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ORIGINAL RESEARCH
ADULT BRAIN

Perfusion MR Imaging Using a 3D Pulsed Continuous Arterial
Spin-Labeling Method for Acute Cerebral Infarction Classified

as Branch Atheromatous Disease Involving the Lenticulostriate
Artery Territory

X Y. Shinohara, X A. Kato, X K. Kuya, X K. Okuda, X M. Sakamoto, X H. Kowa, and X T. Ogawa

ABSTRACT

BACKGROUND AND PURPOSE: Branch atheromatous disease is a stroke subtype considered a risk factor for early neurologic deterio-
ration. Meanwhile, crossed cerebellar diaschisis is thought to be influenced by the degree and location of supratentorial perfusion
abnormalities and is associated with the clinical outcome in the case of an ischemic stroke. In this article, our aim was to clarify the utility
of using a whole-brain 3D pulsed continuous arterial spin-labeling method as an imaging biomarker for predicting neurologic severity in
branch atheromatous disease.

MATERIALS AND METHODS: Twenty-three patients with branch atheromatous disease in the lenticulostriate artery territory were
enrolled. All patients underwent MR imaging, including DWI, 3D-TOF-MRA, and 3D-arterial spin-labeling. We measured the asymmetry
index of CBF in the affected area (branch atheromatous disease), the asymmetry index of the contralateral cerebellar hemisphere (crossed
cerebellar diaschisis), and the DWI infarct volume in the lenticulostriate artery territory. We also compared each parameter with the initial
NIHSS score with the Pearson correlation coefficient.

RESULTS: Among the 23 patients, we found no correlation between NIHSS score and the asymmetry index of CBF in the affected area
(branch atheromatous disease) (r � �0.027, P � .724), whereas the asymmetry index of the contralateral cerebellar hemisphere (crossed
cerebellar diaschisis) and DWI infarct volumes were significantly correlated with NIHSS score (r � 0.515, P � .012; r � 0.664, P � .001,
respectively).

CONCLUSIONS: In patients with branch atheromatous disease, 3D-arterial spin-labeling can detect crossed cerebellar diaschisis, which is
correlated with the degree of neurologic severity.

ABBREVIATIONS: AIBAD � asymmetry index of the affected area (branch atheromatous disease); AICCD � asymmetry index of the contralateral cerebellar
hemisphere (crossed cerebellar diaschisis); ASL � arterial spin-labeling; BAD � branch atheromatous disease; CCD � crossed cerebellar diaschisis; END � early
neurologic deterioration; LSA � lenticulostriate artery; ref � reference

Intracranial branch atheromatous disease (BAD) is a stroke sub-

type that was first described in 1989.1 BAD was originally deter-

mined on the basis of pathologic findings of occlusion or stenosis

at the origin of a deep penetrating artery due to the presence of a

microatheroma or a junctional plaque.2,3 Representative vascular

territories of BAD include the lenticulostriate artery (LSA), the

pontine paramedian artery, and sometimes the anterior choroidal

artery.4,5 Previous studies have mentioned that BAD is strongly

associated with early neurologic deterioration (END), and some

patients with BAD may experience a worsening of neurologic def-

icits despite intensive medical treatment, resulting in a worse

functional outcome.6-10 Although few pathologic studies for BAD

have been reported, some articles have investigated its neurora-

diologic characteristics, with MR imaging in particular.7-10

Arterial spin-labeling (ASL) is a noninvasive MR perfusion

imaging technique that uses magnetically labeled blood as an in-

trinsic tracer.11-13 ASL permits a quantitative measurement of

cerebral perfusion and repetitive acquisitions with independent

labeling because it requires neither an injection of a contrast me-

dium nor radiation exposure.11-13 3D-ASL is considered an ad-

vanced method for ASL and uses pulsed continuous arterial spin-

labeling with a volumetric spiral fast spin-echo readout, which

enables the acquisition of high signal-to-noise ratio and quanti-

tative whole-brain perfusion images.13,14
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Previous articles have suggested that 3D-ASL is useful for eval-

uating cerebral ischemia.12,15 To the best of our knowledge, no

report has used ASL imaging findings to assess BAD, and a few

articles have examined the neuroradiologic features of BAD that

are related to END.6-8 In addition, some studies using 15O-posi-

tron-emission tomography and perfusion CT imaging have indi-

cated that crossed cerebellar diaschisis (CCD) occurrence is influ-

enced by the degree and location of the supratentorial perfusion

abnormalities and is associated with the clinical outcome.16,17

Therefore, we hypothesized that perfusion abnormalities detected

with 3D-ASL, including CCD, might be correlated with the degree

of neurologic deterioration despite the small lesions found with

BAD. The aim of our study is to clarify the utility of whole-brain

3D-ASL as an imaging biomarker for predicting the neurologic

severity in BAD.

