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Abstract

Objectives To assess plaque vulnerability of the middle cerebral artery (MCA) using strategically acquired gradient echo

(STAGE) versus high-resolution vessel wall MRI (hr-vwMRI), and explore the relationship between plaque characteristics

and misery downstream perfusion.

Methods Ninety-one patients with singleMCA atherosclerotic plaques underwent STAGE and hr-vwMRI were categorized into

a group with misery perfusion and a group without based on the Alberta Stroke ProgramEarly CT score (MTT-ASPECTS)with a

threshold of 6. Plaque characteristics including inner lumen area (IWA), susceptibility, presence of hyperintensity within plaque

(HIP), surface irregularity, stenosis degree, remodeling index, lipid ratio, and enhancement grade were compared between the

two groups. The vulnerability of each plaque was retrospectively assessed on both STAGE and hr-vwMRI according to the

combination of plaque features. Logistic regression analysis and ROC curve were performed to evaluate the effect of plaque

characteristics on the presence of misery perfusion.

Results Taking hr-vwMRI as the reference, STAGE showed good efficiency in detecting vulnerable plaques. Patients with

misery perfusion had less IWA, higher stenosis degree, more irregular surface and HIP, higher enhancement grade, and suscep-

tibility (p < 0.01 for all). Higher susceptibility and stenosis degree were independent predictors for the occurrence of misery

perfusion (p = 0.025, p = 0.048). The AUC was 0.900 for the combination of the two variables.

Conclusion STAGE shows good efficiency to assess MCA plaque vulnerability versus hr-vwMRI. Plaque susceptibility evalu-

ated using STAGE provides incremental value to predict misery perfusion combined with hr-vwMRI plaque features.

Key Points

• STAGE has good efficiency in evaluating MCA plaque vulnerability versus hr-vwMRI.

• Higher plaque susceptibility assessed using STAGE and higher grade luminal stenosis based on hr-vwMRI attribute to misery

downstream perfusion.

• STAGE provides incremental value on the understanding of plaque vulnerability in addition to conventional hr-vwMRI.
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Abbreviations

DSC-PWI Dynamic susceptibility contrast

perfusion-weighted imaging

DWI Diffusion-weighted imaging

HP-phase High-pass phase

hr-vwMRI High-resolution vessel wall MRI

IPH Intraplaque hemorrhage

IR-SPACE Inversion-Recovery prepared

Sampling Perfection with

Application-optimized Contrast

using different flip angle Evolutions

MCA Middle cerebral artery

MTT-ASPECTS Mean transit time maps according

to the Alberta Stroke Program

Early CT score

QSM Quantitative susceptibility mapping

SPIN Signal processing in nuclear

magnetic resonance

STAGE Strategically acquired gradient echo

SWI Susceptibility-weighted imaging

Introduction

Intracranial atherosclerotic disease (ICAD) caused by vulner-

able plaques in the middle cerebral artery (MCA) are common

in Asians [1]. Neovascularization, necrotic lipid core, and in-

flammatory infiltration have been proven to promote the de-

velopment of plaque instability and disruption [2–4].

Therefore, assessing plaque vulnerability before the occur-

rence of cerebrovascular events is vital for therapy and prog-

nosis. Different from traditional intracranial lumenography

approaches such as digital subtraction angiography (DSA),

computed tomography angiography (CTA), ultrasound, and

time-of-flight magnetic resonance angiography (TOF-MRA),

high-resolution vessel wall MRI (hr-vwMRI) directly depicts

vessel wall, providing advantages on evaluating plaque mor-

phologic characteristics and vulnerability [5–7].

Hypoperfusion is one of the probable mechanisms of is-

chemic stroke [8, 9]. Mean transit time (MTT) maps originat-

ed from dynamic susceptibility contrast perfusion-weighted

imaging (DSC-PWI) is sensitive to reflect hypoperfusion of

the cerebral tissues [10]. However, the relationship between

plaque vulnerability and hypoperfusion remains controversial

and complicated. Disruption of vulnerable plaques and severe

luminal stenosis caused by stable plaques may both attribute

to misery perfusion. Studies have demonstrated that less ec-

centric and strongly enhanced plaques are associated with the

occurrence of misery perfusion [11, 12], while the impact of

other vulnerable plaque features and components such as

intraplaque hemorrhage (IPH) and irregular surface on the

downstream perfusion is still unclear. Therefore, a new

imaging protocol is needed to facilitate the investigation per-

formed using hr-vwMRI.

