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Abstract

The purpose of this systematic review is to identify trends and extent of variability in intracranial 

vessel wall MR imaging (VWI) techniques and protocols. Although variability in selection of 

protocol design and pulse sequence type is known, data on what and how protocols vary is 

unknown. Three databases were searched to identify publications using intracranial VWI. 

Publications were screened by predetermined inclusion/exclusion criteria. Technical development 

publications were scored for completeness of reporting using a modified Nature Reporting 

Summary Guideline to assess reproducibility. From 2,431 articles, 122 met the inclusion criteria. 

Trends over the last 23 years (1995–2018) show increased use of 3 Tesla MR (p<0.001) and 3D 

volumetric T1-weighted acquisitions (p<0.001). Most (65%) clinical VWI publications report 

achieving a non-interpolated in-plane spatial resolution of ≤0.55 mm. In the last decade, an 

increasing number of technical development (n=20) and 7 Tesla (n=12) publications have been 

published, focused on pulse sequence development, improving cerebrospinal fluid suppression, 
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scan efficiency, and imaging ex vivo specimen for histologic validation. Mean Reporting Summary 

Score for the technical development publications was high (0.87, range: 0.63–1.0) indicating 

strong scientific technical reproducibility. Innovative work continues to emerge to address 

implementation challenges. Gradual adoption into the research and scientific community was 

suggested by a shift in the name in the literature from “high resolution MR” to “vessel wall 

imaging,” specifying diagnostic intent. Insight into current practices and identifying the extent of 

technical variability in the literature will help direct future clinical and technical efforts to address 

needs for implementation.
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vessel wall MR imaging; intracranial atherosclerotic disease; magnetic resonance imaging; 
vasculopathy

Introduction

Intracranial vessel wall MR imaging (VWI) is a diagnostic imaging technique used to assess 

and differentiate intracranial vasculopathies.1 Conventional vessel imaging techniques, such 

as computed tomography angiography, digital subtraction angiography, and magnetic 

resonance angiography, show changes in lumen caliber, which are common morphologic 

changes in many intracranial vasculopathies and can be deemed nonspecific. Additional 

anatomic information about the vessel wall pathology by VWI can provide specificity to the 

working diagnosis and has resulted in an increasing number of publications.2 However, these 

publications report a wide variety of technical parameters and protocols, making it 

challenging to summarize the findings and compare the diagnostic technique across 

publications. Variability exists with the MR scanner (e.g., magnet strength, vendor, coil 

hardware), pulse sequence technique (e.g., contrast weighting, spatial coverage), and 

protocol (e.g., protocol lengths, use and timing of contrast).

One reason for the variability is the continued optimization of the technique. Increasing 

awareness of imaging artifacts and imaging constraints has resulted in a number of 

publications focused on further improving scan efficiency and minimizing artifacts.3 

However, to facilitate the clinical translation of VWI for diagnostic imaging, consensus 

about the optimal methodology and reducing the technical variability would help with 

standardization across institutions and streamline multicenter diagnostic accuracy studies.

While it is known that there is variability in the selection of protocol design and pulse 

sequence types, data on what and how protocols vary remain unknown. We identify 

technical trends in intracranial VWI and examine the extent of technical variability. We also 

review the innovative direction of the VWI community by assessing technical development 

publications and assess trends in how these technical advances are incorporated into clinical 

research. Insight into current practices will help direct future clinical and technical efforts to 

address needs for implementation.
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Methods

Search Strategy

This systematic review was conducted in accordance with the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses guidelines. PubMed, EMBASE, and Medline were 

searched on September 12, 2018. To identify eligible studies, keywords covering vessel wall 

imaging, intracranial circulation, and vasculopathy keywords were searched using the 

Boolean operators “OR” and “AND” and previously reported in detail (Table 1).2 A manual 

review of the citations of each included article was also performed. All foreign language 

articles were translated. This literature search was previously used to assess vasculopathy 

type and funding trends of intracranial VWI publications.2 For this review, the inclusion 

criteria were modified and publications re-screened to assess protocols and technical trends.

