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Purpose: Simultaneous Non-Contrast Angiography and Intraplaque Hemorrhage (SNAP) was developed for im-
proved imaging of intraplaque hemorrhage (IPH). Its signal polarity also allows for non-contrast time-of-flight
MR angiography (TOF). This study sought to compare SNAP and TOF in delineating carotid lumen using con-
trast-enhanced MRA (CE-MRA) as the reference standard.

Materials and methods: Two hundred and eighty-nine matched slices from 15 arteries among 11 subjects (9 males
and 2 females, mean age of 72.1 + 8.6 years) with luminal stenosis on CE-MRA were studied. Cross-sectional
slices centered around the carotid bifurcation were matched between the three MRA techniques (SNAP, TOF,
and CE-MRA) and classified as slices with or without plaque (focal wall thickness = 1.5 mm) by additional black-
blood vessel wall MRI. Lumen area was measured using a Sobel gradient map for TOF and CE-MRA (magnitude
images) and a polarity map for SNAP. Agreement between techniques for measuring lumen area and percent
stenosis was evaluated using intraclass correlation coefficient (ICC) and paired t-test.

Results: Among the 289 matched slices, SNAP showed a higher agreement with CE-MRA than TOF for measuring
lumen area (ICC: 0.93 vs. 0.83; p = 0.03). Agreement with CE-MRA was high for both SNAP and TOF in slices
without plaque (ICC: 0.91 vs. 0.89; p > 0.05) but favored SNAP over TOF in slices with plaque (ICC: 0.93 vs.
0.80; p = 0.02).

Conclusion: SNAP, assisted by signal polarity information, demonstrated a higher agreement with CE-MRA in
delineating carotid lumen compared to TOF, particularly in slices with plaque where flow conditions may be
more complex.

1. Introduction

Luminal stenosis is widely used to guide clinical management in
patients with carotid atherosclerosis. Surgical intervention is commonly
indicated in symptomatic patients with =70% [1] stenosis. However,
plaque rupture, which triggers thrombosis and/or thromboembolism,
has been recognized as the predominant mechanism for ischemic stroke

[2] rather than chronic occlusion. Considerable attention has been di-
rected toward intraplaque hemorrhage (IPH) [3,4], which destabilizes
atherosclerotic plaque and may provide incremental prognostic in-
formation in stroke risk assessment [5].

Luminal stenosis is measurable with various imaging modalities.
However, IPH is currently only detectable with MRI, attributable to the
strong T1-shortening effect of methemoglobin generated from
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erythrocyte degradation [6,7]. As such, an MRI approach to carotid
disease evaluation appears appealing. Contrast-enhanced MR angio-
graphy (CE-MRA) is an established technique that provides accurate
stenosis measurement in the carotid artery [8,9]. Nonetheless, the re-
liance on gadolinium chelates may limit its use, particularly in low-risk
patients who need regular follow-up imaging to monitor disease pro-
gression [10,11].

Among non-contrast alternatives to CE-MRA, time-of-flight (TOF) is
the current standard technique [12], with some capability of detecting
IPH due to its inherent T1 contrast [13,14]. Limitations include its
susceptibility to flow artifacts, low sensitivity to IPH, and inability to
differentiate juxtaluminal IPH from ulceration [13,14]. Simultaneous
Non-Contrast Angiography and Intraplaque Hemorrhage (SNAP) ima-
ging is a recently developed phase sensitive MRI technique for im-
proved detection of IPH [15,16]. Unlike TOF, which relies on fast flow
refreshment to produce lumen contrast, SNAP utilizes a reference scan
to restore the true phase (0, ;) of inversion-recovery T1-weighted
images [15], which is similar to phase sensitive inversion recovery
(PSIR) in myocardial imaging [17]. Using optimized acquisition para-
meters from previous simulation work, the polarities of static tissue and
carotid lumen are reconstructed as positive and negative, respectively
[15]. This extra polarity contrast may then be used for carotid lumen
delineation.