Susceptibility-weighted imaging (SWI) is an emerging MR

method to visualize vessel walls, and the use of phase or recon-

structive quantitative susceptibility mapping (QSM) has the po-

tential for differentiating calcium from blood because of their

differences in susceptibility [13–15]. The QSM data makes the

quantitative measurement of susceptibility in the brain possible

[16, 17]. Previous studies have shown that QSM can be used for

measuring iron content and oxygen saturation from major veins

but its applications in intracranial arteries are limited [14, 18, 19].

A newly developed rapid multi-contrast protocol referred as stra-

tegically acquired gradient echo (STAGE) imaging can provide

structural (STAGE-A) and angiographic (STAGE-B) informa-

tion in roughly 5min each [20, 21]. In STAGE-B, one can obtain

arterial angiograms as well as SWI data to help distinguish blood

from calcium in the brain [22]. We hypothesized that (1) QSM

images processed from STAGE-B were sensitive to detect vul-

nerable and stable plaques which generated focal susceptibility

change, and (2) quantitative plaque susceptibility measured on

QSM as well as plaque features evaluated on hr-vwMRI was

associated with the presence of downstream misery perfusion.

The purposes of this study were as follows: (1) to investi-

gate the efficiency in evaluating vulnerability ofMCA plaques

for STAGE-B compared with hr-vwMRI in patients with

ICAD; (2) to explore the relationship between plaque charac-

teristics assessed using STAGE and hr-vwMRI and the misery

downstream perfusion.

Materials and methods

Patient population

This study was approved by our institutional review board

ethic committee. Written informed consent was obtained from

each patient before the MR examination. We retrospectively

analyzed 732 patients admitted to our hospital between

September 2016 and December 2019, all of whom had under-

gone hr-vwMRI examinations. Finally, 91 patients were in-

cluded in this study according to the following inclusion

criteria: (1) patients who had STAGE-B data collected at the

same time as the hr-vwMRI and DSC-PWI data; (2) patients

with symptoms of ICAD in the territory of MCA; (3) patients

with single and unilateral atherosclerotic plaque located in the

MCA verified by hr-vwMRI; and (4) no evidence of

cardioembolism. Exclusion criteria included the following:

(1) nonatherosclerotic vasculopathies, including vasculitis,

moyamoya disease, aneurysm, dissection, and intramural he-

matoma diagnosed by TOF-MRA, hr-vwMRI, and clinical

evaluation; (2) multiple plaques or no plaque existing in the

MCA diagnosed by hr-vwMRI; (3) ipsilateral internal carotid

arterial (ICA) stenosis more than 30% based on MRA or
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DSA; (4) insufficient image quality caused by motion artifact;

or (5) poor data. A detailed flowchart of patient inclusion and

exclusion is given in Fig. 1. Patients’ clinical information,

including cerebrovascular risk factors, time interval from on-

set to MR scan, and National Institutes of Health Stroke Scale

(NIHSS), were collected (see Table 1).

MRI protocol

All patients were scanned on a 3.0-T Siemens Prisma scanner

(Siemens Medical Systems) using a 64-channel head-neck

coil. A 3D Inversion-Recovery prepared Sampling

Perfection with Application-optimized Contrast using differ-

ent flip angle Evolutions (IR-SPACE) was performed to ac-

quire vessel wall images with the resolution of 0.55 × 0.55 ×

0.55 mm. STAGE-B was performed to create QSM data to

evaluate plaque vulnerability. The resolution is 0.67 × 0.67 ×

2 mm. DSC-PWI with a dose of 0.1 mmol/kg gadoteric acid

were performed to generate MTT images and evaluate the

degree of misery perfusion. Post-contrast IR-SPACE was ac-

quired right after DSC-PWI. DWI was performed to deter-

mine the presence of acute ischemic stroke. Detailed parame-

ters of the sequences are described in Supplementary Table 1.