Study selection

Two raters independently reviewed all publications for inclusion with discrepancies resolved 

by consensus. Inclusion criteria were (a) clinical research or technical development studies; 

(b) humans; (c) intracranial arteries with or without vasculopathy; (d) magnetic resonance 

imaging; and (e) vessel wall imaging. Studies with insufficient MR parameter information, 

single case reports, conference abstracts, and animal studies were excluded.

Data extraction

Data on MR vendor, magnet strength (Tesla, T), head coil, pulse sequence parameters, 

protocols, spatial resolution, acquisition plane and coverage, year of publication, study type, 

and studied vasculopathy were collected.

Acquired spatial resolution was calculated from the reported matrix size and field of view. If 

pulse sequence type (e.g., turbo/fast spin echo (TSE/FSE)) was not reported, the authors 

identified sequence type based on imaging parameters. Acquisition coverage was described 

as imaging the whole brain, a vessel segment (e.g., aneurysm, vessel stenosis), or the circle 

of Willis (e.g., anterior and posterior circulation).

To account for publications that originated from the same investigator/institution, 

publications were matched by corresponding author and institution. If more than 1 

publication was identified from the same corresponding author/institution, MR vendor/

protocol data were used from only 1 of the group’s most recent publications to avoid 

duplicating counts from prolific investigators. Analyses about clinical VWI protocol designs 

were performed only on clinical research investigations.

Technical development studies were further scored for completeness of reporting based on 

the MR Acquisition Section of the Nature Reporting Summary guidelines for MR studies4; 

the guideline was modified to include head coil, acquisition time, spatial resolution, and 

echo train length/turbo factor (Table 2). Sixteen criteria were scored as 1 (complete 

reporting), 0.5 (partial reporting), or 0 (did not fulfill reporting criteria). Scoring was 

performed independently by two raters and discrepancies resolved by consensus. Inter-rater 

agreement was calculated for the two raters.
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Statistical Analysis

Categorical variables are expressed in counts and percentages. Continuous variables are 

presented as means and standard deviations or medians and inter-quartile ranges. Agreement 

was calculated with an unweighted Cohen’s kappa. Logistic and linear regressions were 

used to test trends of categorical and continuous variables over the years, respectively. The 

Reporting Summary Score (RSS) was calculated by summing the points of the 16 criteria 

divided by total possible criteria fulfillment; the RSS ranged from 0 to 1. SPSS v19 (IBM, 

Chicago, IL) was used for statistical analysis.

Results

Search

From 2,431 articles, 1,635 were screened based on the inclusion/exclusion criteria (k=0.77, 

p<0.001) (Figure 1). Qualitative synthesis was conducted on 122 publications (κ=0.95, 

p<0.0001).

Hardware Variability

To survey frequency of MRs by field strength and vendors, publications were matched by 

corresponding author/institution and vendor (n=104). Since 2008, a significant increase in 

the use of 3T for VWI emerged over time (β=5.36, 95% CI 3.34–7.12, p<0.001). By 2018, 

no VWI publications used 1.5T. Among publications using 3T field strength, the GE 

platform was the most frequently used (n=32), followed by Siemens (n=26), and Philips 

(n=23). For 7T, Philips was more commonly used (n=6) followed by Siemens (n=3). Among 

the studies using 3T, an 8 channel head coil was most frequently used (n=51) followed by 32 

channel (n=8),5–12 16 channel (n=5),13–17 64 channel (n=2),18,19 12 channel (n=2),20,21 20 

channel (n=2),22,23 custom-designed 36 channel (n=1)24 and 15 channel (n=1).25 Head coil 

was not reported in 8 publications.26–33 Two studies reported using a “standard head coil”34 

and “loop coil (4 cm diameter).”35

Clinical Protocol Design Variability

Protocols from clinical research publications (n=93) varied with different combinations of 

T1-weighted (T1w), T2-weighted (T2w), and proton density-weighted (PDw) sequences 

(Figure 2A). The most common VWI protocol included 3D T1w followed by a combination 

of 2D T1w and 2D T2w acquisitions. Analyses by vasculopathy type showed protocol 

variability with 3D T1w acquisitions most frequently used to study atherosclerosis and 

dissection compared to 2D T1w for vasculitis, aneurysm, and reversible cerebral 

vasoconstriction syndrome (Figure 2B–D).