Using CE-MRA as the reference standard, this study sought to per-
form a head-to-head comparison between SNAP and TOF for deli-
neating the carotid lumen. We hypothesized that signal polarity in-
formation may allow SNAP to provide more accurate measurements of
carotid lumen than TOF.

2. Material and methods
2.1. Subjects

Subjects in this retrospective study were recruited as part of a
prospective study on the natural history of carotid atherosclerosis [18].
Patients with 16-79% asymptomatic stenosis in at least one carotid
artery by duplex ultrasound were recruited from outpatient clinics and
vascular ultrasound laboratories at the University of Washington
Medical Center and Affiliated Hospitals. All patients underwent 3D
carotid MRI (see MR imaging for details). For those without contra-
indications to gadolinium chelates and willing to participate in this
study, a traditional first-pass CE-MRA was performed. To enrich our
study sample with disturbed flow conditions, the first 15 carotid ar-
teries that showed luminal stenosis (> 0%) on CE-MRA were included
[19]. These arteries were from 11 patients (72.1 * 8.6 years; 9 males).
Institutional review board approval and written informed consent were
obtained for all subjects prior to enrollment.

2.2. MR imaging

All MR examinations were performed on a 3.0 T whole-body Philips
Ingenia scanner (Philips Healthcare, Best, The Netherlands) at the
University of Washington Bio-Molecular Imaging Center, Seattle, USA.
An eight-channel phase-array surface coil (Chenguang, Shanghai,
China) was used for carotid MRI. SNAP was performed in the coronal
plane with the following parameters: TR/TE = 10.0/4.8ms,
TI = 500 ms, flip angle = 11°, FOV = 160 mm (head-to-
foot) X 160 mm (right-to-left) X 32 mm (anterior-to-posterior), resolu-
tion = 0.8 x 0.8 x 0.8 mm®, NEX = 2, scan time = 5.3 min. Temporal
parameters of SNAP were previously optimized to maximize IPH-to-
wall and wall-to-lumen contrast [15]. A 3D TOF sequence was per-
formed in the transverse plane with the following parameters: TR/
TE = 20.0/4.9ms, flip angle=20°, FOV =160mm (right-to-
left) X 160 mm (anterior-to-posterior) with transversal resolution of
0.6 x 0.6 mm? longitudinal coverage = 48 mm, NEX =1, scan
time = 2.1 min. Also included was a large-coverage, black-blood
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CE-MRA
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Fig. 1. CE-MRA, TOF, SNAP images of a severe carotid stenosis. For optimal
visualization, CE-MRA and TOF are reconstructed with maximum intensity
projection and SNAP is reconstructed with curved planar reformation. Long
arrows point to the internal carotid artery lesion with intraplaque hemorrhage
(hyperintense on SNAP). Short arrows point to another lesion in the common
carotid artery, which could be seen on SNAP but not TOF because of the larger
coverage of SNAP.

sequence (Motion-Sensitized Driven Equilibrium (MSDE)- prepared
Rapid Gradient Echo, or MERGE) [20] for characterizing the distribu-
tion of carotid atherosclerosis. MERGE imaging parameters were as
follows: TR/TE = 10.0/4.0 ms, flip angle = 6°, field-of-view = 250 mm
(head-to-foot) X 250 mm  (right-to-left) X 42mm (anterior-to-pos-
terior), resolution = 0.8 x 0.8 x 0.8 mm?, NEX = 2, scan
time = 5.3 min. CE-MRA was performed using the embedded body coil.
Imaging parameters were: TR/TE = 5.5/1.7ms, flip angle = 30°,
FOV = 350mm  (head-to-foot) X 350 mm  (right-to-left) X 64 mm
(anterior-to-posterior), resolution = 0.8 x 0.8 x 0.8 mm>. A gadoli-
nium-based contrast agent (Magnevist, Bayer Healthcare, Wayne, NJ;
0.1 mmol/kg) was used, injected at a rate of 2ml/s followed by saline
flush.

