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Abstract

Background: 3D whole-brain vessel wall imaging (VWI) has demonstrated exquisite image 

quality for delineating intracranial atherosclerotic disease (ICAD) and reliability for quantifying 

normal vessel dimensions. However, its reliability in quantifying plaque morphology remains 

unknown.

Purpose: To evaluate the plaque morphologic quantification reliability of 3D whole-brain VWI 

in patients via comparison with 3D targeted VWI and 2D turbo spin-echo (TSE).

Study Type: Prospective.

Population: Thirty-three patients with symptomatic ICAD.

Field Strength/Sequence: 3D and 2D TSE acquired at 3.0T.

Assessment: Each participant underwent two VWI sessions with an interval of 7 to 10 days. 

Three readers identified in consensus all the plaques on both whole-brain and targeted 3D VWI. 

Their lumen and vessel wall area and volume, plaque burden, percent stenosis, and vessel wall 

remodeling were measured for by two independent readers. At each culprit plaque determined by a 

radiologist, the lumen and vessel wall area, plaque burden, plaque-to-wall contrast ratio (CR), and 

plaque enhancement ratio (ER) were measured for 2D and 3D VWI methods.

Statistical Tests: Intra-class correlation coefficient (ICC) was used to evaluate for 3D VWI’s 

inter-/intra-observer agreement, inter-scan repeatability, and agreement with 2D TSE in each 
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plaque morphologic measurements. Paired t-test was performed for detecting the differences in 

plaque-to-wall CR and plaque ER between the two 3D methods.

Results: Eighty-four plaques were detected by both 3D VWI methods. Whole-brain 

VWI provided excellent inter-/intra-observer agreement (ICCs: 0.79-0.99/0.95-0.99), inter-scan 

repeatability (ICCs: 0.85-0.99), agreement with 2D TSE (ICC: 0.80-0.94) in all morphologic 

measurements. ICCs of whole-brain VWI (0.79-0.99) were higher or equal to those of targeted 

VWI (0.76-0.99). The plaque-to-wall CR and plaque ER were significantly higher on whole-brain 

VWI than on targeted VWI.

Data Conclusion: 3D Whole-brain VWI provides excellent inter-/intra-observer agreement, 

inter-scan repeatability, and agreement with 2D TSE in plaque morphologic quantification of 

ICAD and outperforms 3D targeted VWI.
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INTRODUCTION

Intracranial atherosclerotic disease (ICAD) is a major cause of ischemic stroke worldwide 

(1,2). Despite aggressive medical management, symptomatic ICAD has a poor prognosis 

with a stroke recurrence rate as high as 13% in the first year (3). To risk-stratify patients 

with ICAD, traditional imaging methods, including transcranial doppler, CT angiography 

(CTA), MR angiography (MRA), and digital subtraction angiography, focus on the degree 

of luminal stenosis. However, this measurement alone is not a reliable indicator of disease 

severity (4-8).

MR vessel wall imaging (VWI) has demonstrated the potential to identify ICAD lesions and 

characterize their geometrical and signal intensity features that are associated with recent 

ischemic cerebrovascular events (9-15). Over the last decade, intracranial VWI has evolved 

from 2D to 3D acquisition techniques (11). 3D variable-flip-angle turbo spin-echo (TSE) 

with a thin, oblique imaging slab is a commonly used technique and has been shown to be 

reliable in quantifying vessel wall morphology of ICAD (16-18). However, such a targeted 

VWI approach only covers major intracranial arteries with a limited imaging volume and 

necessitates a relatively long echo time, because of slab-selective excitation, thus resulting 

in compromised T1 weighting and signal-to-noise ratio (SNR). Recently, whole-brain VWI, 

which incorporates non-selective excitation and a trailing magnetization flip-down module 

with 3D variable-flip-angle TSE, was developed to allow large spatial coverage, improved 

cerebrospinal fluid (CSF) suppression, and enhanced T1 weighting without a considerable 

sacrifice in scan time (19,20). This technique has been shown to be highly reliable in 

quantification of intracranial vessel dimensions in healthy volunteers (21). However, for 

widespread adoption of the technique in clinical practice, there is a need to establish its 

reliability performance in patient populations.
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Thus the aim of this study was to evaluate the plaque morphologic quantification reliability 

of 3D whole-brain VWI in a symptomatic ICAD patient cohort and conduct a comparison 

with conventional 3D targeted VWI using 2D TSE VWI as an MR imaging reference.

