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ABSTRACT

BACKGROUND AND PURPOSE: 3D high-resolution vessel wall imaging is increasingly used for intracranial arterial diseases. This study
compared the diagnostic performance of black-blood luminal angiography derived from 3D vessel wall imaging with source images of
vessel wall imaging and TOF-MRA in detecting middle cerebral artery stenosis.

MATERIALS AND METHODS: Sixty-two patients with suspected MCA atherosclerosis underwent TOF-MRA, vessel wall imaging, and CTA.
Intracranial black-blood luminal angiography was created from source images of vessel wall imaging using minimum intensity projection.
The degree and length of MCA stenosis were measured on source images of vessel wall imaging, TOF-MRA, and black-blood luminal
angiography and compared using CTA as a reference standard.

RESULTS: The image quality of black-blood luminal angiography was diagnostic in most patients. The intra- and interobserver agreement
for both stenosis degree and length measurements was excellent for black-blood luminal angiography. It was comparable with that of
source images of vessel wall imaging in grading stenosis. Compared with TOF-MRA, black-blood luminal angiography showed significantly
higher sensitivity for the detection of severe stenosis (89.3% versus 64.3%, P � .039) and higher specificity for the detection of occlusion
(95.4% versus 84.6%, P � .039). Lesion length estimated on source images of vessel wall imaging was significantly greater than that measured
by CTA and black-blood luminal angiography (P � .001 and P � .010).

CONCLUSIONS: Black-blood luminal angiography is better than TOF-MRA in detecting severe stenosis and occlusion of the MCA.
Compared with source images of vessel wall imaging, it is more accurate in evaluating stenosis length. Black-blood luminal angiography can
be produced as a derivative from vessel wall imaging and implemented as an adjunct to vessel wall imaging and TOF-MRA without extra
acquisition time.

ABBREVIATIONS: BBLA � black-blood luminal angiography; VWI � vessel wall imaging

Intracranial atherosclerotic stenosis is an important cause of

ischemic stroke and most often involves the proximal segment

of the middle cerebral artery (MCA).1 Imaging evaluation of the

stenosis is critical to treatment planning. Traditionally, the degree

of stenosis is evaluated by luminal angiography techniques, in-

cluding DSA, CTA, and MRA. DSA, although long considered the

criterion standard in assessing intracranial atherosclerotic steno-

sis, is limited by invasiveness, ionizing radiation, and high cost.

CTA has been widely used for evaluating intracranial artery ste-

nosis with high accuracy,2 but it also exposes patients to ionizing

radiation. Both DSA and CTA use iodinated contrast material and

are restricted in patients who have previous adverse reactions to

iodine and in patients with impaired renal function. Time-of-

flight imaging is the most commonly used unenhanced MRA

technique for intracranial arterial imaging; however, its major

weakness is local signal loss resulting from slow and turbulent

flow.3

Recently, intracranial high-resolution vessel wall imaging

(VWI) has been implemented for direct depiction of the intracra-

nial arterial wall. Beyond the features of the arterial wall, dimen-

sions of the vessel lumen could be reliably measured on the cross-

sectional images of VWI.4-6 With large spatial coverage, high

signal-to-noise ratio, and flexible orientation of the reformatted

images, 3D VWI is often chosen to demonstrate tortuous cerebral

arteries. Clear demonstration of the vessel wall requires suppres-

sion of the MR signal of the luminal spins to yield minimum or no
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signal from the flowing blood. Based on these characteristics of

3D VWI, we attempted to convert the already acquired vessel wall

images, referred to as source images of VWI, into 3D black-blood

luminal angiography (BBLA) using minimum intensity projec-

tion. In this study, we used CTA as the reference standard and

prospectively compared BBLA with source images of VWI and

with TOF-MRA for measuring both the stenosis degree and ste-

nosis length of the MCA. Our hypothesis was that this product of

3D VWI would be superior to source images of VWI and TOF-

MRA in the evaluation of MCA stenosis.

MATERIALS AND METHODS
Patients
From February 2017 to January 2018, sixty-two consecutive pa-

tients suspected of having intracranial atherosclerotic stenosis in-

volving the MCA were prospectively included in the study. Pa-

tients were excluded if they had contraindications to MR imaging

or nonatherosclerotic intracranial diseases, such as vasculitis,

Moyamoya disease, and arterial dissection, which were clinically

diagnosed according to their diagnostic criteria.7-9 Patients with

extracranial carotid artery stenosis of �50% were also excluded.