2.3. Image review

Fig. 1 shows 3D reconstructions of CE-MRA, TOF, and SNAP of the
same carotid artery. A custom-designed image analysis software
package (CASCADE, University of Washington, Seattle, WA) [21] was
used for image analysis. To facilitate matching between different se-
quences, coronally acquired 3D images (SNAP and MERGE) were re-
formatted into axial slices with a 2mm slice thickness. The carotid
artery bifurcation served as a fiducial marker to match all cross-sec-
tional series. For each sequence, the same 21 slices centered at carotid
bifurcation (10 consecutive slices proximal to carotid bifurcation, 1
slice at the bifurcation level, 10 consecutive slices distal to carotid bi-
furcation) were included in image analysis.

TOF, SNAP and CE-MRA images were read independently in three
separate sessions. In each reading session, all available cross-sectional
slices were pooled and randomized so that each slice was interpreted
independently without the possibility of referencing to anatomically
adjacent slices. Reference maps, as an honest reflection of image con-
trast, were used to obtain objective measures of the carotid lumen. The
reference map in TOF and CE-MRA was a gradient map generated with
the Sobel operator [22,23], as the differentiation between carotid
lumen and wall is primarily based on magnitude information. The
lumen boundary was defined along the highest gradient (Fig. 2). The
reference map used in SNAP was a polarity map, as the differentiation
between carotid lumen and wall is primarily based on polarity in-
formation. The lumen boundary was defined around the region with
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Fig. 2. Comparison between CE-MRA, TOF and SNAP in the
delineation of carotid lumen. The first two columns show
original images and corresponding reference maps. Reference
maps in CE-MRA and TOF are gradient maps generated with
the Sobel filter. Reference map in SNAP is a polarity map that
marks regions with negative signal. The last two columns
show lumen boundaries defined based on reference maps. The
lumen boundary is defined along the highest gradient in CE-
MRA and TOF and around the region with negative polarity in
SNAP.

Table 1
Comparing lumen area measurements between TOF and CE-MRA.
Sequence”
Slices (N) TOF CE-MRA Difference® P value” ICC 95% CI
All slices 289 30.3 = 15.0 329 + 15.8 —2.6 = 87 < 0.001 0.83 0.70, 0.93
With plaque 137 27.6 + 17.1 32.7 + 19.0 —-5.1 + 10.6 < 0.001 0.80 0.60, 0.93
Without plaque 152 32.7 = 125 33.1 = 12.3 —-04 = 5.7 0.45 0.89 0.83, 0.93

@ Values are mean + standard deviation (mm?);
> Test for no difference between TOF and CE-MRA.

negative polarity (Fig. 2).

Independent of MRA image review, cross-sectional MERGE images
were reviewed by an experienced reader to classify MR slices into slices
with and without plaque based on whether focal wall thickening
(=1.5mm) was observed [18].

Lumen area was calculated by the software for all cross-sectional
slices. Percent luminal stenosis was calculated for each artery as
100% X (minimum lumen area / reference lumen area). The reference
lumen area was calculated from a distal normal slice beyond the carotid
bulb if the stenosis was seen in the internal carotid artery, or from a
proximal normal slice if the stenosis was in the common carotid artery.
The matched slices for both minimum lumen area and referenced lumen
area were used for percent luminal stenosis calculations for TOF, SNAP
and CE-MRA.

2.4. Statistical analysis

The unit of analysis was an MR slice in analyses of lumen area
measurements and an artery in analyses of percent luminal stenosis.
Agreement of TOF and SNAP with CE-MRA was assessed using in-
traclass correlation coefficient (ICC) and a scatter plot. Bias and limits
of agreement were evaluated using the Bland-Altman plot (difference
versus mean between two sequences). The non-parametric bootstrap
and percentile methods were used to calculate 95% confidence intervals
(C) and compare ICC estimates between the two sequences.
Resampling was performed per subject to account for dependence be-
tween slices from the same subject. Biases in lumen area and percent
luminal stenosis relative to CE-MRA were tested against 0 using a
permutation test based on the paired t-test, where permuting was done
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per subject. Statistical analysis was performed with Matlab (R2014b,
Mathworks, Natrick, MA).