Image processing

STAGE data was processed using signal processing in nuclear

magnetic resonance (SPIN) software. A 96 × 96 filter was

utilized to generate high-pass phase (HP-phase) images. The

reconstruction of QSM images was performed using STAGE

processing software (STAGE version 2.1.4) with the follow-

ing steps: skull removal using brain extraction tool (BET),

phase unwrapping, phase quality map, background field re-

moval using sophisticated harmonic artifact reduction for

phase data (SHARP) algorithm, and an inverse filter with a

k-space threshold of 0.1 [16, 23, 24].

MTT maps originated from raw DSC-PWI images were re-

constructed using the singular value decomposition

deconvolution method, and the arterial input function for MTT

estimation was selected from the contralateral MCA [25].

Image analysis

Two radiologists, both with more than 2 years’ experience and

both blinded to clinical information, analyzed the vessel wall and

STAGE images independently. Misery perfusion was visually

evaluated by another two experienced observers blinded to other

images using a 10-point MTT-Alberta Stroke Program Early CT

Fig. 1 Flowchart displaying the

selection of patients
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score (MTT-ASPECTS) (11) (see supplementary methods and

Supplementary Fig. 2). Based on the MTT-ASPECTS, all pa-

tients were categorized into two groups: one with misery perfu-

sion (MTT-ASPECTS ≤ 6) and one without misery perfusion

(MTT-ASPECTS > 6) [11, 26, 27].

All quantitative data were measured three times individu-

ally to obtain the mean value and re-measured two weeks later

by reader 1 for the intra-observer and inter-observer reproduc-

ibility assessments.

Plaque characteristics based on hr-vwMRI

The 3D vessel wall images were reconstructed and analyzed

on a Picture Archiving and Communication Systems (PACS)

workstation. Images were reconstructed using the 3D multi-

planar reconstruction (MPR) tool of the PACS system, and

plaques were evaluated on slices perpendicular to the long and

short axes of MCA vessels (see Supplementary Fig. 1).

Plaques were defined as the vessel wall lesions whose thick-

ness was 1.5 times greater than that of the contralateral normal

walls. The reference lumen was defined as the nearest plaque-

free MCA segments proximal (which is the first choice) or

distal (second choice) to the maximal lumen narrowing

(MLN) cross-section [28]. Measurements of plaque character-

istics including outer wall area (OWA), inner wall area (IWA),

lesion area (LA), and plaque length were demonstrated in

supplementary methods and Supplementary Fig. 1. Other

plaque characteristics were evaluated as follows:

1) Remodeling index = OWAlesion / OWAreference [12];

2) Stenosis degree = (1-IWAlesion / IWAreference) × 100%;

3) Hyperintensity within plaque (HIP) was defined as the

maximal signal intensity (SI) within the plaque on the

pre-contrast image 150% higher than that of the reference

wall [29];

4) Surface irregularity: the inner surface of plaque adjacent

to lumen was smooth (regular/0), or not smooth (irregu-

lar/1);

5) Lipid area: area of SIlesion / SIreference < 150% on the post-

contrast image; demonstrations of HIP, surface irregular-

ity, and lipid area were shown in Fig. 2.

6) Lipid ratio (LR) = lipid area / LA × 100%;

7) Enhancement grade: was assessed on the post-contrast

HR-VWI images as follows: grade 0, SIlesion = SIreference;

grade 1, SIreference < SIlesion < SIpituitary infumdibulum; grade

2, SIlesion ≥ SIinfundibulum [30].

Based on previous research, vulnerability of each plaque

was evaluated following a combination of 2 major criteria: (a)

presence of HIP; (b) irregular surface (each has a 3-point

weighing); and 4 minor criteria: (c) grade 2 enhancement;

(d) stenosis degree > 50%; (e) remodeling index < 0.95; (f)

LR > 50% (each has a 1-point weighing) [12, 29, 31–34].

Total weighing for vulnerability (TWV) was calculated for

each plaque. Plaque was defined as vulnerable if TWV ≥ 5,

or stable if TWV< 5.