All patients underwent intracranial TOF-MRA and 3D VWI, fol-

lowed by CTA within 1 week. Institutional review board approval

for the study design was obtained, and informed consent was

obtained from all patients.

MR Imaging
All examinations were performed on a 3T MR imaging system

(Discovery MR750; GE Healthcare, Milwaukee, Wisconsin) with

an 8-channel head coil. The MR imaging protocol included TOF-

MRA and high-resolution VWI. TOF-MRA was acquired first

through the circle of Willis with the following parameters: TR, 23

ms; TE, 3.4 ms; flip angle, 20°; FOV, 22 � 20.7 cm; matrix size,

320 � 224; slice thickness,1.4 mm; mean acquisition time, 5 min-

utes 8 seconds. Using TOF-MRA as a localizer, we performed

pulse sequences with different image contrast weightings, includ-

ing 2D FSE T2WI, 3D-Cube T1WI (GE Healthcare), and 3D-

Cube proton-density-weighted imaging, for assessing the intra-

cranial vessel walls. The parameters for targeted 2D FSE T2WI

were the following: TR, 2150 ms; TE, 50 ms; flip angle, 111°; FOV,

10 � 10 cm; matrix, 384 � 384; slice thickness, 2 mm; slice gap,

0.5 mm; NEX, 12; mean acquisition time, 4 minutes 23 seconds.

The parameters for 3D-Cube T1WI were as follows: TR, 600 ms;

TE, 13 ms; FOV, 20 � 20 cm; matrix size, 288 � 288; slice thick-

ness, 1 mm; NEX, 0.5; mean acquisition time, 4 minutes 16 sec-

onds. 3D-Cube proton-density-weighted imaging using variable

flip angle refocusing pulses was performed with the following pa-

rameters: TR, 2500 ms; TE, 25 ms; FOV, 20 � 20 cm; matrix size,

288 � 288, slice thickness, 1 mm; NEX, 0.5; and mean acquisition

time, 5 minutes 13 seconds. 3D-Cube proton-density-weighted

imaging was performed in the sagittal plane orthogonal to the

proximal MCA with intravoxel dephasing for suppression of

the signal from the blood. The imaging volume was centered at

the circle of Willis with voxel dimensions of 0.69 � 0.69 � 1 mm

and displayed with a reconstructed resolution of 0.39 � 0.39 �

0.5 mm.

Source images from both TOF-MRA and 3D-Cube proton-

density-weighted imaging were transferred to an ADW4.6 Work-

station (GE Healthcare). MIP and MPR images were created from

TOF images. Minimum intensity projection was used to generate

BBLA from 3D-Cube proton-density-weighted imaging.

CTA
All craniocervical CTAs, from the aortic arch to the distal intra-

cranial arteries, were performed on a 320 – detector row CT sys-

tem (Aquilion ONE CT scanner; Toshiba Medical Systems, To-

kyo, Japan) with the following scanning parameters: tube voltage,

120 kV(peak); tube current, 146 –210 mA; slice thickness, 0.5 mm;

FOV, 22 � 22 cm; and matrix size, 512 � 512. With a power

injector, 50 –70 mL of nonionic iodinated contrast media (Ultra-

vist 370, iopromide; Bayer HealthCare, Berlin, Germany) was in-

jected intravenously at a rate of 5 mL/s followed by a 30-mL saline

bolus. CT scanning was initiated using a bolus-tracking technique

at the level of the aortic arch with a trigger threshold of 150 HU.

CTA raw images were reformatted on a Vitrea fX workstation

(Version 3.10; Toshiba Medical Systems) using MIP and MPR

reconstructions for stenosis evaluation.

