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Introduction

The Alberta Stroke Program Early Computed Tomography 
Score including the deep white matter (ASPECTS+W) using 
magnetic resonance imaging (MRI)-diffusion-weighted 
imaging (DWI) is feasible for the semi- quantitative assess-
ment of the ischemic core volume, and useful for evaluating 
the indication of recanalization therapy for acute ischemic 
stroke.1)

Furthermore, high signal intensity (HSI) areas on DWI 
b-1000 may recover after recanalization in acute ischemic 
stroke patients caused by large vessel occlusion (LVO).2–4) 
In this study, regarding this area as a reversible ischemic 
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lesion (RIL), we retrospectively investigated whether sub-
traction of RIL from the HSI lesions on DWI improves the 
diagnostic accuracy for the ischemic core.

Materials and Methods

Indication criteria for mechanical thrombectomy were as 
follows: (1) those with an ASPECTS+W of ≥6, and 
mechanical thrombectomy was performed within 6 hours 
after the time last known well, (2) those with an interval of 
≥6 hours from the time last known well, ASPECTS+W of 
≥7, and National Institutes of Health Stroke Scale (NIHSS) 
score of ≥8 in whom treatment was able to be started within 
24 hours after the time last known well. A total of 114 
patients from April 2013 and December 2019 were per-
formed mechanical thrombectomy according to these indi-
cation criteria. The anterior circulation system was affected 
in 100 patients and the posterior circulation system was 
affected in 14. In this study, we included these patients who 
fulfilled the following four criteria: (1) the anterior circula-
tion system was affected, (2) preoperative DWI demon-
strated ischemic lesions, (3) mechanical thrombectomy led 
to complete recanalization on postoperative cerebral angi-
ography, and (4) postoperative DWI was performed within 
48 hours after mechanical thrombectomy. Patients were 
excluded if they had sustained poor quality images on pre-
operative or postoperative DWI made it difficult to evalu-
ate ischemic lesions caused by some artifacts. We analyzed 
35 patients according to the above inclusion and exclusion 

criteria (Fig. 1). Ischemic lesions were evaluated based on 
the ASPECTS+W (Fig. 2) by three neurosurgeons with 
≥10-year clinical career. HSI lesions on DWI b-1000 for 
which the results of assessment were consistent by ≥2 neu-
rosurgeons were evaluated as ischemic lesions.

(1) Evaluation of the HSI ratio and establishment 
of optimum cutoff values

Initially, the three points of HIS values were measured on 
each SHI lesions of the ASPECTS+W, and defined the 
mean HSI values at the 3 points as representative values at 
each ischemic site (Vi: value of ischemic lesion). Subse-
quently, three sites, the contralateral thalamus which may 
not be influenced by anterior circulation ischemia, contra-
lateral caudate nucleus and contralateral cerebral cortex 
which were visualized favorably in all 35 patients deter-
mined by the ASPECTS+W, were regarded as control sites, 
and three random points of signal intensity values were 
also measured at each control sites, respectively. In each 
control sites, the mean signal intensities at the three ran-
dom points were defined as representative values for the 
control sites (Vc: value of control sites). The HSI ratio was 
calculated by dividing the mean HSI of each ischemic 
lesion by that of a control site [Vi/Vc] (Fig. 3). Ischemic 
lesions with improvement of the postoperative HSI ratio in 
comparison with the preoperative HSI ratio were defined 
as RILs, and those without such improvement of the HSI 
were defined as irreversible ischemic lesions (IILs). We 
calculated the cutoff value of the preoperative HSI ratio 

Fig. 1 Flowchart of study enrollment.
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Fig. 2 ASPECTS+W on DWI with 
11 regions distributed over the MCA 
 territory at the ganglionic and supra-
ganglionic levels. In this case, DWI 
showed ischemic lesions at the insular 
ribbon, internal capsule, and deep 
white  matter (ASPECTS+W=8/11). 
ASPECTS+W: Alberta Stroke Pro-
gram Early Computed Tomography 
Score including deep white matter 
lesions; DWI: diffusion-weighted 
imaging; MCA: middle cerebral artery