MATERIALS AND METHODS

Subjects

Institutional review board approval was obtained for this Health Insurance Portability and 

Accountability Act compliant study, and all participants provided written informed consent 

prior to imaging. From January 2018 through August 2019, patients from stroke clinic 

were prospectively recruited if they had a) intracranial stenosis of at least 50% in a large 

intracranial artery on CTA or MRA, b) history of an ischemic stroke in the distribution 

of the narrowed vessel confirmed by diffusion weighted imaging, and c) at least one 

atherosclerotic risk factor (e.g. hypertension, hyperlipidemia, diabetes mellitus, and cigarette 

smoking). Exclusion criteria included: a) contraindications to MR and gadolinium-based 

contrast agents, b) coexistent ipsilateral extracranial carotid artery stenosis of at least 50%, 

c) nonatherosclerosis vasculopathy (e.g. dissection, vasculitis, or Moyamoya disease) or 

evidence of cardioembolism, and d) history of transluminal intervention.

Imaging protocol

The protocol consisted of two VWI sessions with an interval of 7 to 10 days on a 3T 

MR system (MAGNETOM Trio, Siemens Healthcare, Erlangen, Germany) equipped with 

a 32-channel phased array head coil. In each session, the following scans were performed: 

(a) pre-contrast T1-weighted VWI, including 3D whole-brain VWI, 3D targeted VWI, and 

single-slice 2D TSE VWI, (b) contrast-enhanced MRA (CE-MRA), and (c) post-contrast 

T1-weighted VWI, including one 3D VWI sequence (e.g. randomly selected whole-brain 

VWI in session 1 and targeted VWI in session 2) and 2D TSE. When any of these 

scans exhibited motion-related image artifacts at the discretion of the MR technologist, 

reacquisition was allowed. CE-MRA was carried out during intravenous injection of 

gadodiamide (Omniscan, GE Healthcare, United States) at a dose of 0.1 mmol/kg body 

weight and an injection rate of 1 mL/sec followed by 20 mL of saline flush. Post-contrast 

3D VWI was initiated 2 minutes after contrast administration and immediately followed by 

a post-contrast 2D TSE VWI scan. A flow chart describing the imaging protocol is shown in 

Figure 1.

Imaging parameters for the three VWI sequences are summarized in Table 1. To ensure 

a fair comparison, a group of imaging parameters were matched between the two 3D 

VWI sequences: resolution = 0.53×0.53×0.53 mm3, parallel imaging GRAPPA factor = 2, 

receiver bandwidth = 446 Hz/pixel, echo spacing = 4.92 ms, repetition time = 900 ms. 

3D whole-brain VWI was performed with a sagittal imaging volume to cover the head 

except for the ears and nose (19). 3D targeted VWI was performed with a double-oblique 

coronal imaging volume prescribed based on low-resolution time-of-flight MRA maximum-

intensity-projection images in order to cover the major intracranial arteries (17). 2D TSE 

was acquired at the probable culprit lesion that was identified by a radiologist (**, 10 

years of experience) as the most severe stenosis located in the vessel segment whose 
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territory accounted for the ischemic event. Slice prescription was performed based on the 

immediately preceding 3D VWI scan from which the MR technologist reconstructed 3 

contiguous 2-mm-thick short-axis slices from this lesion and its adjacent normal vessel 

segment, respectively, using the multi-planar reconstruction (MPR). Single-slice 2D TSE 

was then acquired at each of these slices, which allowed for retrospective selection of the 

slice that best matched the reformats of 3D scans.