Plaque evaluation based on STAGE

STAGE images were analyzed using SPIN. Axial images of

different STAGE sequences were zoomed in and co-registered

with identical field of view (FOV). Focal susceptibility change

generated by different plaque components was defined as lo-

cal hypointensity on magnitude, hypo- or hyperintensity on

phase, HP-phase, and QSM images with plaque situated along

MCA walls as confirmed by hr-vwMRI (see Fig. 2). Local

abnormal signal caused by susceptibility change was drawn

manually on QSM images as areas with clear contours distinct

from adjacent wall. And the mean value of susceptibility for

Table 1 Patient demographics

Total (n = 91) Group with misery perfusion (n = 29) Group without misery perfusion (n = 62) p value

Age, mean (range) y 60.12 ± 11.92 58.55 ± 13.54 60.85 ± 11.12 0.393

Male sex, n (%) 64 (70.33) 19 (65.52) 45 (72.58) 0.492

Hypertension, n (%) 59 (64.84) 18 (62.07) 41 (66.13) 0.705

Hyperlipidemia, n (%) 11 (12.09) 3 (10.34) 8 (12.90) 0.727

Diabetes mellitus, n (%) 29 (31.87) 12 (41.38) 17 (27.42) 0.183

Active smoker, n (%) 35 (38.46) 10 (34.48) 25 (40.32) 0.594

Alcohol user, n (%) 35 (38.46) 13 (44.83) 22 (35.48) 0.393

DWI-positive stroke, n (%) 36 (39.56) 20 (68.97) 16 (25.81) < 0.001

Time interval between onset

and MR scan, days

13.05 ± 8.98 10.45 ± 5.43 14.27 ± 10.04 0.058

NIHSS 1.00 (0.00–3.00) 3.00 (0.00–6.00) 0.50 (0.00–2.00) 0.001

All data are n or mean ± SD or median (interquartile ranges)

NIHSS, National Institutes of Health Stroke Scale
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each lesion was automatically calculated by SPIN. Based on

QSM results, each plaque was defined as vulnerable (with

positive susceptibility) or stable (with negative susceptibility).

Statistical analysis

All statistical analyses were performed using SPSS software

(v. 22.0). Whether all continuous variables were normally

distributed was tested using the Kolmogorov-Smirnov test.

Continuous variables were presented as mean ± standard de-

viations (SD) or median and interquartile range (IQR) based

on data distribution pattern. Comparisons of continuous vari-

ables and categorical variables among the patient groups were

conducted via Student’s t test, Mann-WhitneyU test, and chi-

square test as appropriate. The intra-observer and inter-

observer reproducibility for plaque characteristics and MTT-

ASPECTS was assessed using intraclass correlation coeffi-

cient (ICC), weighted Kappa, and Cohen κ as appropriate.

The relationships between plaque characteristics and MTT-

ASPECTS, susceptibility, and TWV were analyzed using

Spearman correlation analysis. Multivariate logistic regres-

sion was applied to identify plaque characteristics affecting

misery perfusion at p < 0.1 level in univariate analyses.

Receiver operating characteristic (ROC) curve and area under

curve (AUC) were performed to test the diagnosis efficiency

for the significant variables to predict misery perfusion. The

ROC curves were created by MedCalc Statistical Software

version 18.2.1 (MedCalc Software bvba). p < 0.05 was con-

sidered statistically significant.

Results

Patients demographic data

Of 732 patients initially imaged, 91 who met the inclusion/

exclusion criteria patients were included (Fig. 1). Twenty-nine

patients were in the group with misery perfusion and 62 in the

group without. Thirty-six patients had acute infarction and 55

had transient ischemic attack (TIA). The patient group with

misery perfusion had higher frequency of DWI-positive acute

stroke and higher NIHSS (p < 0.001, p = 0.001). Other patient

characteristics showed no differences between the two groups

(Table 1). Results of data distribution pattern were listed in

Supplementary Table 2.

Inter-observer and intra-observer reproducibility

Inter-observer and intra-observer reproducibility for plaque

characteristics and MTT-ASPECTS were highly consistent

(see Supplementary Table 3).