Image Analysis
First, an experienced neuroradiologist assessed the image quality

of BBLA in demonstrating the MCA. It was graded on a 3-point

scale as follows10: 1, poor visualization or nondiagnostic; 2, mod-

erate visualization, adequate for diagnostic purposes; and 3, good,

high quality for diagnostic purposes. Patients in whom image

quality was grade 1 were excluded from the comparison. Second,

2 other experienced neuroradiologists independently quantified

both the degree and length of the stenosis of the MCA from 3D-

Cube proton-density-weighted images, BBLA, TOF-MRA, and

CTA. All cases were reviewed in random order. The measure-

ments were performed using electronic calipers on the worksta-

tion. For all imaging modalities, the Warfarin Aspirin Symptom-

atic Intracranial Disease criteria were used to measure the MCA

stenosis11,12: luminal stenosis � [1- (Dstenosis / Dnormal)] �

100%, where Dstenosis indicates the diameter of the residual lu-

men at the site of the most severe degree of stenosis, and Dnormal,

the diameter of the proximal normal artery. If the proximal artery

was diseased, the diameter of the distal portion of the artery at its

widest point could be used instead. In case of multiple stenosis in

the MCA, the most severe one was chosen for evaluation. The

degree of stenosis was graded as normal (�30%), mild (30%–

49%), moderate (50%– 69%), severe stenosis (70%–99%), and

occlusion (100%).4,13 Arteries with stenosis of �30% on all these

modalities were excluded from analysis.14 Stenosis length was de-

fined as the distance from the proximal-to-distal end of the ste-

notic artery.13 On source images of VWI, however, the lesion

length could not be measured directly but was estimated by

multiplying the slice thickness and the number of the slices

showing the luminal stenosis in the MCA. The lesion length

was not measured in cases with total occlusion. One of the 2

neuroradiologists re-evaluated the BBLA 4 weeks later to assess

intraobserver agreement. For the degree and length of stenosis,

the average of the 2 radiologists’ measurements was used for

the final analysis.
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Statistical Analysis
Commercially available software (MedCalc for Windows, Ver-

sion 18; MedCalc Software, Mariakerke, Belgium) was used for

the statistical analysis. Intra- and interobserver agreement in the

measurement of stenosis degree and length by BBLA was assessed

using the intraclass correlation coefficient. Agreement between

the source images of VWI and CTA, between BBLA and CTA, as

well as between TOF-MRA and CTA for the evaluation of MCA

stenosis degree was calculated with the Cohen � test. Sensitivity

and specificity in the detection of severe stenosis and occlusion of

the MCA were calculated for source images of VWI, BBLA, and

TOF-MRA using CTA as the reference standard. A Wilcoxon

matched pairs test was performed to test whether stenosis lengths

obtained from different imaging modalities were statistically dif-

ferent. The strength of agreement of the � and intraclass correla-

tion coefficient was categorized as follows: poor, �0.20; fair,

0.21– 0.40; moderate, 0.41– 0.60; good, 0.61– 0.80; and excellent,

0.81–1.00.5 A 2-tailed P value � .05 was considered indicative of a

significant difference.

RESULTS
The image quality of BBLA in demon-

strating the MCA was graded as good in

33 patients and moderate in 27 patients.

Two of 62 (3.2%) patients were ex-

cluded because of poor image quality

from motion artifacts. A total of 80 dis-

eased middle cerebral arteries from 60

patients (20 patients had bilateral MCA

lesions) were further examined in this

study. Among these patients, there were

33 men (55%) and 27 women (45%)

with a mean age of 61.3 years (range,

45–80 years). Thirty-nine patients (65%)

had ischemic stroke or transient isch-

emic attack with hemiparesis, language

disorder, or perceptual deficits. The re-

maining 21 patients (35%) presented

with dizziness or headache.

The intra- and interobserver agree-

ment for both stenosis degree (intraclass

correlation coefficient � 0.982– 0.929,

respectively) and length measurements

(intraclass correlation coefficient �

0.953– 0.939, respectively) were excel-

lent for BBLA.

The Table summarizes the results of

MCA stenosis degree measured with

source images of VWI, BBLA, and TOF-

MRA in comparison with CTA. For ste-

nosis degree, there was excellent agree-

ment between source images of VWI

and CTA (� � 0.956; 95% CI, 0.913–

0.998), excellent agreement between

BBLA and CTA (� � 0.934; 95% CI,

0.882– 0.986), and good agreement be-

tween TOF-MRA and CTA (�� 0.800;

