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Perfusion and Diffusion Variables Predict Early 
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Background and Purpose Patients with acute large vessel occlusion (LVO) presenting with mild 
stroke symptoms are at risk of early neurological deterioration (END). This study aimed to identify 
the optimal imaging variables for predicting END in this population.
Methods We retrospectively analyzed 94 patients from the prospectively maintained institutional 
stroke registry admitted between January 2011 and May 2019, presenting within 24 hours after on-
set, with a baseline National Institutes of Health Stroke Scale score ≤5 and anterior circulation LVO. 
Patients who underwent endovascular therapy before END were excluded. Volumes of Tmax delay (at 
>2, >4, >6, >8, and >10 seconds), mismatch (Tmax >4 seconds – diffusion-weighted imaging [DWI] 
and Tmax >6 seconds – DWI), and mild hypoperfusion lesions (Tmax 2–6 and 4–6 seconds) were 
measured. The association of each variable with END was examined using receiver operating charac-
teristic curves. The variables with best predictive performance were dichotomized at the cutoff point 
maximizing Youden’s index and subsequently analyzed using multivariable logistic regression.
Results END occurred in 39.4% of the participants. The optimal variables were identified as Tmax 
>6 seconds, Tmax >6 seconds – DWI, and Tmax 4–6 seconds with cut-off points of 53.73, 32.77, 
and 55.20 mL, respectively. These variables were independently associated with END (adjusted odds 
ratio [aOR], 12.78 [95% confidence interval (CI), 3.36 to 48.65]; aOR, 5.73 [95% CI, 2.04 to 16.08]; 
and aOR, 9.13 [95% CI, 2.76 to 30.17], respectively).
Conclusions Tmax >6 seconds, Tmax >6 seconds – DWI, and Tmax 4–6 seconds could identify pa-
tients at high risk of END following minor stroke due to LVO.
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Introduction

Patients presenting with mild symptoms of acute ischemic 
stroke are common and account for approximately half of all 
patients.1,2 Despite the perception that minor stroke is a benign 
condition, nearly one-third of patients have persistent disabili-
ty.3-5 In particular, up to 30% of minor strokes are caused by 

acute large vessel occlusion (LVO),1,6 and affected patients are 
at high risk of early neurological worsening and poor long-
term outcomes.7,8 

Whether endovascular therapy (EVT) is beneficial in minor 
stroke due to LVO is uncertain, as most large clinical trials for 
EVT excluded patients with a National Institutes of Health 
Stroke Scale (NIHSS) score of 5 or less,9-15 and several retro-
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spective studies have reported contradictory results on the ef-
fects of EVT in minor stroke.6,16-22 Therefore, it is crucial to 
identify patients who are most likely to benefit from EVT in mi-
nor stroke with LVO. 

Over half of minor stroke patients with LVO who were medi-
cally treated showed excellent outcomes at 3 months6,18-22 and 
appear to be inappropriate for EVT. Meanwhile, patients who 
experience neurological worsening during best medical treat-
ment show less favorable outcomes than those undergoing 
immediate EVT, even if they receive rescue EVT following clini-
cal deterioration.6,20,21 Thus, identifying patients who are likely 
to have early neurological deterioration (END) is clinically im-
portant, as immediate EVT may be considered as one of the 
treatment options in this patient group. 

Infarct growth in the same vascular territory is the most 
common mechanism of END.23 Theoretically, the transition from 
oligemic tissue to a functionally impaired state may lead to 
clinical deterioration. Based on this theory, those with a larger 
area of non-infarcted but hypoperfused tissue may be at greater 
risk of developing END. Imaging variables from perfusion-
weighted imaging (PWI) and diffusion-weighted imaging (DWI) 
could be potential surrogate markers for hypoperfused brain re-
gions. Using these variables, several studies have demonstrated 
that mismatch between PWI and DWI is associated with infarct 
growth24 and poor outcomes, including END.25,26 However, due 
to the heterogeneity of study participants in previous studies, 
whether these imaging variables predict END in patients with 
LVO presenting with mild symptoms remains unknown. We 
aimed to investigate the optimal imaging variables using PWI 
and DWI for the prediction of END in this population.

Methods

Study population
We retrospectively reviewed consecutive patients with isch-
emic stroke from our prospectively maintained institutional 
stroke registry. We identified patients who met the following 
inclusion criteria: (1) admission to Kyungpook National Univer-
sity Hospital between January 2011 and May 2019 (n=7,945); 
(2) arrival within 24 hours of the last known normal (n=5,465); 
(3) baseline NIHSS score of five or less (n=3,001); (4) pre-stroke 
modified Rankin Scale (mRS) of 0 or 1 (n=2,705); and (5) acute 
LVO in the anterior circulation (defined by occlusion of the in-
tracranial internal carotid artery, proximal segment of the mid-
dle cerebral artery [M1 or M2 trunk], or tandem occlusion) 
documented on the initial computed tomography angiography 
or magnetic resonance angiography (n=158). Patients with LVO 
due to moyamoya disease were excluded (n=15). Patients were 

also excluded if they were treated with EVT before END (n=14) 
or did not undergo PWI (n=35). Finally, 94 patients were eligi-
ble for analysis (Supplementary Figure 1). The study protocol 
was approved by the Institutional Review Board (IRB approval 
number: KNUH 2020-04-001). The need for informed consent 
was waived due to the retrospective nature of the study and 
the minimal risk to study participants. All study participants 
were fully anonymized.

