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Background: Conventional reference multi-contrast black-blood (BB) MRI can be used for measuring
luminal stenosis severity and plaque components, and its performance has been validated by intra- and
inter-reader reproducibility test and histology. Recently, a set of 3D multi-contrast BB sequences have
been developed, but its accuracy and reliability have not been well investigated. In this study, we evaluated
the performance of 3D multi-contrast MRI (3D-MERGE, T2-VISTA, and SNAP) by comparing it with
reference multi-contrast vessel wall MRI and assessing the inter-reader reproducibility.

Methods: In total, 27 patients were recruited in this study. Twenty-six participants underwent reference
and 3D multi-contrast imaging in a 3.0T MR scanner. One participant underwent carotid endarterectomy
(CEA) after 3D MR imaging. Two trained reviewers interpreted reference and 3D datasets. Lumen area (LA),
wall area (WA), normalized wall index (NWT), maximum wall thickness (MaxWT), and mean wall thickness
(MWT) were measured, and the presence of lipid-rich necrotic core (LRNC), intra-plaque hemorrhage (IPH)
and calcification (CA) were identified. Inter-reader reproducibility of 3D interpretation was assessed.
Results: 3D imaging provided comparable measurements with reference imaging in LA (43.81£25.74 vs.
43.35+24.66 mm?) and MaxW'T (1.65£1.33 vs. 1.62+1.10 mm), with a lower NWI (0.40+0.15 vs. 0.43+0.11),
WA (29.40+21.92 vs. 30.6416.17 mm®) and MWT (1.09£0.69 vs. 1.14+0.47), and showed good agreement
for identification of LRNC (k=0.66, 95% CI: 0.30-1.00) and CA (x=0.69, 95% CI: 0.42-0.97), and excellent
agreement for IPH (k=1.00, 95% CI: 1.00-1.00). Inter-reader agreement of 3D analysis was good (LRNC,
x=0.87, 95% CI: 0.61-1.00; CA, k=0.66, 95% CI: 0.36-0.96; IPH, k=1.00, 95% CI: 1.00-1.00).
Conclusions: 3D multi-contrast vessel wall imaging provides comparable performance in morphological
measurements and identification of carotid plaque components as reference multi-contrast MRI, with good

inter-reader reproducibility.
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Introduction

Approximately 18-25% of all strokes are associated with
carotid atherosclerotic disease (1). Previous studies reported
that carotid stenosis severity and specific elements of plaque
composition were associated with increased risk of stroke in
patients with carotid atherosclerotic disease (2-5). Magnetic
resonance (MR) vessel wall imaging enables characterization
of carotid stenosis and depiction of plaque components (6)
and has thus gained popularity for investigating plaque
vulnerability.

Previous publications have shown that multi-
contrast black-blood (BB) MR sequences can be used in
characterization and identification of carotid atherosclerotic
plaques in the aspect of both vessel wall morphology and
plaque compositions (7,8). The performance of multi-
contrast BB MRI has been validated by intra- and inter-
reader reproducibility test (9). More importantly, the ability
to detect multiple carotid plaque compositions, such as
lipid-rich necrotic core (LRNC, iso- to hyperintense on
T1WI), calcification (CA, hypointense on TOF/T1WI/
T2WI), and intraplaque hemorrhage (IPH, hyperintense
on heavy TIWI such as MPRAGE), was confirmed by
histology (10-12). To detect these plaque compositions and
to evaluate carotid arterial morphology, a minimal set of
non-contrast BB MRI sequences should include T1, T2,
and heavy T1-weighted imaging referring to the white
paper of the carotid artery wall imaging (13).

In recent years, several 3D BB MR sequences with high
isotropic resolution, high signal-to-noise ratio (SNR), and
large coverage have been developed (14-16). Researchers
demonstrated that 3D motion-sensitized driven equilibrium
(MSDE), prepared rapid gradient echo 3D-MERGE), T2-
weighted volumetric isotropic turbo spin-echo acquisition
(T2-VISTA), and simultaneous non-contrast angiography
and intraplaque hemorrhage (SNAP) can together meet
multi-contrast requirements and are optimal for the
screening of atherosclerosis (17). Similar to previous
histologically confirmed multi-contrast BB MRI, 3D multi-
contrast MRI 3D-MERGE, T2-VISTA, and SNAP) can
also provide T1, T2, and heavy T1-weighted images.
However, the accuracy and reliability of 3D multi-contrast
vessel wall imaging techniques, as described in Ref.17, has
not been well investigated.