3. Results

Eighteen slices were outside the limited foot-to-head coverage of
TOF, and the carotid lumen was partially out of the field-of-view on
eight cross-sectional SNAP images due to the limited anterior-to-pos-
terior coverage. A total of 289 matched slices were fully analyzed by all
three MRA sequences. Among them, 137 slices (47%) had plaque de-
tected on MERGE images.

3.1. Agreement in lumen area between TOF and CE-MRA

As shown in Table 1 and Fig. 3a, the ICC of the overall agreement
between TOF and CE-MRA in measuring lumen area was 0.83 (95% CI:
0.70, 0.93). The agreement appeared to be lower in slices with plaque
(ICC: 0.80; 95% CI: 0.60, 0.93) and higher in slices without plaque (ICC:
0.89; 95% CI: 0.83, 0.93). Lumen area measured on TOF was smaller
than that measured on CE-MRA, with a negative bias of —2.6 mm>
(p < 0.001; Figs. 4-5). Negative bias was seen primarily in slices with
plaque (—5.1mm?% p < 0.001) and was not apparent in slices without
plaque (—0.4mm? p = 0.45).

3.2. Agreement in lumen area between SNAP and CE-MRA

The ICC of the overall agreement between SNAP and CE-MRA in
measuring lumen area was 0.93 (95% CI: 0.89, 0.96) (Table 2 and
Fig. 3b), representing a significant improvement over the agreement
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between TOF and CE-MRA (p = 0.03). Agreement between SNAP and
CE-MRA was consistent in slices with (ICC: 0.93; 95% CI: 0.90, 0.96;
p = 0.02 compared to TOF) and without plaque (ICC: 0.91; 95% CI:
0.86, 0.96; p > 0.05 compared to TOF). Lumen area measured on
SNAP was larger than that measured on CE-MRA, with a positive bias of
+2.9mm? (p < 0.001; Fig. 4). The positive bias was similar in slices
with (+3.1mm% p < 0.001) and without plaque (+2.8mm?
p < 0.001).

3.3. Percent stenosis measurement

measurements showed a high agreement with CE-MRA for both TOF
(ICC: 0.88; 95% CI: 0.67, 0.96) and SNAP (ICC: 0.94; 95% CI: 0.82,
0.98) (Table 3). The mean differences in percent luminal stenosis
compared with CE-MRA were +4.0% (p = 0.08) for TOF and +1.5%
(p = 0.46) for SNAP.

4. Discussion

In this study, the accuracy of carotid lumen delineation by SNAP
was compared with TOF, the current choice for non-contrast MRA,
using CE-MRA as the reference standard. Major findings are: 1) Lumen
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Fig. 4. Bland-Altman plots comparing lumen area measurements between TOF and CE-MRA (a—c) and between SNAP and CE-MRA (d-f). Matched MR slices (a, d) are
categorized as those with plaque (c, f) and those without plaque (b, e). Mean differences and 95% limits of agreements are shown.
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Fig. 5. A representative slice showing flow artifacts in TOF. The top row shows
original images of CE-MRA, TOF, and SNAP. The bottom row shows corre-
sponding reference maps. Red arrows indicate a region with turbulent flow that
leads to flow artifacts in TOF but not in SNAP. (For interpretation of the re-
ferences to colour in this figure legend, the reader is referred to the web version
of this article.)

agreement with CE-MRA than that measured on TOF based on gradient
maps; 2) The agreement and bias of SNAP with CE-MRA were consistent
between slices with and without plaque, whereas TOF showed a lower
agreement and higher bias relative to CE-MRA in slices with plaque; 3)
Compared to lumen areas measured on CE-MRA gradient maps, TOF
underestimated lumen area and SNAP overestimated lumen area, both
of which appeared to be mitigated by using percent stenosis. This study
demonstrates improved carotid lumen delineation by SNAP compared
to TOF, indicating the usefulness of polarity information of SNAP in
recognizing slow and/or turbulent flow.