Fig. 2 Demonstrations of surface

irregularity, presence of HIP, lipid

area, and plaque signals on QSM

images. Arrowheads indicates

irregular plaque surface (a) and

regular (d); large hypointensity

suggesting lipid within the plaque

on the sagittal cross-section (c)

and no hypointensity (f); two

examples of bright plaque signal

(g, h) and dark plaque signal (i) in

the right M1 segment on the QSM

images. Arrows show

hyperintensity within plaque on

the pre-contrast vw-MRI (b), and

no hyperintensity (e)
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Table 2 Comparisons of plaque characteristics between the groups with and without misery perfusion

Plaque characteristics Patients with misery perfusion (n = 29) Patients without misery perfusion (n = 62) p value

OWA (mm2) 4.48 (2.90–6.32) 4.98 (3.97–7.35) 0.240

IWA (mm2) 0.54 (0.26–1.02) 0.99 (0.70–1.82) 0.002

LA (mm2) 3.92 (2.23–5.34) 4.07 (2.90–5.07) 0.851

Stenosis degree (%) 82.00 (67.00–85.95) 66.00 (46.15–75.90) < 0.001

Remodeling index 0.92 (0.74–1.12) 0.90 (0.78–1.20) 0.506

Lipid area (mm2) 0.20 (0.00–0.61) 0.47 (0.00–1.31) 0.164

LR (%) 5.60 (0.00–17.61) 15.57 (0.00–29.50) 0.137

Plaque length (mm) 5.65 (3.84–6.11) 5.17 (4.22–6.38) 0.973

Irregular surface, n (%) 22 (75.86%) 11 (17.74%) < 0.001

Positive HIP, n (%) 23 (79.31%) 15 (24.19%) < 0.001

Enhancement grade

Grade 0, n (%) 0 (0%) 18 (29.03%) < 0.001

Grade 1, n (%) 3 (10.34%) 27 (43.55%)

Grade 2, n (%) 26 (89.66%) 17 (27.42%)

Location

M1, n (%) 26 (89.66%) 50 (80.65%) 0.251

M2, n (%) 3 (10.34%) 9 (14.52%)

M3, n (%) 0 (0%) 3 (10.34%)

Susceptibility (ppb) 240.00 (190.00–386.50) -183.50 (-252.50 -56.00) < 0.001

OWA, outer wall area; IWA, inner wall area; LA, lesion area; LR, lipid ratio; HIP, hyperintensity within plaque; ppb, parts per billion

Fig. 3 Comparison between the

groups with and without misery

perfusion in presence of HIP (a),

stenosis degree (b), surface

irregularity (c), and susceptibility

(d). (**p < 0.001)
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Plaque characteristics between the two groups with
and without misery perfusion

As presented in Table 2 and Fig. 3, plaques in the group with

misery perfusion had smaller IWA, higher stenosis degree, higher

frequency of HIP and irregular surface, and higher enhancement

degree (p= 0.002, < 0.001, < 0.001, < 0.001, < 0.001, respective-

ly). The susceptibility values of plaques in the group with misery

perfusion were significantly higher than those in the group with-

out (p< 0.001), with median susceptibility of 240.00 parts per

billion (ppb) (IQR, 190.00–386.50) versus -183.50 ppb (IQR, -

252.50 -56.00). Case on the relationship between plaque charac-

teristics and misery perfusion is shown in Fig. 4. No significant

findings were observed in OWA, LA, lipid area, LR, and remod-

eling index between the two groups (Table 2).

Evaluation of plaque vulnerability using STAGE and
hr-vwMRI

Ninety-one MCA plaques were identified both on hr-

vwMRI and both on STAGE, as listed in Table 3.

Taking hr-vwMRI as the reference, STAGE showed high

consistency in detecting vulnerable plaques: based on hr-

vwMRI, 46 plaques were vulnerable and 45 plaques were

stable. Based on the STAGE data, 47 plaques were vul-

nerable, and 44 were stable. Only 5 plaques in total

showed discrepancy between hr-vwMRI and STAGE in

relation to plaque vulnerability. Moreover, plaque sus-

ceptibility was significantly correlated with TWV which

reflects the probability of vulnerable plaques (rs = 0.808,

p < 0.001; see Supplementary Fig. 3).