Most publications (86%) used time-of-flight magnetic resonance angiography (TOF-MRA) 

as the lumen-based imaging technique. No luminal imaging was reported for 8% of the 

publications. Both TOF-MRA and contrast-enhanced MRA (CE-MRA) were used in 3% of 

publications, while 1% reported using CE-MRA only.

The majority of the publications (n=67%) reported including postcontrast imaging among 

which 34% reported the contrast injection-to-scan time interval. The injection-to-scan time 
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ranged from “immediate”36 to “within 20 minutes.”37 Other publications reported durations 

of 3 minutes (n=2),38,39 4 minutes (n=1)17, and 5 minutes (n=16).5,7,14,21,40–51 One 

publication evaluated only postcontrast without precontrast imaging.14

Pulse Sequence Variability

Figure 3 shows the percentages of 2D versus 3D and T1w, T2w, and PDw pulse sequences 

types. A trend was noted over 23 years with increased use of 3D T1w acquisitions compared 

to 2D acquisitions (β=2.54, 95% CI 1.29–3.80, p<0.001). The most common pulse sequence 

type was TSE/FSE or variable flip angle turbo spin echo (VFA-TSE; common vendor labels 

for VFA-TSE are sampling perfection with application optimized contrasts using different 

flip angle evolution (SPACE) for Siemens, volume isotropic turbo spin echo acquisition 

(VISTA) or volumetric isotropically reconstructed turbo spin-echo acquisition (VIRTA) for 

Philips, and CUBE for GE healthcare).

The in-plane spatial resolution varied widely. Among the 82 clinical imaging publications 

that used T1w acquisitions on 1.5T or 3T, 46 did not report spatial resolutions and 20 

reported an interpolation step. True acquired in-plane resolution was calculated by the 

authors. Twenty-three publications had insufficient parameter details and are not included in 

this analysis. Most (65%, n=38) publications achieved an in-plane resolution of ≤0.55mm 

with coverage focused on a vessel segment (n=22), circle of Willis (n=3) or whole brain 

(n=1) (Figure 4).

Motion and poor quality were cited as reasons for data exclusion in 40% of publications. 

Fifty-five articles did not report motion as a reason for exclusion, and it is unclear whether 

all exams were considered good quality or this information was not reported. When 

reported, a mean of 5% (range: 0–17%) of collected cases were excluded due to motion/poor 

quality. This loss of data due to motion degradation further highlights the need for improved 

scan efficiency.

Technical Development on 3T

The evolution of VWI has depended on technical innovations primarily focused on scan 

efficiency and reducing artifacts (e.g., CSF and blood suppression). Table 3 summarizes the 

20 technical development articles at 3T. Study aims include pulse sequence development,
6,52,53 improving scan efficiency,54–56 CSF suppression,9,11,57,58 assessment of reliability,
59–63 and comparisons of 2D versus 3D acquisitions,64,65 acquisition planes,66 and 3T 

versus 7T imaging.22,67

To assess reporting completeness, a Reporting Summary Score (RSS) was calculated 

(κ=0.33, p<0.001) for the technical development publications. The mean RSS of the 20 

publications was 0.87 (range: 0.63 to 1.0), suggesting strong technical reproducibility. 