The quest for novel non-contrast MRA techniques is primarily
driven by two considerations. Despite the low rate of short-term ad-
verse reactions of gadolinium-based contrast media, recent studies de-
monstrated gadolinium deposition in the central nervous system in a
dose-dependent manner, which was relatively independent of renal
function [10,11]. While long-term implications of this phenomenon are
still under investigation, non-contrast techniques that are able to pro-
vide sufficient information for clinical decision-making can be more
widely applied in various clinical scenarios. This is particularly relevant
for carotid disease, which is a slow progressing disease and often needs
regular follow-up imaging. There is also considerable interest in in-
corporating high-risk plaque features to improve the cost-effectiveness
of clinical management of carotid disease [3,5]. It is well recognized
that luminal stenosis represents only one aspect of atherosclerotic
plaques that is related to clinical risk. IPH imaging has the potential to
contribute to a more precise assessment of clinical risk [24]. Existing
MRA techniques have some capability of detecting IPH but are prone to
false negatives and false positives due to suboptimal IPH contrast and
lack of fat suppression. Additionally, quantitative imaging of IPH using
these techniques is difficult [14].

TOF is a non-contrast MRA technique widely used in the carotid
artery. Image contrast is determined by TR of the radiofrequency ac-
quisition pulse and the refreshment rate of blood within the field-of-
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Table 3
Measurements of percent luminal stenosis (N = 15).

Stenosis® Bias relative to CE-MRA® P value®  ICC (95% CI)
CE-MRA 52 *+ 20% NA NA NA
TOF 56 = 19% 4.0 = 9% 0.08 0.88 (0.67, 0.96)
SNAP 54 + 22% 15 = 7% 0.46 0.94 (0.82, 0.98)

@ Values are mean + standard deviation.
> Test for no difference between SNAP/TOF and CE-MRA.

view. Due to the short TR of TOF (25-50 ms) [12], slow or turbulent
flow may experience more radiofrequency pulses, which deteriorates
lumen contrast in focal regions. In our study, TOF underestimated
lumen area in slices with plaque. It is conceivable that the presence of
underlying atherosclerosis may result in complex flow conditions
around the carotid bifurcation, exemplifying the limitations of TOF
contrast mechanism. In a previous study, Kramer et al. [25] compared
TOF and CE-MRA in measuring cross-sectional lumen area at three le-
vels around the carotid bifurcation (2 cm proximal, origin of internal
carotid artery, 2 cm distal). TOF showed comparable lumen area mea-
surements at proximal and distal levels but exhibited a significant bias
at the level of the carotid bifurcation, which is similar to our findings.

SNAP, developed based on the widely used PSIR technique [17] in
myocardial imaging, can be implemented on major MRI systems. It uses
an extra inversion-recovery preparation pulse to generate image con-
trast [15]. The long interval between inversion pulses (about 2 s) allows
more complete blood refreshment within the field-of-view. Therefore,
SNAP may be less susceptible to slow or turbulent flow. The added
polarity doubles the dynamic range of image contrast and allows lumen
boundaries to be defined by the region with negative polarity. In our
study, SNAP demonstrated a consistent agreement with CE-MRA in
slices with and without plaques. Notably, lumen area measured on
SNAP based on polarity maps was larger than that measured on CE-
MRA based on gradient maps, and was consistently seen in slices with
and without plaques. This difference may be due to a systemic bias
between the reference maps in determining lumen boundaries. A pos-
sible explanation is that the highest gradient of image contrast on CE-
MRA is typically located within the true lumen boundary. In calculating
percent luminal stenosis, such systemic biases were canceled out in
ratios and did not cause a significant difference between SNAP and CE-
MRA. Although not a focus of this investigation, another advantage of
SNAP over TOF is the larger longitudinal coverage (16 cm vs. 4.8 cm),
which may allow SNAP to capture atherosclerosis beyond the bifurca-
tion segment. The scan time of TOF will have to be tripled to achieve a
similar coverage to SNAP. On the other hand, despite the higher scan
efficiency of SNAP, shorter total scan times are always desirable. Given
the sparsity of polarity maps, SNAP may be well suited for accelerated
acquisition using compressed sensing [26], which warrants further in-
vestigation.