Image analysis

Image from subjects who successfully underwent two VWI sessions were transferred 

to a workstation (Syngo MultiModality Workplace, Siemens Healthcare, Germany) for 

analysis. The pre-contrast 3D VWI image sets acquired with the same sequence during 

the two sessions were co-registered using an image fusion function to account for head 

repositioning. Three readers (2 radiologists (** and **) and 1 MR scientist (**), >8 years 

of experience in vessel wall image interpretation) reviewed each 3D sequence’s pre-contrast 

images in consensus to determine the presence of atherosclerotic plaques at the anterior, 

middle, and posterior cerebral arteries, intracranial internal carotid artery, basilar artery, and 

vertebral artery. Atherosclerotic plaques were identified as focal or diffuse eccentric vessel 

wall thickening (22). All detectable plaques were recorded for each vessel segment.

The plaques detected in both 3D whole-brain and targeted VWI were analyzed regardless 

of the degree of stenosis. For each one, 2 to 20 contiguous cross-sections of 0.53 mm 

thickness that longitudinally covered the whole plaque and a cross-sectional slice from 

the normal segment adjacent or contralateral to the plaque were reconstructed by a single 

reader (**) using MPR for each 3D image set. All reconstructed cross-sectional images 

were analyzed by two independent readers (**, an MR imaging scientist with more than 

8 years of work experience in MR VWI image analysis; **, a radiologist with 10 years 

of experience) using commercial software (VesselMass, Leiden University Medical Center, 

Leiden, the Netherlands). Specifically, morphologic measurement was performed for (a) 

lumen and vessel wall area, (b) lumen and vessel wall volume, (c) plaque burden, (d) percent 

stenosis, and (e) remodeling ratio. According to a previous study (21), contours of lumen 

and outer wall boundaries were traced manually along the interfaces between the lumen and 

wall as well as between the wall and surrounding tissue. Horizontal, vertical, and minimum 

lumen diameters, mean lumen and vessel wall area, and lumen and vessel wall volume were 

automatically calculated for each plaque by the software. The plaque burden was calculated 

as the ratio of vessel wall area to vessel area (i.e., lumen area plus vessel wall area) of the 

plaque slice with the most stenotic lumen. The percent stenosis and remodeling ratios were 

calculated with following equations (16):

Percent stenosis = (1 − Dp ∕ Dr) × 100 % and

Remodeling ratio = OAp ∕ OAr
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where Dp is the minimum lumen diameter of the plaque slices, Dr is the mean value of 

horizontal and vertical lumen diameters of the reference slice, OAp is the vessel area of the 

plaque slice with the most stenotic lumen, and OAr is the vessel area of the reference slice.

The two independent readers both performed the above measurements on the images from 

the first imaging session. Two weeks later, one reader (**) repeated the measurements on the 

data from the first imaging session, and the other reader (**) performed measurements on 

the images from the second imaging session. Representative images with lumen and outer 

wall boundaries of whole-brain VWI were shown in Supplementary Figure S1.

For each probable culprit lesion identified during scanning, the raw 2D TSE images and 

location and thickness matched cross-sectional slices reconstructed from 3D VWI were 

separately analyzed by a single reader (**). Specifically, at the most stenotic slice, lumen 

and vessel wall area, and plaque burden were determined on pre-contrast images using the 

method described above. Lesion-to-wall contrast ratio (CR) was determined as the mean 

signal intensity (SI) of the hyper-intense region of the lesion divided by the mean SI of 

adjacent normal vessel wall on pre-contrast images. Enhancement ratio (ER) was calculated 

as the ratio of entire lesion SI to gray matter SI (region-of interest (ROI) was readily 

prescribed on T1-weighted whole-brain VWI and copied to the images of other sequences) 

measured on post-contrast images divided by the ratio measured on pre-contrast images. 

Representative images with ROIs for calculating lesion-to-wall CR and ER were shown in 

Supplementary Figure S2.

Statistical analysis

Statistical analyses were conducted using SPSS (version 25.0, IBM SPSS Statistics, 

Armonk, NY). Descriptive analyses were performed to describe the distribution of the 

variables of interest. Quantitative variables are expressed as means ± standard deviations. 