95%CI, 0.717– 0.883) (Fig 1). Sensitivity

and specificity in detecting severe stenosis were 92.9% and 98.1%

with source images of VWI, 89.3% and 96.2% with BBLA, and

64.3% and 88.5% with TOF-MRA. Sensitivity and specificity in

detecting occlusion were 100% and 96.9% with source images of

VWI, 100% and 95.4% with BBLA, and 100% and 84.6% with

TOF-MRA. The sensitivity and specificity of source images of

VWI and BBLA for the detection of severe stenosis or occlusion

are comparable (sensitivity, P � .500 and P � 1.000; specificity,

P � 1.000 and P � .500). Compared with TOF-MRA, BBLA

showed significantly higher sensitivity for the detection of severe

stenosis (89.3% versus 64.3%, P � .039) and higher specificity for

the detection of occlusion (95.4% versus 84.6%, P � .039). BBLA

demonstrated arteries distal to severe stenosis and occlusion in 11

cases in which TOF-MRA did not (Fig 2). The average length of

the stenosis was 4.25 � 1.58 mm estimated with source images of

VWI, 4.10 � 1.48 mm measured on BBLA, 4.11 � 1.65 mm on

TOF-MRA, and 3.97 � 1.63 mm on CTA. The measurement of

stenosis length between BBLA and CTA (P � .060) and between

TOF-MRA and CTA (P � .054) was not significantly different.

FIG 1. 3D proton-density-weighted vessel wall source image (A), black-blood luminal angiography
(B), TOF-MRA (C), and CTA (D) all depict moderate stenosis of the left M1 MCA (arrow). The 3D
vessel wall image (A) shows eccentric plaque (arrow) on the MCA wall. The inset is a magnified
vessel wall image. These images are used as source images to generate luminal angiography with
a minimum intensity projection.

Comparison of the degree of stenosis with source images of VWI, BBLA, and TOF-MRA with
CTA

Stenosis Degree on
VWI/BBLA/TOF-MRA

Stenosis Degree on CTA

30%–49% 50%–69% 70%–99% 100%
30%–49% 15/15/14 0/0/1 0/0/0 0/0/0
50%–69% 1/1/2 20/19/14 0/0/0 0/0/0
70%–99% 0/0/0 1/2/6 26/25/18 0/0/0
100% 0/0/0 0/0/0 2/3/10 15/15/15
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However, compared with CTA and BBLA, the estimated stenosis

length was significantly larger with source images of VWI (P �

.001 and P � .010, respectively).

Twelve of 60 patients underwent

DSA before possible interventional an-

gioplasty. Fourteen diseased MCAs were

identified on DSA. They were 9 occlu-

sions, 3 severe stenoses, 1 moderate ste-

nosis, and 1 mild stenosis. CTA, BBLA,

and source images of VWI correctly di-

agnosed all of the 14 diseased MCAs (Fig

3) compared with DSA.

DISCUSSION
The current common practice for delin-

eating the intracranial vessel wall is

VWI; the volumetric proton intensity–

weighted images obtained from VWI

were used as source images in this study.

With the application of minimum in-

tensity projection to these source im-

ages, we further obtained BBLA, which

provided additional advantages com-

pared with VWI alone. Our study dem-

onstrates that the presentation of steno-

sis degree and length of the MCA on

BBLA was in excellent agreement with

the observations on CTA, which sup-

ported the high diagnostic quality of

BBLA. Compared with source images of

VWI, with comparable performance in

the grading of stenosis, BBLA was no-

ticeably more accurate in the measure-

ment of stenosis length. We also found

that BBLA was superior to TOF-MRA in

terms of its higher sensitivity for the de-

tection of severe stenosis and higher

specificity for occlusion of the MCA.

Furthermore, since BBLA did not take

any additional acquisition time, we rec-

ommend its use as an adjunct to VWI

and TOF-MRA in the evaluation of

MCA stenosis during a single session of

intracranial VWI.

In addition to its accuracy as source

images of VWI in the grading of stenosis,

BBLA also showed the capacity to pres-

ent combined information from both

VWI and MRA. By selectively suppress-

ing the signal from blood flow, 3D

black-blood MRA has been used for

the assessment of vessel lumens with

medium-to-large diameters, such as the

carotid artery.15,16 With technical devel-

opment, the application of 3D black-

blood MRA has been extended to arter-

ies of smaller diameters such as small

intracranial arteries.17,18 Despite the improved resolution in lu-
minal imaging, 3D black-blood MRA cannot provide sufficient

information on the vessel wall. However, 2D/3D high-resolution

FIG 2. CTA (A) and black-blood luminal angiography (B) depict severe stenosis of the left M1 MCA
(arrow) and arteries distal to the stenosis. C, TOF-MRA overestimates this severe stenosis as an
occlusion (arrow) and fails to show the distal arteries. D, The 3D vessel wall image shows severe
stenosis of the MCA and eccentric plaque (arrow) on the vessel wall.