Criteria that scored low included reporting the k-space sampling method (mean=0.28), 

matrix size (mean=0.65), and description of anatomic coverage (mean=0.75).
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Ultra-high field 7T VWI

Table 4 summarizes 12 publications using 7T MR. Four publications imaged ex vivo 

specimens68–71 with acquisition times ranging from 1 hour 35 minutes to 11 hours 7 

minutes. Publications covered topics of feasibility and sequence development,72–74 

histologic validation,68–71 comparisons of 3T versus 7T22,75 and examining vasculopathies.
76–78 The most commonly studied intracranial vasculopathies were atherosclerosis and 

aneurysms.

Clinical Adoption of 3T Technical Developments

Over the last decade, VWI pulse sequence developments have mainly focused on VFA-TSE 

at 3T. To reduce artifacts, magnetization preparations for blood and CSF suppression have 

been investigated.9,11,57,58 The impact of these ongoing improvements to VWI pulse 

sequences were trended by online publication dates (Figure 5). Online publication dates 

were used to show precision in chronological trends. After the first publication to use VFA-

TSE,79 an increasing number of clinical publications used VFA-TSE from 2013 onward. 

Blood suppression magnetization preparation modules were previously used to study carotid 

vessel wall MR and the results suggest this technique was more readily incorporated into 

intracranial VWI clinical research investigations. A CSF suppression module was first 

reported by Wang et al57 using delay-alternating with nutation for tailored excitation 

(DANTE, a blood-suppressing magnetization preparation module). A truly dedicated CSF 

suppression module was subsequently published by Fan et al,58 after which an increasing 

number of technical development and clinical imaging publications reported VWI with 

different CSF suppression techniques.

Trends in Names for VWI

The name for VWI was classified into 3 categories: “vessel wall imaging or high-resolution 

vessel wall imaging,” “high-resolution MR” and “other.” The name “high-resolution MR” 

peaked in 2016. A shift was noted in 2017 with more frequent use of the specific term 

“vessel wall imaging” (Figure 6), indicating diagnostic intent in the name.

Discussion

Considerable technical variability exists for intracranial vessel wall MR imaging. We 

identified changing trends and most common practices based on the literature. VWI is now 

primarily performed at 3T with no publications at 1.5T identified in 2018. The selection of 

pulse sequence and protocol design remains variable. Literature shows a shift from 2D to 3D 

volumetric acquisitions. There is gradual adoption of technical developments for VWI pulse 

sequences aimed to reduce blood and CSF flow artifacts. While advancements with technical 

optimization and innovative research on 7T MR continue, VWI remains clinically 

investigative and is in the assessment phase of the health technology assessment framework.

The American Society of Neuroradiology Vessel Wall Study Group set forth expert 

consensus recommendations for techniques to consider.1 Results show that 3T has become 

the magnet strength of choice, likely due to a higher signal-to-noise ratio than that available 

from 1.5T, and most studies achieve the recommended 0.5 mm in-plane spatial resolution. 
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Results show a 3D T1w sequence to be most commonly used for VWI. However, selection 

of the optimal combination of tissue weightings for protocol design may vary by 

vasculopathy type and institutional clinical workflows. The role of 7T MR remains 

innovative and investigative with studies reporting on feasibility.22,75

Several insights from this study warrant attention. First, lengthy acquisition times are a 

barrier to implementation and is evidenced by the high reported rates of data exclusion due 

to motion degraded images. This loss of data highlights the need for improved scan 

efficiency. Second, the American Society of Neuroradiology Vessel Wall study group 

recommends an in-plane resolution of ≤0.5mm.1 Although, most publications are achieving 

this recommended resolution, spatial coverage varied widely. A possible explanation for this 

may be based on clinical indications. Assessing vasculitis or ICAD may be more diffuse 

with advantages of imaging the whole-brain with 3D imaging. By contrast, 2D acquisitions 

and multiple contrast weightings may be optimal to characterize a vessel segment for 

stenosis or an aneurysm. Indeed, our results show different protocols are reported for 

different intracranial vasculopathies, highlighting an area for future investigations. Third, 

wall enhancement signal intensity varies by the contrast injection-to-postcontrast image 

duration.80 The wide range of reported injection-to-scan time indicates a need for concerted 

efforts towards consistency and a need to identify a defined time interval in protocol design. 