Therefore, the purpose of this study was to evaluate the
performance of 3D multi-contrast MRI 3D-MERGE,
T2-VISTA, and SNAP) in morphological measurements
and carotid plaque components through comparison with
reference multi-contrast vessel wall MRI on a group of
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patients with ultrasound-diagnosed carotid atherosclerotic
plaque. Additionally, a histological specimen and inter-
reader reproducibility were utilized to initially validate the
detection of the plaque components for 3D multi-contrast

MRI 3D-MERGE, T2-VISTA, and SNAP).

Methods
In vivo MR scan

A total of 27 patients (16 males and 11 females, age:
42-85 years) with recent (within 2 weeks) ischemic stroke
or transient ischemic attack (TTA) were recruited. All
patients were identified with a carotid atherosclerotic
plaque by ultrasound. One subject also underwent carotid
endarterectomy (CEA) operation after MR imaging. All
participants provided informed consent according to the
local institutional review board guidelines.

MR imaging was performed on a 3.0 T MR scanner
(Philips Achieva TX, Best, The Netherlands) with a
custom-designed 36-channel neurovascular coil (17).
3D-MERGE, T2-VISTA, and SNAP were utilized as a set
of 3D multi-contrast MR protocol providing T1, T2, and
heavy T1-weighted vessel wall images (17). Quadruple-
inversion-recovery (QIR) T1-weighted turbo spin echo
(T1-TSE), multislice double inversion-recovery (MDIR)
T2-weighted TSE (T2-TSE), and three-dimensional
magnetization-prepared rapid acquisition gradient-echo
(3D-MPRAGE) were used to provide conventional multi-
contrast vessel wall images as references. No acceleration
techniques were used in this study to ensure adequate image
quality. All imaging parameters for both reference and 3D
protocols are summarized in 7able 1.

Image analysis

Scan geometries were centered at the bifurcation of the
index side (the side with the larger degree of stenosis
by ultrasound). All subsequent analysis was done on the
index side artery. Image registration was conducted by a
workstation (Extended MR Workspace 2.6.3.4, Philips
Medical Systems) to match the 3D multi-contrast MRI
dataset with reference datasets. First, all 3D volumes were
rotated to similar imaging coordinates as the reference
images. Next, the location of the common carotid
bifurcation was used as an internal fiducial marker to
match different scans along the long axis of the artery.
Finally, all 3D images were reformatted to 2D datasets as
reference images with an effective 2 mm slice thickness for
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Table 1 Imaging parameters for reference and 3D multi-contrast sequences

Reference 3D

Parameters

T1-TSE T2-TSE 3D-MPRAGE 3D-MERGE T2-VISTA SNAP
FOV (mm®) 140x140x32 160x160x48 250x160x40
Resolution (mm® 0.6x0.6x2 0.8x0.8x0.8
TE (ms) 10 50 5.3 4.2 255/86" 4.5
TR (ms) 800 4,800 8.8/609" 9 2,500 10/1,987°
Tl (ms) N/A N/A 304 N/A N/A N/A
Flip angle (deg) 90 90 6 Variable 11/5"
Turbo factor 10 12 90 130 + 4* 98
Signal acquisitions 1 2 1 2
Scan time 6:11 3:50 2:28 3:10 4:32 6:47

T, Effective echo time/Equivalent echo time. ¥, TR for one inversion cycle. %, SPGR repetition time/inversion recovery repetition time (IRTR).
1 flip angle used in IR/reference acquisition. ¥, Number of echoes in each shot for acquisition start-up. T1-TSE, T1-weighted turbo spin
echo; T2-TSE, T2-weighted turbo spin echo; 3D-MPRAGE, three-dimensional magnetization-prepared rapid acquisition gradient-echo;
3D-MERGE, 3D motion-sensitized driven equilibrium prepared rapid gradient echo; T2-VISTA, T2-weighted volumetric isotropic turbo
spin echo acquisition; SNAP, simultaneous non-contrast angiography and intraplaque hemorrhage; FOV, field of view; TE, echo time; TR,

repetition time; Tl, inversion time.

comparison to the reference images, as shown in Figure 1.