The intra-class correlation coefficient (ICC) was used to evaluate the 3D sequences’ inter- 

and intra-observer agreement and scan repeatability of each sequence and the agreement 

between each of the 3D sequences and 2D TSE in plaque dimension quantification. An 

ICC value of <0.4 was considered poor agreement, a value of 0.4-0.75 was considered good 

agreement, and a value of ≥0.75 was considered excellent agreement (23). Paired t-test was 

performed for detecting the difference in the lesion-to-wall CR and plaque ER between 

whole-brain VWI and 3D targeted VWI or 2D TSE VWI. A p value < 0.05 was considered 

to indicate statistical significance.

RESULTS

Nine patients were excluded due to the contraindications to MR and gadolinium-based 

contrast agents (two patients), coexistent ipsilateral extracranial carotid artery stenosis of 

at least 50% (two patients), nonatherosclerosis vasculopathy (e.g. dissection, vasculitis, 

or Moyamoya disease) or evidence of cardioembolism (four patients), and history of 

transluminal intervention (one patient). A total of thirty-three patients (25 males, 8 female; 

age 40-69 years, mean 51±8 years) with an ischemic stroke (2-380 days, median 56 days) 

were recruited to the study. They had the following co-occurring medical conditions: 

hypertension (61%), hyperlipidemia (70%), diabetes mellitus (30%), and coronary heart 
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disease (3%). A family history of ICAD was present in 15% of the cohort. Other health risk 

factors included a history of smoking (61%) and drinking alcohol (42%).

Thirty-one (94%) subjects successfully underwent two VWI sessions (two patients quit the 

second session). One patient required repeated targeted VWI during the first session, and 4 

patients repeated either whole-brain VWI or targeted VWI during the second session due 

to noticeable motion artifacts. Representative images with motion artifacts and reacquired 

images without artifacts were shown on Supplementary Figure S3.

A total of 92 plaques were detected on whole-brain VWI in the 31 patients. Eight of them 

were excluded from analyses because they were missed by targeted VWI due to the limited 

coverage, including 7 plaques at the posterior cerebral artery and 1 plaque at the basilar 

artery. Figure 2 illustrates an example where the lesion at the posterior cerebral artery 

was missed by the targeted VWI sequence. The remaining 84 plaques were located at the 

middle cerebral artery (54%), intracranial internal carotid artery (17%), basilar artery (9%), 

or vertebral artery (20%), respectively. The 31 probably culprit lesions were located at the 

middle cerebral artery (80%), basilar artery (10%), or vertebral artery (10%), respectively.

Figure 3 illustrates image quality for whole-brain and targeted VWI. For whole-brain VWI, 

all ICCs of inter-observer agreement were ≥ 0.79, all ICCs of intra-observer agreement were 

≥0.95, and all ICCs of inter-scan repeatability were ≥0.85, indicating excellent reliability in 

morphologic measurements. For targeted VWI, all ICCs were higher or equal to 0.71, 0.84, 

and 0.80 for inter-observer agreement, intra-observer agreement, and inter-scan repeatability, 

respectively, indicating good to excellent reliability in morphologic measurements. The 

ICCs of inter-observer agreement in vessel wall volume, intra-observer agreement in vessel 

wall area, and lumen and vessel wall volume, and scan repeatability in lumen and vessel 

wall volume were equal (ICC=0.99) between whole-brain VWI and targeted VWI. The 

ICCs of other measurements were higher in whole-brain VWI than in targeted VWI. The 

lumen and vessel wall volume measurements derived from whole-brain VWI were higher 

than those derived from targeted VWI, but there was no significant difference (p=0.11 and 

p=0.21, respectively). All morphologic measurements and ICCs with a 95% confidence 

interval (CI) of each sequence are summarized in Table 2 and Supplementary Table S1.