MATERIALS AND METHODS
Patients
This retrospective study analyzed data obtained from patients

with acute cerebral infarctions who were admitted to our institu-

tion between October 2012 and November 2016. Patients were

eligible if they met the following criteria: The NIHSS score on

admission was obtained by stroke physicians; MR imaging, in-

cluding 3D-ASL, DWI, and 3D-TOF-MRA, was performed; sub-

types of intracranial BAD in the LSA region defined as a lesion of

�15 mm in diameter and visible on �3 sections were observed on

DWI9; there was no occlusion or severe stenosis (�50%) in the

horizontal segment of the MCA on the MRA; and cardioembo-

lism and large-artery atherosclerosis based on clinical features and

other examinations, such as the pattern of symptom onset, resting

electrocardiography, continuous electrocardiographic monitor-

ing, transthoracic echocardiography, transesophageal echocardi-

ography, and carotid ultrasonography, were excluded.18 Our in-

stitutional review board approved this study and waived the need

for written informed consent because of its retrospective design.

Imaging Examinations
All MR imaging examinations were performed with a 3T MR

imaging system (Discovery MR750w; GE Healthcare, Milwaukee,

Wisconsin). For 3D-ASL, DWI, and MRA, the scanning parame-

ters were the following: 3D-ASL: TR, 4554 ms; TE, 10.7 ms; FOV,

24 cm; matrix, 512 � 512; section thickness, 4.0 mm; postlabel

delay, 1525 ms; acquisition time, 1 minute 31 seconds; DWI: TR,

7000 ms; TE, 10.7 ms; FOV, 21 cm; matrix, 128 � 128; section

thickness, 5.0 mm; maximum b factor, 1000 mm2/s; acquisition

time, 56 seconds; MRA: TR, 20 ms; TE, 3.4 ms; FOV, 20 cm;

matrix, 384 � 224; section thickness, 1.0 mm; acquisition time, 4

minutes 36 seconds.

Image Analysis
3D-ASL maps were registered to DWIs by linear transformations

(translation and rotation) by using SPM8 ((http://www.fil.ion.

ucl.ac.uk/spm/software/spm8). BAD lesions in the section of the

largest infarcted area of the LSA territory were outlined semiau-

tomatically to measure the regional CBF (milliliter/100 mL/min)

on 3D-ASL (ASL-BAD) according to the consensus of 2 neurora-

diologists (Y.S. and A.K., with 13 and 5 years of experience in

diagnostic neuroradiology, respectively). ROIs with an elliptic

shape were also marked on the contralateral corona radiata from

the BAD lesions (ASL-BADreference[ref]) and in the bilateral cere-

bellar hemispheres in the section of the middle cerebellar pedun-

cles and pons (ASL-CCD and ASL-CCDref) (Fig 1). The asymme-

try index of the 3D-ASL based on the affected lesion was obtained

as follows: asymmetry index of the affected area (branch athero-

matous disease, AIBAD) or asymmetry index of the contralateral

cerebellar hemisphere (crossed cerebellar diaschisis, AICCD) �

(ASL-BADref or -CCDref � ASL-BAD or -CCD)/(ASL-BADref or

-CCDref � ASL-BAD or -CCD) � 100 (%). DWI infarct volume

measurements of BAD were performed with a semiautomated

commercially available image-analysis program (AnalyzePro;

AnalyzeDirect, Overland Park, Kansas).

Statistical Analysis
Linear regression analyses and Pearson correlation coefficients

were used to compare the admission NIHSS score with each

asymmetry index and DWI infarct volume. Each correlation was

analyzed by using SPSS software (Version 23.0; IBM, Armonk,

New York). P � .05 was statistically significant.

RESULTS
Twenty-three patients met our study criteria. Seventeen (73.9%)

patients were men, and 10 (43.5%) lesions involved the left hemi-

sphere. The mean patient age was 69.3 � 13.3 years. The mean

interval between symptom onset and MR imaging examination

FIG 1. Representative sections of 3D-ASL images registered to the
DWIs are shown with the locations of ROIs outlined with red circles.
On the section of the middle cerebellar peduncles and pons, elliptic
ROIs are marked on the bilateral cerebellum. On the section of the
largest infarcted area, semiautomated ROI segmentation was per-
formed in the affected area and an elliptic ROI was placed in the
contralateral corona radiata.
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was 40.6 � 37.6 hours. The median admission NIHSS score was 3

(interquartile range, 2.5–5). The mean AIBAD and AICCD were

12.0% � 14.5% and 10.5% � 12.1%, respectively, and the mean

DWI infarct volume was 2.50 � 1.72 mL.

No significant correlation was found between NIHSS and

AIBAD (r � �0.027, P � .724, Fig 2A). In contrast, we found a

significant correlation between NIHSS and both AICCD (r �

0.515, P � .012, Fig 2B) and DWI infarct volume (r � 0.664, P �

.001, Fig 2C). A demonstrable case is shown in Fig 3.

DISCUSSION
Our results showed that the CCD on 3D-ASL and DWI infarct

volume are strongly correlated with the degree of neurologic se-

verity in patients with BAD-related infarcts. END can often occur

in patients with BAD, and early management based on an accurate

diagnosis is therefore needed in a clinical setting. These findings

on 3D-ASL and DWI may represent important imaging biomark-

ers for predicting neurologic severity in the early stages of BAD.