The reference dataset was interpreted by one trained
reviewer (X.Z) while the 3D dataset was interpreted by
another trained reviewer (G.C) individually. Both reviewers
had more than 10-year experience in plaque imaging.
To test the inter-reader variability of 3D interpretation,
another trained reviewer (H.W), blinded to other reviewers’
interpretation, analyzed the carotid plaque components in
3D images (3Dr). Additionally, a qualitative comparison
between the histological specimen and its corresponding 3D
images at the same arterial location was utilized to initially
validate the reliability of 3D interpretation on plaque
component detection.

Image quality (IQ) was evaluated for all MR images by
a 4-point scale with the following classifications: a score
of 1, poor quality (arterial wall and lumen margins not
identifiable); a score of 2, adequate quality (arterial wall was
visible, but the compositional substructure was partially
obscured); a score of 3, good quality (minimal motion or
flow artifacts, vessel wall and lumen boundaries clearly
defined); and a score of 4, excellent quality (no artifacts,
wall architecture and plaque composition depicted in
detail) (18). All images with an 1Q =1 were excluded from
the review. Computer-Aided System for Cardiovascular
Disease Evaluation (CASCADE) (19) software was used
to trace lumen and outer wall boundaries, along with
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plaque composition. Lumen area (LA) and wall area (WA)
were measured for reference and 3D scans at a slice-based
level, and maximum wall thickness (MaxW'T) and mean
wall thickness (MWT) were automatically calculated
in CASCADE using lumen and vessel wall boundaries.
Furthermore, to evaluate plaque burden, normalized wall
index (NWI) was calculated with the following formula:
NWI = WA/ (LA + WA) (1]
The presence of plaque components, including LRNC,
IPH, and CA, were identified based on previously published
criteria (8,9) at an artery-based level. IPH is identified as a
hyperintense signal on 3D-MPRAGE and SNAP images.
CA is characterized by areas with hypointense signal on
both T1-TSE/3D-MERGE- and T2-TSE/T2-VISTA-
weighted images. LRNC is generally located in the bulk
of atherosclerotic plaque and shows up as isointense to
hyperintense on T1-TSE/3D-MERGE images, while it has
varied signal intensities on T2-TSE/T2-VISTA images (9).

Histology

For the one participant who underwent CEA, the carotid
plaque was removed without disruption of the luminal
surface. The specimen was fixed in 10% neutral buffered
formalin, decalcified in 10% formic acid, and then
embedded en bloc in paraffin. Sections were collected every
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Figure 1 Illustration of data reformation. 3D datasets were reformatted as reference axial images with 2 mm slice thickness. 3D-MERGE,

3D motion-sensitized driven equilibrium prepared rapid gradient echo; T2-VISTA, T2-weighted volumetric isotropic turbo spin echo

acquisition; SNAP, simultaneous non-contrast angiography and intraplaque hemorrhage; T1-TSE, T1-weighted turbo spin echo; T2-TSE,

T2-weighted turbo spin echo; 3D-MPRAGE, three-dimensional magnetization-prepared rapid acquisition gradient-echo.

1.0 mm throughout the length of the plaque and stained
with hematoxylin-eosin (H&E) and Mallory’s trichrome
stains. Histology sections were matched to MR images
using the bifurcation and lumen morphology as landmarks.