The morphologic measurements of the 31 probably culprit plaques for 3D and 2D 

techniques and their agreement are summarized in Table 3. The ICCs of agreement between 

whole-brain VWI and 2D TSE were 0.91 (0.75-0.97), 0.94 (0.84-0.98), and 0.80 (0.46-0.92) 

for lumen area, vessel wall area, and plaque burden, respectively. The ICCs of agreement 

between targeted VWI and 2D TSE were 0.86 (0.40-0.96), 0.93 (0.60-0.98), and 0.68 

(0.12-0.88) for lumen area, vessel wall area, and plaque burden, respectively. Notice 

that whole-brain 3D VWI exhibited higher ICCs than targeted 3D VWI in all the three 

measurements (0.91 vs. 0.86 for lumen area, 0.94 vs. 0.93 for vessel wall area, and 0.80 vs. 

0.68 for plaque burden.

The lesion-to-wall CR of whole-brain VWI was 1.94±0.31, which was significantly higher 

than that of targeted VWI (1.48±0.18, p<0.05) and that of 2D TSE (1.66±0.20, p<0.05). 

The plaque ER of whole-brain VWI (1.94±0.57) was slightly higher than that of 2D 
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TSE (1.70±0.38, p=0.137) and significantly higher than that of targeted VWI (1.54±0.44, 

p<0.05). Figure 4 displays an example comparison of plaque ER across all sequences for a 

patient with a severe stenosis of the left vertebral artery.

DISCUSSION

Our results showed high reliability of 3D whole-brain VWI in morphologic quantification 

of ICAD lesions. For all morphologic measurements, including lumen and vessel wall area 

and volume, plaque burden, percent stenosis, and remodeling ratio, 3D whole-brain VWI 

demonstrated excellent intra- and inter-observer agreement and scan repeatability, which 

appeared advantageous over 3D targeted VWI of this study and previous studies (17,24-26). 

We attribute this advantage to the following two features of whole-brain VWI: 1) the 

remarkable attenuation of surrounding CSF signals improved the conspicuity of the outer 

boundary of vessel wall, thus facilitating manual contouring; and 2) the enhanced SNR due 

to shortened echo time was in general beneficial for quantitative image analysis.

Assessments of the inter- and intra-rater agreement and scan repeatability of quantitative 

plaque measurements is crucial for a clinical use of a VWI technique for determining plaque 

progression and regression. A previous study has reported high morphologic quantification 

reliability of 3D whole-brain VWI in healthy volunteers and a small number of patients (21). 

Our results support those findings and showed comparatively better ICCs and confidence 

intervals for the lumen and vessel wall volume compared to the previous study on healthy 

subjects (21). This may be due to the thicker vessel wall and larger separation between 

vessel outer boundary and brain parenchyma in ICAD patients, both of which would aid in 

manual contouring of the vessel boundaries and reducing partial volume effects.

Our results also showed that lumen and vessel wall volume measurements derived from 

whole-brain VWI were higher than those derived from targeted VWI. This is most likely 

due to the fact that the observer tended to identify more slices on either side of the plaque 

as thickened vessel wall due to the sharper vessel wall-to-CSF contrast in 8 plaques on 

whole-brain VWI compared to targeted VWI. However, these differences in measurements 

between the two VWI techniques were not significant.

For the lumen area, vessel wall area, and plaque burden, excellent agreement was observed 

between 3D whole-brain VWI and 2D TSE, and good to excellent agreement was observed 

between 3D targeted VWI and 2D TSE. The ICCs were all higher for 3D whole-brain VWI. 

Therefore, whole-brain VWI is likely more accurate than targeted VWI for quantitative 

analysis of plaque morphologic features.

Our study demonstrated significantly higher lesion-to-wall CR and plaque ER in whole-

brain VWI than in targeted VWI. This signal-level strength is likely a result of improved T1 

contrast. Importantly, these two metrics have been commonly used to indicate the presence 

of intraplaque hemorrhage and inflammation, respectively, and demonstrated clinically 

relevant (15,22,27-30). Whether the higher measurements obtained by whole-brain VWI 

can translate into better detection of vulnerable plaques would be an interesting topic in the 

future.
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There was a timing variation between the two 3D VWI sequences, with the sequence 

conducted later having the likelihood of image degradation due to motion. However, we 

repeated the scans whenever appreciable motion artifacts were noticed and all the cases 

that were included in analysis were motion free. Such a measure could help mitigate the 

influence of the timing issue on image quality, particularly for session 1 in which intra- 

and inter-observer agreement analyses were performed. Nevertheless, this issue would not 

impact the inter-scan repeatability analysis or 3D-2D agreement analyses.