Fig. 3 Preoperative right CAG, AP 
view, showing MCA occlusion 
(A). Right CAG, AP view, showing 
complete recanalization (B). Preopera-
tive DWI showing acute cerebral isch-
emia of the right M4, M5, and W based 
on the ASPECTS+W (C). HSI was 
measured at the three points on each 
ischemic lesion (black points) and the 
contralateral normal cerebral cortex as 
a control site (white points). The HSI 
ratio was calculated by dividing the 
mean HSI of each ischemic lesion by 
that of a control site. In this method, the 
preoperative HSI ratio was calculated 
on the right W (HSI ratio=1.25), M4 
(HSI ratio=1.54), and M5 (HSI 
ratio=1.64). Postoperative DWI (D) at 
24 hours demonstrated improved HSI 
on the right W (HSI ratio: 1.25–1.06), 
and unimproved HSI on the M4 (HSI 
ratio: 1.54–1.88) and M5 (HSI ratio: 
1.64–1.91). AP: anteroposterior; 
ASPECTS+W: Alberta Stroke Program 
Early Computed Tomography Score 
including deep white matter lesions; 
CAG: carotid angiography; DWI: dif-
fusion-weighted imaging; HSI: high- 
signal intensity; MCA: middle cerebral 
artery
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using receiver operating characteristic (ROC) curve analy-
sis to predict RILs on DWI within 48 hours after complete 
recanalization. The cutoff point (J) on the ROC curve was 
calculated as J = maximum (sensitivity + specificity −1).

DWI was performed using 1.5-T (MAGNETOM Sym-
phony; Siemens, Munich, Germany) and 3.0-T (Achieva 
X-series; Phillips, Eindhoven, Netherlands) MRI systems. 
DWI b-1000 were prepared using the standardization 
method proposed by the Acute Stroke Imaging Standard-
ization Group-Japan (ASIST-Japan).5) The signal intensity 
value was measured at the 0.5mm thick crossing point of a 
cross mark using ShadeQuest/ViewR Ver. 1.26 (Yokogawa 
Medical Solutions Corporation, Tokyo, Japan).

(2) Evaluation using the modified DWI-ASPECTS
In the 35 patients, the ASPECTS+W was calculated based 
on preoperative DWI without deducting the points for 
sites below the cutoff value of HSI ratio. We defined it as 
the “modified DWI-ASPECTS.” The patients were 
divided into two groups: Modified group in which an 
increase in the modified DWI-ASPECTS was more 
marked than that in the ASPECTS+W, and Unchanged 
group in which there was no such increase. In both the 
groups, the following data were collected: age, 
ASPECTS+W, initial NIHSS score, DWI to recanalization 
time (DTR), and hemorrhagic complications as back-
ground factors, in addition to the NIHSS score after 24 
hours, improvement rate in the NIHSS score (∆NIHSS), 

and rate of patients with a modified Rankin Scale (mRS) 
score of ≤2 as treatment results.

For statistical analysis, Statflex version 6 (Artech Co., 
Ltd., Osaka, Japan) was used. Continuous variables were 
described as the mean±standard deviation or median 
(25–75 percentiles), and compared with Student’s t-test or 
Mann–Whitney U test, as appropriate. Category variables 
were described as the frequency and percentage, and com-
pared using χ2 or Fisher exact test as appropriate. A p value 
<0.05 was considered significant.

Results

(3) Calculation of the HSI ratio and establishment 
of cutoff values

The background of patients is shown in Table 1. A total of 
127 ischemic lesions were evaluated based on the 
ASPECTS+W. At the 127 points, the HSI ratio was calcu-
lated and the rate of RILs was evaluated. The rate of RILs 
to each control site is shown in Table 2. As control sites of 
the contralateral thalamus and contralateral caudate 
nucleus, RILs were observed at 27 sites. The contralateral 
cerebral cortex was selected as a control site, they were 
observed at 29 sites. There were no significant differences 
in the rate of RILs among the three control sites.