Data collection
Baseline demographics and clinical characteristics were ob-
tained from the institutional stroke registry database or through 
a review of electronic medical records. The following variables 
were collected: age, sex, baseline NIHSS score, onset-to-door 
time, pre-stroke mRS, stroke mechanism classified according to 
the Trial of ORG 10172 in Acute Stroke Treatment (TOAST) cri-
teria with some modifications,27 occluded vessel location, hy-
pertension, diabetes mellitus, hyperlipidemia, atrial fibrillation, 
myocardial infarction or angina, history of smoking, baseline 
blood pressure, type of recanalization therapy, and laboratory 
data including baseline leukocyte count, hemoglobin, hemato-
crit, platelet count, erythrocyte sedimentation rate, C-reactive 
protein, fibrinogen, and glucose level. 

Ischemic core lesions identified on DWI were measured using 
an automated software program with minimal manual editing 
(Olea Sphere 3.0, SP6, Olea Medical, La Ciotat, France). Dynamic 
susceptibility PWI was performed, and the Tmax value of the 
residue function generated by deconvolution was obtained. The 
Tmax delay volumes (Tmax >2, 4, 6, 8, and 10 seconds) were 
measured using the same program. The Tmax delay lesion of the 
optimal threshold was determined as a critical hypoperfusion le-
sion reflecting its association with neurological worsening. Mis-
match volumes (Tmax >4 seconds – DWI volume and Tmax >6 
seconds – DWI volume) and mild hypoperfusion lesions where 
perfusion deficits were milder than the penumbra28,29 (Tmax 2–6 
seconds and Tmax 4–6 seconds) were also recorded. 

The outcome variables, including END and unfavorable func-
tional outcome (defined as an mRS of 2 to 6) at 3 months were 
collected. To capture neurological worsening sensitively and 
exclude systemic causes, we defined END as any new neuro-
logical symptom or any neurological worsening with an in-
crease in the total NIHSS score of 2 or more, or an increase in 
the motor score (5a-6b) of one or more within 72 hours of 
stroke onset.30-32 It was immediately documented by the on-
duty neurologist or attending physician.

Statistical analysis
Data are summarized as number (%), mean±standard devia-
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tion, or median (interquartile range [IQR]). Comparisons of 
variables between the groups with or without END were made 
using Student’s t-test or the Mann-Whitney U test for contin-
uous variables, and Pearson’s chi-square test or Fisher’s exact 
method for categorical variables, as appropriate. In addition, 
the association of END with unfavorable outcomes was tested 
using Pearson’s chi-square test.

The optimal threshold for the Tmax delay lesion was defined 
as that showing the best predictive performance for END and 
was determined using receiver operating characteristic (ROC) 
curve analysis. For the variables of mismatch volume and mild 
hypoperfusion lesions of each Tmax threshold, the optimal 
threshold was also obtained in the same way. Furthermore, 
these continuous variables were dichotomized at the cutoff 
point maximizing Youden’s index (sensitivity+specificity–1).33 
The best thresholds of Tmax delay lesion (critical hypoperfusion 
lesion), mismatch volume, and mild hypoperfusion lesion were 
subsequently analyzed to derive predictive models using multi-
variable logistic regression analysis. 

Univariable logistic regression analyses were performed to 
examine the associations of critical hypoperfusion lesions, mis-
match volumes, and mild hypoperfusion lesions with clinical 
outcomes. All variables that were different between the two 
groups (defined as P<0.1) were then included in the backward 
stepwise multivariable logistic regression analyses to adjust for 
the effects of confounding variables. To avoid multicollinearity 
among the imaging variables, critical hypoperfusion lesions, 
mismatch volumes, and mild hypoperfusion lesions were tested 
in separate models. A two-sided P-value <0.05 was considered 
statistically significant. All statistical analyses were performed 
using SPSS version 25.0 (IBM Co., Armonk, NY, USA).

Results

A total of 94 patients with acute LVO presenting with mild 
symptoms were included in this study. Among them, 37 
(39.4%) patients experienced END. In all cases, the mechanism 
of END was progressive stroke in the same vascular territory. 
Baseline demographics and clinical characteristics are shown 
in Table 1. We found no statistical difference in the baseline 
characteristics between the groups with or without END, ex-
cept for onset-to-door time and type of recanalization therapy. 
The onset-to-door time (hours) was shorter in patients with 
END (2.50 [IQR, 1.45 to 9.33]) than in those without END (4.28 
[IQR, 1.58 to 13.67]; P=0.019). Patients who experienced END 
were more frequently treated with intravenous tissue-type 
plasminogen activator (tPA; 54.1%) than patients without END 
(14.0%; P<0.001). The PWI and DWI variables are presented in 

Table 2. Initial hypoperfusion lesion volumes with a Tmax 
threshold of >4, >6, >8, and >10 seconds were larger in the 
END group than in the non-END group. Mismatch volumes 
with a Tmax threshold >4 and >6 seconds and mild hypoperfu-
sion lesion of Tmax 4–6 seconds were also larger in the END 
group. Patients with END were more likely to have an unfavor-
able outcome at 3 months than those without END (35.1% vs. 
7.0%, P=0.001). Of the patients with END, 62.2% (23/37) re-
ceived EVT following neurological worsening (Table 1). Howev-
er, 30.4% (7/23) of these patients showed unfavorable out-
comes at 3 months despite rescue EVT.