Statistical analysis

IQ comparison between reference and 3D vessel wall
images was evaluated by Wilcoxon signed rank-sum

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

test. Inter-reader reproducibility of morphological
measurements with 3D vessel wall images was assessed
by Bland-Altman plots. The agreement of reference and
3D morphological measurements was determined by two-
way absolute agreement intra-class correlation coefficient
(ICC) and correlations (R) at a 95% confidence interval
(CD. An ICC or R>0.8 was considered a good agreement.
In order to compare consistency of reference and 3D
measurements, bias of 3D with respect to reference
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Table 2 Image quality (IQ) of reference and 3D slices

Reference
3D
1 2 3 4

1 31 1 0 0
2 0 10 18 0
3 5 38 293 0
4 0 0 0 0
Table 3 Comparison for morphological measurements between reference and 3D MR images

LA (mm?) WA (mm?) NWI MaxWT (mm) MWT (mm)
Reference 43.35+24.66 30.64+16.17 0.43+0.11 1.62+1.10 1.14+0.47
3D 43.81+£25.74 29.40+21.92 0.40+0.15 1.65+1.33 1.09+0.69
Bias (Reference, 3D) -0.46+11.61 1.24+10.65 0.03+0.09 -0.03+0.74 0.04+0.36

ICC (95% Cl) 0.89 (0.87, 0.91) 0.85 (0.81, 0.87)

0.76 (0.71, 0.80) 0.80 (0.76, 0.84) 0.81(0.77, 0.84)

LA, lumen area; WA, wall area; NWI, normalized wall index; MaxWT, maximum wall thickness; MWT, mean wall thickness; ICC, intra-class

correlation coefficient; Cl, confidence interval.

measurements was calculated, and Bland-Altman plots
were used to test the agreement between reference and 3D
measurements. Statistical significance was set at P<0.05.
Presence or absence of plaque components was denoted
as binary variables. Inter-reader agreement between
compositional variables across all matched patients was
assessed with Cohen’s kappa (). Furthermore, in order to
evaluate the agreement between reference and 3D multi-
contrast imaging in plaque components identification, a
2x2 truth table and Cohen’s kappa (k) analysis were used.
K >0.8 and 0.6<x<0.8 were considered as “excellent” and
“good” agreement, respectively. All statistical analyses
were performed with Medcalc 11.4.2.0 (Medcalc Software,
Mariakerke, Belgium).

Results

Twenty-six participants, with all six sets of MR images
obtained, were included in the comparative study between
reference and 3D imaging. Only one histological specimen
was used as the gold standard to initially validate the
performance of 3D multi-contrast MRI 3D-MERGE, T2-
VISTA, and SNAP).

T1-TSE, T2-TSE, 3D-MERGE, and T2-VISTA
were utilized for morphological measurements, and 416
slices were acquired for 26 participants for each sequence
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mentioned above, of which 20 slices were excluded from
analysis due to severe misregistration caused by motion.

For the remaining 396 slices, IQ of reference and 3D
datasets are summarized in Tzble 2, and 37 slices were
excluded due to poor IQ (IQ =1) of reference or 3D images.
3D datasets showed higher IQ than reference (2.768+0.584
vs. 2.694+0.629, P<0.0001). Furthermore, among the
37 excluded slices, there were five 3D reformatted slices
having readable image quality, while the matched reference
slices were uninterpretable. Therefore, 364 slices were
available to test the inter-reader agreement of 3D analysis,
and 359 slices were included in the comparison of reference
and 3D measurements.

Morphological measurements

No significant bias was observed for any of the
measurements. LA, WA, NWI, MaxW'T, and MWT values
are given in Table 3, and linear regression lines indicating a
strong correlation between reference and 3D morphological
measurements are shown in Figure 2. ICC and
correlations showed good agreement for all morphological
measurements. The agreement between 3D and reference
morphological measurements are illustrated in Figure 3.
No significant bias was observed for LA and MaxW'T
measurements. However, 3D imaging measurements
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Figure 2 Scatter plots of reference and 3D morphological measurements by two independent reviewers. LA, lumen area; WA, wall area;
NWI, normalized wall index; MaxW'T, maximum wall thickness; MW'T, mean wall thickness.
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Figure 3 Bland-Altman plots of 3D and reference morphological measurements by two independent reviewers. LA, lumen area; WA, wall
area; NWI, normalized wall index; MaxW'T, maximum wall thickness; MW'T, mean wall thickness.
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Figure 4 Bland-Altman plots of 3D and 3Dr morphological measurements by two independent reviewers. LA, lumen area; WA, wall area;
N'WI, normalized wall index; MaxW'T, maximum wall thickness; MW'T, mean wall thickness.