Fig. 4 A 50-year-old male with a positive susceptibility of plaque in the

right M1 segment. White arrowheads indicate abnormal hypointensity on

susceptibility image (a), and hyperintensities at the same location on HP-

phase (b) and QSM (c) images; axial post-contrast vessel wall image (d)

shows enhanced plaque in the right M1 segment (zoomed image on

shows plaque with maximal luminal stenosis). DWI (e) shows negative

finding. TOF-MRA (f) shows discontinuous right M1 segment (arrow-

head). MTT maps (e, f) show hypoperfusion in M2, M3, M5, M6, and

insular lobe. The MTT-ASPECTS of this patient is 5.

Table 3 Performance of STAGE

regarding detection of vulnerable

plaque compared with hr-vwMRI

in all plaques

hr-vwMRI-stable (n = 45) hr-vwMRI-vulnerable (n = 46)

STAGE-stable (n = 44) 42 2

STAGE-vulnerable (n = 47) 3 44

chi-square test: p < 0.001

STAGE, strategically acquired gradient echo; hr-vwMRI, high-resolution vessel wall MRI
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The relationship between plaque characteristics and
the presence of misery perfusion

The correlations between NIHSS, MTT-ASPECTS, and plaque

characteristics were described in detail in supplementary material

and Supplementary Fig. 4. As shown in Fig. 5 and

Supplementary Table 4, IWA and stenosis degree were slightly

correlated with MTT-ASPECTS (rs= 0.288, − 0.298; p = 0.006,

0.004), while surface irregularity, presence of HIP, enhancement

grade, and susceptibility were moderately correlated with MTT-

ASPECTS (rs= − 0.580, − 0.501, − 0.594, − 0.614, respectively,

p < 0.001 for all). The six variables were input for the univariate

logistic analysis and entered into multivariate regression with

p < 0.05 for all (Table 4). In the multivariate logistic analysis,

only susceptibility and stenosis degree were associated with

misery perfusion (p= 0.025, p = 0.048). As Fig. 6 demonstrated,

for determining the presence of misery perfusion, the AUC (95%

CI) for susceptibility, stenosis degree, and the combination of the

two variables were 0.860 (0.771–0.924), 0.747 (0.645–0.832),

and 0.900 (0.819–0.953), respectively. Detailed values are pre-

sented in Table 5.

Discussion

There were two important findings in this work. First,

this study demonstrated that QSM data from STAGE-B

has good efficiency in assessing MCA plaque vulnerabil-

ity compared with hr-vwMRI. Second, the combination

of susceptibility measured on QSM and stenosis degree

Fig. 5 The correlations between

MTT-ASPECTS and stenosis de-

gree (a), susceptibility (b), IWA

(c), and enhancement grade (d)

Table 4 Univariate and

multivariate logistic analysis of

the two groups

Variables Univariate logistic analysis Multivariate logistic analysis

OR 95% CI p value OR 95% CI p value

IWA 0.403 0.196–0.831 0.014 1.006 0.360–2.813 0.990

Stenosis degree 1.054 1.020–1.089 0.002 1.052 1.000–1.105 0.048#

Surface irregularity 11.846 4.156–33.768 < 0.001 1.045 0.197–5.534 0.958

Presence of HIP 9.370 3.271–26.847 < 0.001 0.847 0.162–4.425 0.843

Enhancement grade 14.873 4.218–52.448 < 0.001 3.406 0.619–18.730 0.159

Susceptibility 1.008 1.004–1.011 < 0.001 1.006 1.001–1.011 0.025#

# Statistically significant; IWA, inner wall area; HIP, hyperintensity within plaque; STAGE, strategically acquired

gradient echo; OR, odds ratio; CI, confidence interval
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evaluated on hr-vwMRI has good efficiency to predict

misery downstream perfusion.

Our results revealed that QSM images were sensitive to

local magnetic field change caused by vulnerable intracranial

plaque components. Substances with negative susceptibility

in the vessel walls might be calcification and myelin, which

are diamagnetic [35]. Positive susceptibility represents para-

magnetic substances and in the MCA walls, it can be attribut-

ed to abundant vasa vasorum, IPH, and hemorrhage caused by

plaque rupture, which are considered vulnerable plaque fea-

tures [31, 36]. In our results, 44 vulnerable plaques identified

both on STAGE and on hr-vwMRI with possible VV and IPH

appeared bright on HP-phase and QSM images, whereas 56

stable plaques with probable calcification and lipid appeared

dark. These findings are in agreement with previous studies on

the walls of peripheral arteries and common carotid arteries

[14, 37–39]. Furthermore, plaque susceptibility showed a pos-

itive correlation with TWVwhich represents the possibility of

vulnerable plaque, suggesting susceptibility can also evaluate

plaque vulnerability quantitatively.