As shown in Fig. 4, the HSI ratio of RILs was compared 
with that of IILs. The contralateral thalamus was selected 
as a control site, the median HSI ratios on preoperative 

Table 1 Clinical characteristics of 35 patients

Age (years), mean (±standard deviation) 70.7±12.4
Male sex 20 (57.1)
Baseline NIHSS, median (IQR) 19 (11–23)
ASPECTS+W, median (IQR) 7 (7–9)
Location of occlusion
 ICA 8 (22.8)
 MCA-M1segment 17 (48.6)
 MCA-M2 segment 10 (28.6)
Ischemic stroke subtypes
 Cardioembolism 24 (68.6)
 ESUS 6 (17.1)
 Large artery atherosclerosis 5 (14.3)
Unclear-onset stroke 6 (17.1)
DWI to puncture time (minutes), median (IQR) 77 (61–93.5)
Puncture to recanalization time (minutes), median (IQR) 30 (24–38)
DWI to recanalization time (minutes), median (IQR) 110 (87.5–139)

Modified Rankin Scale%2 at discharge 22 (62.9)

Values are the number (%) except where indicated otherwise. ASPECST+W: Alberta Stroke 
Program Early Computed Tomography Score including the deep white matter; DWI: 
diffusion-weighted imaging; ESUS: embolic stroke of undetermined source; ICA: internal 
carotid artery; IQR: interquartile range; MCA: middle cerebral artery; NIHSS: National 
Institutes of Health Stroke Scale
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DWI of RILs and IILs were 1.18 (IQR: 1.12–1.20) and 
1.58 (IQR: 1.50–1.82), respectively (p <0.0001). The con-
tralateral caudate nucleus was selected as a control site, 
the values were 1.27 (IQR: 1.05–1.34) and 1.55 
(IQR: 1.43–1.67), respectively (p <0.0001). The contralat-
eral cerebral cortex was selected as a control site, the val-
ues were 1.29 (IQR: 1.06–1.35) and 1.54 (IQR: 1.42–1.66), 
respectively (p <0.0001). These HSI ratios were analyzed 
using ROC curves. The cutoff values of HSI ratios for the 
contralateral thalamus, contralateral caudate nucleus, and 
contralateral normal cerebral cortex were 1.37 (95% confi-
dence interval [CI]: 1.33–1.39), 1.44 (95% CI: 1.42–1.46), 
and 1.40 (95% CI: 1.38–1.42), respectively (Fig. 4). As 
there were no significant differences in the rate of RILs or 
distribution of DWI-ASPECTS among the control sites, 
then the mean cutoff value of these control sites (HSI ratio = 
1.40) was defined as the cutoff value of RILs.

(4) Clinical assessment based on the modified 
DWI-ASPECTS

In the 35 patients, ischemic lesions were reassessed using 
the modified DWI-ASPECTS in which ischemic lesions 
with an HSI ratio of <1.4 were excluded from the lesions 
with ASPECTS+W. The Modified group consisted of 20 
patients (57.1%) and the Unchanged group consisted of 15 
(42.9%). Furthermore, the median modified DWI- 
ASPECTS in the Modified group was 9 (IQR: 8–10).

As shown in Table 3, the background and treatment 
outcome were compared between the two groups. At the 
background, there were no significant differences in both 

groups. On the other hand, at the treatment outcome, there 
was no significant difference in the rate of patients with an 
mRS score of ≤2, but the NIHSS score after 24 hours was 
significantly lower (p = 0.007) and the ∆NIHSS was sig-
nificantly higher (p = 0.018) in the Modified group.