Table 4 Agreement between reference and 3D multi-contrast imaging in identifying plaque components

Reference
3D LRNC CA IPH
Presence Absence Presence Absence Presence Absence
Presence’ 73.08 (19/26) 7.70 (2/26) 38.46 (10/26) 3.85 (1/26) 34.62 (9/26) 0 (0/26)
Absence' 3.85 (1/26) 15.38 (4/26) 11.54 (3/26) 46.15 (12/26) 0 (0/26) 65.38 (17/26)
Cohen « (95% Cl) 0.66 (0.30-1.00) 0.69 (0.42-0.97) 1.00 (1.00-1.00)

"Data are percentages, with numbers used to calculate the percentages in parentheses. LRNC, lipid-rich necrotic core; CA, calcification;

IPH, intraplaque hemorrhage.

showed slightly lower WA, NWI, and MW'T than reference
imaging (Figure 3). Inter-reader agreement of 3D analysis is
shown by Bland-Altman plots in Figure 4.

Plaque composition identification

3D multi-contrast imaging showed good agreement with
reference to multi-contrast imaging for identification of
LRNC (k=0.66, 95% CI: 0.30-1.00) and CA (x=0.69, 95%
CI: 0.42-0.97), and excellent agreement for IPH (k=1.00,
95% CI: 1.00-1.00; Table 4). Moreover, 3D multi-contrast
imaging showed excellent inter-reader agreement for
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identification of LRNC (x=0.87) and IPH (x=1.00), and
good agreement for CA (k=0.66), as indicated in Tuble 5.
Figure 5 shows a patient with LRNC. LRNC signal
was detected in both reference (T'1-TSE, T2-TSE) and
3D (MERGE, T2-VISTA) images. Figure 6 shows the
hypointense signal of CA in all reference and 3D images,
in which 3D images can visualize CA clearer than reference
images. Figure 7 shows that the hyperintense signal in
3D-MPRAGE and SNAP reflects the presence of IPH,
with SNAP showing a larger IPH area than 3D-MPRAGE.
Finally, Figure 8 shows the results of one patient who
underwent CEA. The matched H&E histology initially
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Table 5 Inter-reader agreement of 3D multi-contrast imaging in identifying plaque components

Feature Reader 1" Reader 2" Cohen « (95% Cl)
LRNC 80.77 (21/26) 84.61 (22/26) 0.87 (0.61-1.00)
CA 38.46 (10/26) 30.77 (8/26) 0.66 (0.36-0.96)
IPH 26.92 (7/26) 26.92 (7/26) 1.00 (1.00-1.00)

"Data are percentages, with numbers used to calculate the percentages in parentheses. LRNC, lipid-rich necrotic core; CA, calcification;
IPH, intraplague hemorrhage; Cl, confidence interval.

3D-MPRAGE

3D-MERGE T2-VISTA

Figure 5 Reference (A,B,C) and 3D (D,E,F) multi-contrast vessel wall images from a male patient with LRNC (yellow arrow). T1-TSE,
T1-weighted turbo spin echo; T2-TSE, T2-weighted turbo spin echo; 3D-MPRAGE, three-dimensional magnetization-prepared rapid
acquisition gradient-echo; 3D-MERGE, 3D motion-sensitized driven equilibrium prepared rapid gradient echo; T2-VISTA, T2-weighted

volumetric isotropic turbo spin echo acquisition; SNAP, simultaneous non-contrast angiography and intraplaque hemorrhage.
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Figure 6 Reference (A,B,C) and 3D (D,E,F) multi-contrast vessel wall images from a male patient with CA (white arrow). T1-TSE, T1-

weighted turbo spin echo; T2-TSE, T2-weighted turbo spin echo; 3D-MPRAGE, three-dimensional magnetization-prepared rapid

acquisition gradient-echo; 3D-MERGE, 3D motion-sensitized driven equilibrium prepared rapid gradient echo; T2-VISTA, T2-weighted

volumetric isotropic turbo spin echo acquisition; SNAP, simultaneous non-contrast angiography and intraplaque hemorrhage.

verified the performance of 3D multi-contrast MRI
(3D-MERGE, T2-VISTA, and SNAP). 3D MR images
demonstrated clear visualization of luminal boundaries,
along with components such as hypointense CA and
hyperintense IPH.

