generates non-contrast MR angiography for measuring ar-
terial luminal stenosis. In a previous study, Wang et al. [11]
showed that the lumen area of carotid arteries measured by
SNAP MRA was significantly correlated with that mea-
sured by TOF MRA (intraclass correlation coefficient =
0.96, p < 0.001). In measuring intracranial and carotid ar-
tery stenosis, SNAP MRA has been reported to have ex-
cellent agreement with TOF MRA (κ = 0.79-0.82) [16, 17].
However, the accuracy and agreement for evaluating lumi-
nal stenosis of the carotid by using the SNAP sequence is
still lacking validation compared with the clinical Bgold
standard^, such as CE-MRA and DSA.

This study has several limitations. First, in the present
study, MR-RAGE was considered as reference to deter-
mine the usefulness of SNAP imaging in the identification
of carotid IPH. It is suggested to perform studies with
histology as the gold standard to validate the ability of
both MP-RAGE and SNAP imaging in identifying IPHs
with different sizes in the future. Second, the SNAP im-
ages were acquired coronally and all the images were re-
sliced cross-sectionally for comparison, which may lead
to possible mismatch with 2D multicontrast MR images.
Future studies with axial acquisition of SNAP images are
suggested. Third, the image interpretation by reviewers
may yield subjective bias and the signal intensity thresh-
old for identifying IPH is still lacking. Automatically de-
tecting IPH with an optimised algorithm may minimise
subjective bias.

In conclusion, compared with the MP-RAGE sequence,
SNAP imaging detects more intraplaque haemorrhages,
particularly for haemorrhages with smaller size, suggesting
that SNAP imaging might be a more sensitive non-invasive
tool for identification of carotid haemorrhagic plaques.
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