Limitations

First, our study is a single center study using only one type of MRI scanner and software 

for vessel wall analysis. Reliability may vary across different equipment and software 

vendors, and this was not assessable. Further research is warranted to determine whether the 

whole-brain VWI MR protocol demonstrates the same strengths in multiple centers or across 

different scanner and software types. Second, we used a semi-automatic tool for plaque 

morphologic measurement, which requires formal training of observers in image analysis 

to achieve accurate quantification of vessel wall and plaque characteristics. Expertise by 

observers is needed particularly in difficult cases where the boundary delineation between 

the outer wall and surrounding tissue is unclear. A fully automatic image analysis tool 

may further increase efficiency and accuracy of quantification for vessel wall and plaque 

measurements, enabling atherosclerosis detection and monitoring over a larger territory, with 

more homogeneity in measurements across studies. Finally, the sample size in our study is 

still relatively small. Future studies including more patients with similar amounts of lesions 

at individual major intracranial arteries are warranted.

Conclusion

Whole-brain VWI is reliable for morphological assessment of ICAD and is advantageous 

over targeted VWI. Whole-brain VWI has potential for use in quantifying longitudinal 

morphologic changes in ICAD, as well as in monitoring therapy and disease progression.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The flow chart of the imaging protocol. 3D vessel wall imaging (VWI) A was randomly 

selected as either whole-brain or targeted VWI; 3D VWI B is the other technique.
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Figure 2. 
Representative vessel wall images acquired with 3D whole-brain and targeted vessel 

wall imaging (VWI) for a patient with a brain stem infarct. Contrast-enhanced magnetic 

resonance angiography (CE-MRA) shows a slight stenosis of the basilar artery (arrow) and 

a severe stenosis of the right posterior cerebral artery (arrowhead). All scans of 3D whole-

brain and targeted VWI provide good depiction of the two plaques at the corresponding 

location (arrow and arrowhead) except plaques at the right posterior cerebral artery were 

missed by targeted VWI due to the limited target coverage. The plaque is considered to be 

the culprit lesion with obvious enhancement on a post-contrast image.
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Figure 3. 
Representative 3D scan and rescan images of a patient with a left basal ganglia infarct 

(arrowhead). Contrast-enhanced magnetic resonance angiography (CE-MRA) shows severe 

stenosis of left middle cerebral artery. Both 3D whole-brain and targeted vessel wall imaging 

(VWI) depict an eccentric atherosclerotic plaque at the corresponding location (arrows) with 

good delineation of the plaque on two scans. However, the outer boundary is difficult to 

assess on the targeted image due to insufficient cerebral spinal fluid (CSF) suppression.

Zhang et al. Page 13

J Magn Reson Imaging. Author manuscript; available in PMC 2022 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
Representative 3D and 2D images with (post-contrast) and without contrast agent (pre-

contrast) for a patient with a severe stenosis of left vertebral artery on contrast-enhanced 

magnetic resonance angiography (CE-MRA). A long atherosclerotic plaque detected at the 

corresponding location (arrows) on both 3D whole-brain and targeted vessel wall imaging 

(VWI) is considered as vulnerable plaque with obvious enhancement on post-contrast 

images. The post-contrast whole-brain image exhibits similar enhancement of the plaque to 

the 2D turbo spin echo (TSE) image, but more enhancement than the post-contrast targeted 

image.
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Table 1.

Relevant imaging parameters for the three VWI sequences.