Finally, CSF suppression techniques such as utilizing a post readout magnetization flip-

down,58 anti-driven equilibrium module,11 or DANTE preparation57 are being investigated 

for intracranial VWI. These techniques reportedly reduce vessel wall signal-to-noise ratios 

leading to underestimations of imaging endpoint metrics, such as vessel wall thickness.9

The impact of technical variability for VWI hinges upon identifying reliable imaging 

endpoints/biomarkers for the type of intracranial vasculopathy being assessed. Questions 

remain as to which imaging endpoints are the strongest for diagnostic accuracy. To identify 

endpoints, meaningful data synthesis by meta-analyses requires reduced data heterogeneity. 

For example, a meta-analysis assessing intracranial atherosclerotic plaque using VWI 

reported wall enhancement, positive wall remodeling, and plaque surface irregularity to be 

significantly associated with ischemic stroke.81 However, the analysis was hampered by data 

heterogeneity from patient selection and technique. The development of vessel wall 

phantoms shows effort towards technical standardization across sites.82 Furthermore, in 

parallel, assessing diagnostic performance with consensus on imaging endpoints is needed to 

determine the necessary degree of imaging precision and measurement reliability.
39,59,60,62,63,83 A future direction is to assess the diagnostic performance of imaging 

endpoints by vasculopathy type. Consensus on which imaging endpoint is critical for 

diagnosis, defining the minimum clinically achievable image quality, and showing 

measurement reliability and reproducibility are important steps for generalizability.

Clinical adoption is incremental. It is promising to see gradual incorporation of technical 

developments into clinical research. In recent years, a shift in the name from “high-

resolution MR” to “vessel wall imaging” emerged suggesting universal recognition of the 

technique specifically for vessel wall assessment. “High-resolution” MR is vague and could 

reflect spatial or temporal resolution. Thus, the shift to “vessel wall imaging,” conferring 

diagnostic intent and specificity, is a step towards clinical adoption.
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A limitation of this systematic review is the available data of MR technical details. 

Reporting of MR technical parameters varied widely across clinical journals. This variability 

may partly be explained by different journals with varying target audiences. Furthermore, a 

plethora of vendor specific labels adds a layer of jargon. Among the technical development 

publications, completeness of reporting was high when assessed by a modified version of the 

Nature Reporting Guideline suggesting reproducibility.

Conclusion

VWI investigations show active involvement at a medical-scientific interface among 

clinicians and MR physicists working to optimize technical performance to study 

intracranial vasculopathies. We show data on the extent of variability of intracranial VWI 

protocols in the literature. Trends in the literature suggest continued optimizations to address 

implementation challenges through technical development and innovative research. Based 

on the published literature, collective efforts leading to clinical adoption is on the horizon.
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Figure 1: Literature search flowchart.
Database searches from PubMed, EMBASE and Medline identified 2,431 publications. 

From the initial search, 165 publications were identified for full-text review. A manual 

review of the citations of the 165 articles identified 807 citations, among which 75 

publications met the inclusion/exclusion criteria. A total of 122 publications underwent 

qualitative data extraction.
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Figure 2: Intracranial vessel wall imaging (VWI) clinical protocol designs.
A: Protocols from 93 clinical publications using 1.5- or 3-Tesla varied with different 

combinations of T1-weighted (T1w), T2-weighted (T2w), and proton density-weighted 

(PDw) sequences. B: For intracranial atherosclerosis, 3D T1w acquisitions were the most 

common VWI protocol design. C: For vasculitis, aneurysms, and reversible cerebral 

vasoconstriction syndrome (RCVS), 2D T1w acquisitions were the most common protocol 

design. D: For arterial dissection, a 3D T1w acquisition protocol design was most common. 