Discussion

In this study, we evaluated ischemic lesions using the modi-
fied DWI-ASPECTS, in which RILs with an HSI ratio of <1.4 
were excluded, and in these patients, complete recanalization 
was achieved with a median DTR of 110 minutes. As a result, 
neurological symptoms using the NIHSS score was signifi-
cantly more improved in the Modified group; hence, we sug-
gested that assessment of the modified DWI-ASPECTS more 
strictly reflects ischemic cores than of the ASPECTS+W.

Several studies reported that lower HSI areas included the 
penumbra even when HSI was detected on DWI in acute isch-
emic stroke, suggesting that the lower HSI values on DWI at 
b-1000 may be correlated the ischemic reversibility.2–4,6,7)

Sato et al.7) reported the evaluation of ischemic lesions 
using HSI ratio, in which the frontal horn of the lateral ven-
tricle, contralateral thalamus, and anatomical symmetric 
site were selected as control sites on DWI at b-1000 within 
3 hours after onset. They concluded that HSI ratio of <1.4 
on DWI at b-1000 before recanalization was reversibly 
correlated. In their report, reversibility was qualitatively 
evaluated based on the final extent of infarction on cere-
bral computed tomography (CT) or MRI one month after 
onset. In contrast, we quantitatively evaluated based on 

Table 2 Comparison of the reversible signal intensity lesion at the ASPECTS+W on each control sites

Location of  
DWI-ASPECTS

Contralateral thalamus  
(n=27/127)

Contralateral caudate 
head (n =27/127)

Contralateral cerebral  
cortex (n =29/127)

p value

Caudate 4/15 (26.7) 4/15 (26.7) 4/15 (26.7) p =1.00

Lentiform 2/14 (14.3) 2/14 (14.3) 2/14 (14.3) p =1.00

Internal capusule 2/5 (40) 2/5 (40) 2/5 (40) p =1.00

Insular ribbon 2/20 (10) 2/20 (10) 3/20 (10) p =0.38

M1 0/4 (0) 0/4 (0) 0/4 (0) p =1.00

M2 3/15 (20) 3/15 (20) 4/15 (26.7) p =0.38

M3 1/9 (11.1) 1/9 (11.1) 2/9 (22.2) p =0.75

M4 1/4 (25) 1/4 (25) 1/4 (25) p =1.00

M5 2/12 (16.7) 2/12 (16.7) 1/12 (8.3) p =0.79

M6 1/8 (12.5) 1/8 (12.5) 1/8 (12.5) p =1.00

Deep white matter 8/21 (38.1) 9/21 (42.9) 9/21 (42.9) p =0.94

Values are the number of reversible lesions / total ischemic lesions (%). M1: anterior middle cerebral artery (MCA) cortex, M2: MCA cortex lateral to the 
insular ribbon, M3: posterior MCA cortex, M4-6: immediately superior to M1, M2, and M3 rostral to basal ganglia. ASPECST+W: Alberta Stroke Program 
Early Computed Tomography Score including the deep white matter; DWI: diffusion-weighted imaging
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Fig. 4 Comparison of the HSI ratios of the ischemic lesions to each control site on preoperative DWI; (A) contralateral thala-
mus, (B) contralateral caudate head, and (C) contralateral normal cerebral cortex. Left: Box-plot showing the HSI ratio of RIL 
and IIL. Right: ROC curve analysis of the reversibility by each HSI ratio yielding the area under the curve, cutoff value, sensi-
tivity, and specificity. DWI: diffusion-weighted imaging; IIL: irreversible ischemic lesion; RIL: reversible ischemic lesions; ROC: 
receiver operating characteristic
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Table 3 Comparison of background and treatment effect between modified goup and unchanged group

Modified  
group (n = 20)

Unchanged
group (n = 15)

p-value

Backgound

  Age (years), mean (±standard deviation) 72.1 ± 12.3 68.9 ± 12.8 0.526

  Baseline NIHSS, median (IQR) 17.5 (10–22.3) 22 (16–23.5) 0.243

  ASPECTS+W, median (IQR) 7.5 (7–8.3) 7 (6-9) 0.463

  Picture(DWI) to recanalization time (minutes), median (IQR) 116.5 (97–141) 95 (82–121) 0.325