FIG 3. DSA (A) and CTA (B) depict severe stenosis of the left M1 MCA (arrow). C, TOF-MRA
overestimates this severe stenosis as an occlusion (arrow). Both the 3D vessel wall image (D) and
black-blood luminal angiography (E) depict this severe stenosis correctly.
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VWI is a sequence specifically tailored to the intracranial vessel

walls by sampling the cross-sections of the target vessels. Another

application of VWI is that it can evaluate the luminal stenosis of

the MCA with high accuracy, as already reported by some earlier

studies.4,5,19 Liu et al4 reported a significant correlation between

2D VWI and DSA for the detection of MCA stenosis (�50%) and

occlusion, but stenosis length was not evaluated in that study.

Until now, no studies have yet reported the use of VWI for

evaluating MCA stenosis length, which is also a critical parameter

for potential interventional treatment. It is well-known from pre-

vious studies of CTA and MRA that multiple postprocessing tech-

niques can provide an overview of the entire target vessel in a

much more straightforward manner than the cross-sectional

source images.20,21 Similarly, source VWI provides only the 2D

cross-sectional profile of a vessel, making it challenging to form a

full picture of the diseased vessel based on individual source im-

ages. Without a direct measurement of the stenosis length, how-

ever, an intuitive estimation from VWI source images is inaccu-

rate. As shown in this study, this estimation was significantly

greater than the results obtained from CTA or BBLA. In contrast,

BBLA shows the entire MCA lumen from different perspectives,

whereby both the degree and the length of the stenosis can be

evaluated easily and accurately. More important, BBLA can be

presented like conventional TOF-MRA, CTA, and DSA, with

which our clinical colleagues are already familiar.

3D TOF-MRA is conventionally used for detecting luminal

narrowing and serves as a localizer for subsequent VWI. However,

its imaging quality depends on the prominent inflow effect of

blood spins. It has intravascular signal loss at the stenosis, where

blood flow is slow and turbulent, especially in small intracranial

arteries. Therefore, to accurately define the stenosis, especially

more severe ones, additional gadolinium-enhanced MRA or CTA

is sometimes required.14 In this study, TOF-MRA was found to be

less accurate than BBLA in detecting and differentiating severe

stenosis and occlusion. We recorded 18 cases of overestimation of

the stenosis when TOF-MRA was used, compared with 6 when

BBLA was used. Furthermore, BBLA was superior to TOF-MRA

in the demonstration of arteries or collaterals distal to the severe

stenosis or occlusion, which is crucial for clinical intervention.

Nevertheless, BBLA still overestimated stenoses in 6 cases, while

source images of VWI overestimated stenoses in 4 cases in this

study. The possible contributing factors were the suboptimal sup-

pression of the blood signal and the anisotropic resolution in our

reconstructed luminal images.

This study has several limitations. First, a small number of

patients were enrolled, which may limit the statistical significance.

Second, CTA rather than DSA was performed for comparison.

However, CTA has been well-established as a highly accurate ap-

proach in identifying intracranial atherosclerotic stenosis. Using

16 – detector row CT, a prior study reported that CTA performed

very well compared with DSA for the detection of �50% intra-

cranial stenosis with 97.1% sensitivity and 99.5% specificity.2 In

another earlier study with a 4 – detector row technique, Bash

et al14 found that CTA had a higher sensitivity and positive pre-

dictive value than TOF-MRA for the detection of intracranial ste-

nosis and occlusion. Compared with DSA, which was available in

12 patients in our study, CTA provided identical information on

MCA stenosis. Accordingly, invasive DSA is now largely reserved

for use before interventional treatment rather than for diagnosis

alone. Third, our study was based on a single vascular pathology

(ie, MCA stenosis). Although the MCA is the most frequently

involved intracranial artery in stroke, the value of BBLA in other

diseased vessel territories warrants further investigation. Fourth,

owing to technical restrictions, 3D-Cube proton-density VWI

was acquired with an anisotropic resolution, which may impair

the demonstration of stenosis on reformatted BBLA.

CONCLUSIONS
BBLA is comparable with CTA in the evaluation of stenosis degree

and the length of the MCA. It is better than TOF-MRA in detect-

ing severe stenosis and occlusion and more accurate than VWI in

measuring the stenosis length. BBLA can be produced as a deriv-

ative from VWI without extra acquisition time; therefore, it could

be implemented as an adjunct to VWI and TOF-MRA.
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