Multicontrast weighting with 2D T1w, 2D T2w, and 2D PDw acquisitions was most 

commonly used for moyamoya syndrome and disease.

Abbreviation: SPAIR, spectral attenuated inversion recovery.

Song et al. Page 14

J Neuroimaging. Author manuscript; available in PMC 2021 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3: Types of pulse sequences in intracranial vessel wall imaging protocols.
A: Types of T1-weighted (T1w) pulse sequences by 2D and 3D imaging. Other 2D T1w 

pulse sequences include: T1w fluid-attenuated inversion recovery with (n=1) and without 

(n=2) blood suppressing magnetization preparation, T1w spin echo with (n=1) and without 

(n=1) blood suppressing magnetization preparation. Other 3D T1w pulse sequences include: 

3D magnetization prepared-rapid gradient echo, phase sensitive inversion recovery enabled 

3D inversion recovery turbo field echo, and 3D TSE/FSE with blood suppressing 

magnetization preparation.
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B: Types of T2-weighted (T2w) pulse sequences by 2D and 3D imaging. Other 2D T2w 

pulse sequences include: T2w spin echo with blood suppressing magnetization preparation 

(n=1) and dual echo with (n=2) and without (n=1) blood suppressing magnetization 

preparation. C: Types of proton density-weighted (PDw) pulse sequences by on 2D and 3D 

imaging. Other 2D PDw pulse sequences include: PDw spin echo (n=1) and dual echo with 

(n=2) and without (n=1) blood suppressing magnetization preparation.

Abbreviations: VFA-TSE, variable flip angle turbo spin-echo (vendor labels: SPACE, 

CUBE, VISTA, VIRTA); bFFE, balanced fast field echo.
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Figure 4: In-plane spatial resolution and anatomic coverage in intracranial vessel wall imaging.
A: Acquired in-plane spatial resolution by magnet field strength. Publications from which 

non-interpolated spatial resolutions could be calculated were included in this analysis. The 

distribution of 2D and 3D T1-weighted acquisitions and the calculated in-plane spatial 

resolution are shown at 3 and 1.5 Tesla. B: Acquired in-plane spatial resolution by imaged 

anatomic coverage. The distribution of publications using T1-weighted acquisitions by 

calculated in-plane spatial resolution and imaged anatomic coverage is shown.
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Figure 5: Impact of 3-Tesla technical developments into clinical imaging publications.
A: After the first technical development publication reported the use of VFA-TSE in 2011, 

an increasing number of publications using this pulse sequence emerged. This transition 

suggests an adoption of this pulse sequence for clinical vessel wall imaging (VWI) research 

investigating intracranial vasculopathies. B: Use of blood suppression magnetization 

preparation modules in clinical imaging publications for intracranial vasculopathies was first 

seen in 2012 with one dedicated technical development publication testing this module. C: 

CSF-suppression magnetization preparation was first tested in 2 technical development 

publications in 2015. A gradual increase in the number of publications in both technical 

development and clinical imaging publications are seen thereafter.

Abbreviations: VFA-TSE, variable flip angle turbo spin echo; T1w, T1-weighted; PDw, 

proton density-weighted.
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Figure 6: 
Changing trends in the name for intracranial vessel wall imaging publications from 1995 to 

2018 show a shift in the name in 2016–2017.
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Table 2:

Nature Reporting Summary for Magnetic Resonance Imaging, Acquisition

Nature Reporting Summary Criteria for MR Acquisition4

Imaging type Specify: functional, structural, diffusion, perfusion

Field strength Specify in Tesla

Sequence and imaging parameters Pulse sequence type

Imaging type

Field of view

Matrix size

Slice thickness

Plane or orientation of acquisition

Echo time

Repetition time

Flip angle

Area of acquisition State whether a whole brain scan was used OR define the area of acquisition, describing how the region 
was determined

Additional vessel wall MR imaging relevant acquisition parameter details

Acquisition time

In-plane spatial resolution

Echo train length or turbo factor

Head coil
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