Intracranial BAD was first described in 1989 as a new entity of

atheromatous infarctions.1 The pathogenesis of BAD is consid-

ered an occlusion or stenosis at the origin of a deep penetrating

artery due to the presence of a microatheroma or large parent

artery plaque.2,10 Although the term BAD was originally pre-

sented on the basis of pathologic findings, few pathologic studies

have been performed so far.3 In contrast, many neuroimaging

studies of BAD have been performed, particularly with MR imag-

ing.7-10 DWI shows comma-shaped restricted diffusion that ex-

tends to the basal surface of the parent artery in patients with

BAD, and noninvasive vessel imaging methods such as CTA or

MRA usually reveal no or mild stenosis of the parent artery.19,20

Furthermore, BAD-related infarcts are considered predictive

factors for END or progressive motor deficits.8 Yamamoto et al21

proposed that the severity of the neurologic status on admission

(eg, initial NIHSS score) and preceding transient ischemic attacks

could be predictors of END for LSA-type BAD. Meanwhile, a few

reports have described the association between END and imaging

findings of BAD.6-8 A previous study on BAD suggested that DWI

findings associated with poor outcomes include a larger lesion

size in a direction perpendicular to the axial section.22 This sug-

gestion is compatible with our results in which the DWI infarct

volume of BAD showed a favorable correlation with the initial

NIHSS. Thus, an initial DWI may play an important role in esti-

mating the neurologic severity of BAD-related infarcts.

3D-ASL is widely used as a noninvasive and repeatable whole-

brain perfusion imaging method in clinical settings.11-15 3D-ASL

enables acquisition of both the relative CBF near the affected le-

sions, including those associated with ischemia, tumors, or

trauma, and the perfusion changes due to remote effects such as

CCD.23-25 CCD is a matched depression of blood flow and me-

FIG 2. The relationships between admission NIHSS and the asymmetry index of the affected area (branch atheromatous disease, AIBAD) and
contralateral cerebellar hemisphere (crossed cerebellar diaschisis, AICCD) on 3D-ASL and DWI infarct volumes are shown. There was no signifi-
cant correlation between admission NIHSS and AIBAD (A, r � �0.027, P � .724). Significant correlation was found between admission NIHSS and
AICCD (B, r � 0.515; P � .012) and DWI volume (C, r � 0.664; P � .001).
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tabolism in the cerebellar hemisphere contralateral to a focal, su-

pratentorial lesion and is a well-recognized phenomenon follow-

ing cerebral infarctions.26 Previous articles have also indicated

that asymmetry indices for CCD in 3D-ASL were well-correlated

with those of SPECT.25 To the best of our knowledge, no reports

have shown a relationship between 3D-ASL findings for BAD and

neurologic status. In the present study, the CCD for BAD in 3D-

ASL was much better correlated with the initial NIHSS score than

the regional CBF of the 3D-ASL in the affected LSA region. Be-

cause the severity of neurologic status on admission is considered

to be closely associated with the END in patients with BAD,21 the

degree of initial CCD on 3D-ASL, as well as initial DWI infarct

volume, may be predictors of END for LSA-type BAD.

CCDs may demonstrate good correlations with the initial

NIHSS score due to the localization of LSA-type BAD, which usu-

ally affects the pyramidal tract of the corona radiata or the internal

capsule so that secondary degenerative changes along the cortico-

spinal tract may easily occur. According to a previous report with

MR tractography, the degree of pyramidal tract involvement

within the LSA territory infarction is strongly related to the sever-

ity of the stroke and functional recovery.27 Further studies with

larger sample sizes are warranted to validate the relationship be-

tween CCD detected by 3D-ASL and the neurologic outcome,

including follow-up by NIHSS.

Our study has several limitations. First, we examined the lu-

minal patency with MRA and did not directly evaluate the parent

artery wall. As previously mentioned, the pathogenesis of BAD is

associated with proximal stenosis or occlusion of a penetrating

artery due to a microatheroma or large parent artery plaque; and

routine imaging techniques, such as MRA, are unable to visualize

small vessel changes. However, recent studies showed that black-

blood high-resolution MR imaging enables an evaluation of the

intracranial artery vessel morphology, including the presence of

plaques involving parent arteries.28 This capability could allow

direct exploration of atheromatous small vessels and parent vessel

lesions that cause BAD. Second, the interval from symptom onset

to initial MR imaging examination varied widely among patients

in this retrospective study. Finally, we only enrolled patients with

LSA-type BAD. Patients with BAD involving other vascular terri-

tories, including the paramedian pontine artery, were not in-

cluded because of the small sample size. A further prospective

study that includes all types of BAD should be performed.

CONCLUSIONS
In patients with LSA-type BAD, the CCD detected by 3D-ASL and

DWI infarct volume was correlated with the severity of the neu-

rologic status. Because the initial NIHSS score of BAD is consid-

ered a predictor of END and both 3D-ASL and DWI are nonin-

vasive, repeatable, feasible sequences, they could be useful as

radiologic imaging biomarkers for predicting the neurologic out-

come in patients with BAD.
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