This study compared MRA contrast mechanisms between TOF and
SNAP. Two rigorous measures were taken to minimize influences from
human readers so that the obtained measurements objectively reflected
the robustness and limitations of each technique in delineating carotid
lumen in the presence of complex flow conditions. First, all cross-

Table 2
Comparing lumen area measurements between SNAP and CE-MRA.
Sequence”
Slices (N) SNAP CE-MRA Difference® P value® ICC 95% CI
All slices 289 35.8 = 18.0 329 *+ 158 29 = 59 < 0.001 0.93 0.89, 0.96
With plaque 137 35.7 = 21.8 32.7 = 19.0 3.1 =69 < 0.001 0.93 0.90, 0.96
Without plaque 152 35.8 = 139 33.1 = 123 2.8 + 49 < 0.001 0.91 0.86, 0.96

2 Values are mean *+ standard deviation (mm?3);
b Test for no difference between SNAP and CE-MRA.
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sectional MR slices were pooled and analyzed in random without re-
ferencing anatomically adjacent slices. As such, readers' experience in
recognizing flow artifacts by referencing to adjacent slices did not take
effect, eliminating biases. Second, reference maps were generated based
on the contrast mechanisms of MRA techniques, which were used to
objectively define lumen boundaries. Such reference maps have the
potential to be used in developing semi-automatic algorithms for ob-
taining area-based stenosis measurements. Currently, maximum in-
tensity projection (MIP) reconstructions are often used for measuring
diameter-based stenosis because manual measurements are more con-
venient to obtain on MIP images [27]. However, fine structures in the
stenotic region may be lost [28] and luminal stenosis can be under-
estimated when the shape of the lumen is asymmetric [29]. The high
agreement between SNAP and CE-MRA in measuring lumen areas using
reference maps indicates the possibility of developing more automated
methods for evaluating luminal stenosis based on lumen area mea-
surements, which may be more relevant from the hemodynamic per-
spective. Also, the methodology used in this study may be im-
plementable in other phase sensitive reconstruction applications
[17,30].

This study has several limitations. First, the number of patients
studied was relatively small. Analyses were designed a priori to be
performed at the slice level, considering that complex flow conditions
may be present locally and cause subtle differences in lumen area
measurements. Second, CE-MRA was used as the reference standard. 3D
rotational angiography is a better reference standard for measuring
luminal stenosis. However, patients in this study were not candidates
for intra-arterial angiography. Furthermore, matching between dif-
ferent techniques is more accurate and convenient if CE-MRA is used as
the reference. Lumen contrast in CE-MRA depends primarily on T1
differences induced by gadolinium contrast. Therefore, CE-MRA pro-
vides a suitable reference for comparing different non-contrast MRA
techniques, as supported by previous studies showing a good agreement
between intra-arterial angiography and CE-MRA [8,29]. Third, this
study did not study other non-contrast MRA techniques beyond TOF.
TOF is the current clinical standard of non-contrast MRA. Furthermore,
the goal is to find a non-contrast MRA approach that provides accurate
information on both luminal stenosis and IPH. Other non-contrast MRA
techniques may have advantages over TOF but have not demonstrated
capability of detecting IPH. Finally, this study focused on lumen
boundary delineation and did not evaluate performance of these tech-
niques in detecting IPH, due to the lack of a reference standard such as
histology. Further studies are needed to compare different T1-weighted
sequences for IPH detection.

5. Conclusions

With signal polarity information, SNAP demonstrated a higher
agreement with CE-MRA than TOF in measuring carotid lumen area,
particularly in slices with plaque where flow conditions may be more
complex. SNAP MRA has potential as a non-contrast MRA alternative to
TOF in the clinical management of carotid disease.
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