Whole-brain VWI Targeted VWI Single-slice 2D TSE

Resolution (mm2) 0.53×0.53 0.53×0.53 0.53×0.53

Slice thickness (mm) 0.53 0.53 2

Repetition time /echo time (ms) 900/15 900/30 800/12

Parallel imaging GRAPPA factor 2 2 N/A

Receiver bandwidth (Hz/Pixel) 446 446 411

Echo spacing (ms) 4.92 4.92 11.5

Slice partial Fourier 6/8 Off N/A

Field of view (mm3) 170×170×128 170×170×34 136×170

Echo train length 52 26 9

Signal averages 1 2 4

Orientation Sagittal Oblique coronal Cross-sectional

Scan time (min:sec) 8:10 8:3 1:36

Note: Highlighted in bold are the parameters matched between the two 3D VWI sequences. VWI = vessel wall imaging; TSE = turbo spin-echo; 
GRAPPA = generalized autocalibrating partial parallel acquisition.
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Table 2

ICCs with 95% CI of inter- and intra-observer agreement, and scan repeatability in morphologic 

measurements for each 3D VWI sequence.

ICC (95% CI) Lumen area Vessel wall
area

Lumen 
volume

Vessel wall
volume

Plaque
burden

Percent
stenosis

Remodeling
ratio

Whole-
brain

Inter-
observer

0.97 
(0.94-0.99)

0.98 
(0.94-0.99)

0.99 
(0.94-0.99)

0.99 
(0.98-0.99)

0.86 
(0.71-0.93)

0.88 
(0.77-0.94)

0.79 
(0.59-0.89)

Intra-
observer

0.99 
(0.98-0.99)

0.99 
(0.97-0.99)

0.99 
(0.99-0.99)

0.99 
(0.99-0.99)

0.95 
(0.90-0.97)

0.96 
(0.92-0.98)

0.95 
(0.90-0.97)

Inter-scan 0.99 
(0.98-0.99)

0.99 
(0.96-0.99)

0.99 
(0.97-0.99)

0.99 
(0.99-0.99)

0.90 
(0.78-0.95)

0.95 
(0.90-0.97)

0.85 
(0.72-0.93)

Targeted

Inter-
observer

0.81 
(0.64-0.90)

0.95 
(0.91-0.98)

0.96 
(0.93-0.98)

0.99 
(0.97-0.99)

0.71 
(0.42-0.85)

0.86 
(0.71-0.93)

0.76 
(0.53-0.88)

Intra-
observer

0.96 
(0.93-0.98)

0.99 
(0.98-0.99)

0.99 
(0.94-0.99)

0.99 
(0.98-0.99)

0.84 
(0.69-0.92)

0.89 
(0.79-0.94)

0.84 
(0.69-0.92)

Inter-scan 0.84 
(0.70-0.92)

0.97 
(0.94-0.99)

0.99 
(0.99-0.99)

0.99 
(0.99-0.99)

0.82 
(0.62-0.91)

0.94 
(0.89-0.97)

0.80 
(0.61-0.88)

Note: ICC= intra-class correlation coefficient; CI= confidence interval; VWI=vessel wall imaging.

J Magn Reson Imaging. Author manuscript; available in PMC 2022 July 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Zhang et al. Page 17

Table 3

Morphologic measurements and agreement (ICC values with 95% CI) between each of the 3D sequences and 

2D TSE.

n=31 3D
Whole-brain

2D
TSE

ICC
(95% CI)

P value
(t-test)

3D
Targeted

2D
TSE

ICC
(95% CI)

P value
(t-test)

Lumen area (mm2) 4.40±2.59 4.34±2.22 0.91 (0.75-0.97) 0.85 3.48±1.92 4.40±1.92 0.86 (0.40-0.96) 0.02

Vessel wall area (mm2) 10.40±7.37 10.38±5.93 0.94 (0.84-0.98) 0.99 7.99±4.45 9.65±5.00 0.93 (0.60-0.98) 0.001

Plaque burden 0.68±0.13 0.70±0.10 0.80 (0.46-0.92) 0.41 0.69±0.08 0.68±0.08 0.68 (0.12-0.88) 0.59

Note: ICC= intra-class correlation coefficient; CI= confidence interval; TSE=turbo spin echo.

J Magn Reson Imaging. Author manuscript; available in PMC 2022 July 01.


	Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Subjects
	Imaging protocol
	Image analysis
	Statistical analysis

	RESULTS
	DISCUSSION
	Limitations
	Conclusion

	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Table 1.
	Table 2
	Table 3