Discussion

In this study, we assessed and compared the performance
of reference and 3D multi-contrast vessel wall MR
imaging. Our findings show that 3D multi-contrast

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

vessel wall imaging agreed well with reference imaging
in both morphological measurements and plaque
component identification. Although there were differences
in identification of plaque components, our findings
support the translation of the histologically validated
reference carotid MR image interpretation criteria to
3D multi-contrast imaging, which has the potential to
characterize carotid atherosclerosis with good inter-reader
reproducibility.

In general, 3D multi-contrast vessel wall imaging can
gain better image quality than reference imaging. Benefits of

Quant Imaging Med Surg 2020;10(1):269-282 | http://dx.doi.org/10.21037/qims.2019.09.11
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3D-MPRAGE

T2-VISTA

Figure 7 Reference (A,B,C) and 3D (D,E,F) multi-contrast vessel wall images from a male patient with IPH (red arrow). T1-TSE, T1-

weighted turbo spin echo; T2-TSE, T2-weighted turbo spin echo; 3D-MPRAGE, three-dimensional magnetization-prepared rapid

acquisition gradient-echo; 3D-MERGE, 3D motion sensitized driven equilibrium prepared rapid gradient echo; T2-VISTA, T2-weighted

volumetric isotropic turbo spin echo acquisition; SNAP, simultaneous non-contrast angiography and intraplaque hemorrhage.

the 3D techniques include extended longitudinal coverage,
improved SNR, 0.8 mm isotropic spatial resolution, and
reduction in partial volume effects, therefore contributing to
better delineation of the vessel wall and characterization of
plaque components. 3D multi-contrast vessel wall imaging
allows covering from carotid to intracranial arteries, thus
has the potential to be used in clinical studies. However,
the extra- and intracranial arteries have various background
tissues (neck muscles, white matter, gray matter, etc.),
introducing a trade-off between extra- and intracranial

contrast-to-noise ratio (CNR) for SNAP (16,17). An optimal

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

set of parameters will potentially improve image contrast
and SNR. With the developments of parallel imaging and
compressed sensing techniques, the scan time of proposed
3D multi-contrast vessel wall imaging can be further
reduced (20), which potentially decreases the artifacts
introduced by motion during the scan. Moreover, multi
contrast images acquired in one sequence will thoroughly
solve the registration problem among different contrasts and
may help further reduce scan time; i.e., SNAP can provide
multi-contrast images and MR angiography, which has the
potential to evaluate the carotid plaque by components in
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D Histology

Figure 8 Matching histology verifies the performance of 3D MR images. Hypointense CA is clearly visible on (A) 3D-MERGE and (B)
T2-VISTA, and IPH is prominent on (C) SNAP. 3D-MERGE, 3D motion-sensitized driven equilibrium prepared rapid gradient echo;

T2-VISTA, T2-weighted volumetric isotropic turbo spin echo acquisition; SNAP, simultaneous non-contrast angiography and intraplaque

hemorrhage; CA, calcification; IPH, intraplaque hemorrhage; LU, lumen.

addition to morphology. The physical characteristics of
the vessel wall including its T2 values can be quantitatively
acquired simultaneously with BB MRI by means of
compressed sensing and parallel imaging (21), which has
potential as a promising quantitative methodology to
evaluate carotid atherosclerotic plaques.