Areas with prolonged MTT-ASPECTS in the perfusion

maps indicate compromised but viable brain tissues due to

the autoregulation mechanism, some of which may develop

into infarct area in the later stage [40, 41]. Therefore,

predicting misery perfusion has high value for patients’ treat-

ment. Our study indicated that susceptibility and stenosis de-

gree might represent two possible mechanisms of hypoperfu-

sion: artery-to-artery embolism with distal branch occlusion

and severe luminal stenosis caused by in situ plaque. Severe

stenosis reduces antegrade blood flow, while emboli occlu-

sion generated by plaque rupture could affect downstream

perfusion [42]. Sometimes these twomechanisms may coexist

if plaque rupture results in severe in situ stenosis. Previous

researches found that hyperintense plaque, irregular surface,

higher stenosis grade, and grade 2 enhancement were possible

markers for plaque rupture and cerebral infarction [11, 29, 32].

And in our findings, HIP, irregular surface, and higher en-

hancement grade had higher prevalence in the group with

misery perfusion but failed to remain significant in the multi-

variate logistic regression. Although positive susceptibility

may indicate vulnerable features, this inconsistency suggested

that positive susceptibility might not share the exactly same

pathological findings as strong enhancement, IPH, or irregular

surface. Besides, we found plaque susceptibility was negative-

ly correlated with MTT-ASPECTS and the ROC curve re-

vealed that plaque with susceptibility > -110 ppb had higher

likelihood of misery perfusion, suggesting the quantitative

QSM analysis might provide a new biomarker in assessing

the severity of cerebral ischemia.

This study has several limitations. First, this study lacked

according histopathologic findings and plaque vulnerability

was evaluated with hr-vwMRI as the standard. Although the

results indicated that STAGE had good efficiency in detecting

vulnerable plaques compared to hr-vwMRI, we could not

know which technique was more efficient. In the future, mul-

tiple MR sequences and automatic analysis software for

plaque components should be applied to confirm findings of

STAGE and hr-vwMRI. Second, because of the field dipole

effect [39], abnormal signals detected on QSM images might

not reveal the actual shape of plaques. Therefore, measuring

some morphological features such as plaque volume, plaque

length, and stenosis degree is infeasible. Third, the number of

patients included was relatively small, which might have

Fig. 6 ROC curve for determining the presence of misery perfusion. The

AUCs for susceptibility (A), stenosis degree (B), and the combination of

both (C) were 0.860, 0.747, and 0.900. The cutoff values for A, B, and C

were as follows: >-110, > 79.4, > 0.2798, respectively

Table 5 Diagnostic accuracy of stenosis degree and susceptibility in differentiating occurrence of misery perfusion

AUC p value 95% CI Cutoff Sensitivity (%) Specificity (%)

Susceptibility, A 0.860 < 0.001 0.771–0.924 > -110 96.55 69.35

Stenosis degree, B 0.747 < 0.001 0.645–0.832 > 79.4 65.52 82.26

A + B 0.900 < 0.001 0.819–0.953 > 0.2798* 93.10 75.81

*After adjustment
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influenced efficiency of assessing plaque vulnerability for

STAGE. Finally, our evaluation of cerebral perfusion impair-

ment was restricted to MTT-ASPECTS analysis, and quanti-

tative hypoperfusion volume was not calculated. Further stud-

ies involving the relationship between plaque quantitative sus-

ceptibility and the volume of hypoperfusion are expected to be

explored.

In conclusion, we demonstrated that the QSM data from

STAGE had good efficiency in evaluating the vulnerability of

MCA plaques compared with hr-vwMRI. Plaques with higher

susceptibility and stenosis degree were associated with the

occurrence of misery perfusion, indicating the incremental

value for STAGE to assess plaque characteristics in addition

to hr-vwMRI.
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