  Ischemic and hemorrhagic complications (PH type 2) 1 (5) 1 (7) 0.843

  Modified DWI-ASPECTS, median (IQR) 9 (8–10) − −
Treatment effect

  24-hour postoperative NHISS, median (IQR) 3 (2–8) 12 (5–19) 0.007∗

  ΔNIHSS, median (IQR) 10.5 (7–14.8) 5 (3.5–11) 0.018∗

  Modified Rankin Scale%2 at discharge 13 (65) 9 (60) 0.762

∗Significant. Values are the number (%) except where indicated otherwise. ∆NIHSS: change between initial and postoperative 
NIHSS score at 24 hours, PH type 2: parenchymal hematoma occupying 30% or more of the infarcted tissue with obvious mass 
effect. ASPECST+W: Alberta Stroke Program Early Computed Tomography Score including the deep white matter; DWI: 
 diffusion-weighted imaging; IQR: interquartile range; NIHSS: National Institutes of Health Stroke Scale

the preoperative and postoperative HSI ratios on DWI 
b-1000 in patients with acute ischemic stroke in whom 
complete recanalization was achieved. No study has exam-
ined the association between DWI reversibility and clinical 
symptoms in patients with acute ischemic stroke through 
quantitative assessment.

Previous studies reported that areas contralateral to a 
lesion were the most markedly correlated.7,8) In this study, 
the contralateral thalamus, contralateral caudate nucleus, 
and contralateral cerebral cortex were established as control 
sites, and there were no significant differences in reversibil-
ity among these control sites. Therefore, even if any area of 
the gray matter or basal ganglia is established as a control 
site, there may be no distinction. However, in some patients, 
the thalamus or caudate nucleus may also be influenced by 
old ischemic lesions or degenerative diseases; therefore, 
contralateral cerebral cortex, where widely plotting is pos-
sible was suitable for the control sites.

In some reports, HSI values were analyzed by outlining 
the regions of interest with a round or manually enclosed 
frame, and the mean SHI values in the frame is calcu-
lated.7,9,10) However, in the case of a complexly shaped 
HSI lesions, it is sometimes difficult to accurately extract 
only the ischemic lesions; this may lead to a measurement 
error. For this reason, plotting with points may facilitate 
the simple and accurate assessment of lesions. In this 
method, the accuracy of evaluation increases with the 
number of plots. On the other hand, we adopted a 
three-plotting assessment method to promptly evaluate 

lesions in the limited time of the acute ischemic stroke. As 
a result, there was an association between RILs and 
improvements of the NIHSS score; therefore, this method 
may be acceptable for assessment of the acute ischemic 
lesions.

Previously, mechanical thrombectomy was performed 
according to time-based indication criteria for many acute 
ischemic stroke with major artery occlusion.11–14) On the other 
hand, recent studies reported that the results of thrombectomy 
for patients with a small ischemic core were favorable even in 
those in whom the time of onset was unclear. In these studies, 
the indication of treatment was determined through tissue 
viability base assessment in consideration of the penumbra 
region based on DWI-perfusion or clinical-DWI mismatch 
(CDM).15–18) However, automated brain-imaging software, 
such as a RAPID (iSchema View Inc., Menlo Park, CA, 
USA), is required to evaluate these mismatches or measure 
the ischemic core volume, which is not always possible at all 
institutions. At our institution, such analytical software has 
not been introduced, and the indication of treatment is deter-
mined based on CDM using ASPECTS+W in patients with 
unknown time of onset. In this study, acute ischemic stroke 
patients with unknown time of onset also included, and the 
indication of thrombectomy for these patients was deter-
mined at the CDM; therefore, the initial to DWI time was 
not analyzed.

Dávalos et al. adopted an NIHSS score of ≥8 as an 
index of the severity of clinical symptoms and defined an 
ischemic core volume of <25 mL on DWI in the presence 
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