In morphological measurements, 3D multi-
contrast vessel wall imaging showed good inter-reader
reproducibility and obtained good agreement with
reference to imaging in LA, WA, MaxW'T, and MWT
measurements. This study also indicated that WA measured
by 3D images is slightly smaller than by reference images,
thus resulting in smaller MW'T and NWI. This is
probably because 3D techniques perform better in blood
suppression than reference techniques. Previous studies
have reported the reduction of WA and an increase of
lumen area measured by MSDE images as compared to
other techniques (22), further supporting this inference.
In 3D-MERGE, improved MSDE (iMSDE) (23) was used
as blood suppression preparation module. By dephasing
the flow spins within each voxel, iMSDE can effectively
eliminate slow and stagnant flow, especially in the region of
the lumen-wall interface or carotid bifurcation. In the 3D
review process, 3D-MERGE is mainly used for vessel wall
boundary delineation. Thus, it is reasonable to interpret the
difference of blood suppression efficiency between reference
and 3D techniques as a cause of smaller WA.

In plaque components identification, 3D imaging
showed excellent agreement with reference imaging for
IPH detection. Compared with 3D-MPRAGE, SNAP
provides higher IPH-wall contrast and is more sensitive to
IPH (16), which is also illustrated in a representative case

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

(Figure 7). Previous studies have reported that conventional
multi-contrast MRI showed a systematic underestimation
of IPH area using histology as the gold standard, and
this underestimation increased with the size of IPH (9),
indicating that SNAP may have the potential to detect
plaques with small IPH lesions. Also, good agreement
in CA detection was found in between reference and 3D
imaging. To detect small details of lesion components such
as calcification, 3D-MERGE reformatted to 2 mm slice
thickness was reported to have better visualization than PD
2 mm (14). CA can be detected by a hypointense signal in
all contrast weightings and can be delineated more clearly
using 3D multi-contrast imaging, as indicated in Figure
6. Recent studies showed that SNAP imaging, with high
reproducibility, agreed well with conventional reference
multi-contrast imaging in identification of CA (24), which
was also illustrated in another representative case (Figure 6).
As for LRNC detection, T'1 and T2 imaging were mainly
used. LRNC appears isointense to hyperintense signal on
T1-weighted images depending on the amount or age of
IPH diffused into LRNC, and previous studies reported
a variety of different signal appearances of LRNC from
hypointense to hyperintense on T2-weighted images
(9,25-27), which demonstrates the challenges of LRNC
characterization. Even so, 3D imaging showed good
agreement with reference imaging.

There are some limitations to this study. First, quite a
large number of imaging slices were not available for image
analysis due to either misregistration or poor image quality
caused by severe motion. Moreover, in morphological
measurement of common carotid bifurcation, both internal
and external arteries may be delineated in one dataset,
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while in the other dataset only internal carotid artery was
analyzed due to misregistration between two datasets. This
misinterpretation might result in some outliers in Bland-
Altman analysis. Furthermore, the field-of-views (FOVs)
were different between reference and 3D scans, which
might have possibly brought bias in 1QQ comparison, because
3D images may benefit from a large FOV. The sample size
in this study was small, limiting the investigation of other
plaque components, such as loose matrix. Since this study
is a retrospective one, the 3D sequences used in this study
might not have been optimal for carotid atherosclerosis
characterization. For instance, the long echo train
length of T2-VISTA sequence widened the point spread
function and resulted in lower actual resolution, which
might have influenced the agreement in LRNC and CA
identification. Furthermore, the different in-plane spatial
resolution between reference (0.6x0.6 mm®) and 3D (0.8x
0.8 mm®) protocol might have reduced the accuracy of 3D
delineation. Only one example of histology was compared
with matched 3D multi-contrast MRI 3D-MERGE, T2-
VISTA, and SNAP), which just provided an initial and
rough proof for 3D protocols. More histological data are
required to evaluate the reliability and stability of 3D mult-
contrast MRI 3D-MERGE, T2-VISTA, and SNAP).
It should be noted that this study is only supposed to
be considered a preliminary validation of the previously
proposed techniques in (17), and further comparison with
conventional multi-contrast MRI when setting histology as
gold standard is necessary for future work.

In conclusion, 3D multi-contrast vessel wall imaging,
with 0.8 mm isotropic resolution and 15 min total scan
time, provides comparable performance in morphological
measurements and identification of carotid plaque
components as reference multi-contrast MRI and has good
inter-reader reproducibility.
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