The ROC analysis of imaging variables for each threshold and 
their association with END identified Tmax >6 seconds, Tmax 
>6 seconds – DWI, and Tmax 4–6 seconds as the optimal val-
ues for further analysis (area under the curve=0.725 [95% 
confidence interval (CI), 0.622 to 0.829; P<0.001]; 0.753 [95% 
CI, 0.654 to 0.852; P<0.001]; and 0.648 [95% CI, 0.535 to 
0.762; P=0.016], respectively). Based on Youden’s Index, the 
optimal volume of Tmax >6 seconds for predicting END was 
≥53.73 mL, Tmax >6 seconds – DWI was ≥32.77 mL, and Tmax 
4–6 seconds was ≥55.20 mL (Table 3).

In the univariate logistic regression analysis, patients who 
had a Tmax >6 seconds of ≥53.73 mL (the group with a large 
critical hypoperfusion lesion volume) were more likely to expe-
rience END than those with a Tmax >6 seconds of <53.73 mL 
(odds ratio [OR], 6.77; 95% CI, 2.44 to 18.77; P<0.001) (Table 
4). In addition, patients who had a mismatch volume ≥32.77 
mL (the mismatch pattern group) and mild hypoperfusion le-
sion of Tmax 4–6 seconds ≥55.20 mL (the group with a large 
mild hypoperfusion lesion volume) were more likely to experi-
ence END (OR, 5.34 [95% CI, 2.17 to 13.11; P<0.001] and 4.21 
[95% CI, 1.75 to 10.15; P=0.001], respectively). Due to the 
multicollinearity of these variables, each imaging variable was 
tested in a separate multivariable logistic regression model. In 
model 1, adjusting for the difference in variables between the 
two groups, patients with large critical hypoperfusion lesion 
volumes were still significantly more likely to experience END 
(adjusted OR [aOR], 12.78; 95% CI, 3.36 to 48.65; P<0.001). 
Furthermore, the association between the mismatch pattern 
and END remained significant in model 2 (aOR, 5.73; 95% CI, 
2.04 to 16.08; P=0.001). In model 3, patients with large mild 
hypohypoperfusion lesion volumes were independently associ-
ated with END (aOR, 9.13; 95% CI, 2.76 to 30.17; P<0.001). 
Those who received tPA also showed an independent associa-
tion with END in all models. 

Large critical hypoperfusion lesion volume, mismatch pat-
tern, and large mild hypoperfusion lesion volume were associ-
ated with increased odds of an unfavorable outcome at 3 
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months (OR, 11.82 [95% CI, 3.55 to 39.29; P<0.001]; OR, 5.69 
[95% CI, 1.69 to 19.13; P=0.005]; and OR, 4.44 [95% CI, 1.42 
to 13.95; P=0.011], respectively) (Table 5). We also found that 
these variables were independently associated with an unfa-

vorable outcome at 3 months, even after adjusting for con-
founding variables (aOR, 23.72 [95% CI, 4.79 to 117.47; 
P<0.001]; aOR, 12.47 [95% CI, 2.43 to 64.09; P=0.003]; and 
aOR, 5.61 [95% CI, 1.56 to 20.19; P=0.008], respectively). Oth-

Table 1. Baseline characteristics of the patients

Characteristic All (n=94) END (n=37) Non-END (n=57) P

Age (yr) 66.9±13.0 67.2±11.8 66.8±13.9 0.875

Men 49 (52.1) 16 (43.2) 33 (57.9) 0.165

Baseline NIHSS 2.12±1.63 2.08±1.64 2.14±1.64 0.865

Onset-to-door time (hr) 3.23 (1.45–9.33) 2.50 (1.09–5.10) 4.28 (1.58–13.67) 0.019

Pre-stroke mRS 0.377

0 80 (85.1) 30 (81.1) 50 (87.7)

1 14 (14.9) 7 (18.9) 7 (12.3)

Stroke mechanism 0.448

LAA 42 (44.7) 15 (40.5) 27 (47.4)

CE 36 (38.3) 17 (47.2) 19 (33.3)

Other determined 0 (0) 0 (0) 0 (0)

Undetermined 16 (17.0) 5 (13.5) 11 (19.3)

Site of occlusion 0.553

Intracranial ICA 7 (7.4) 4 (10.8) 3 (5.3)

Tandem 6 (6.4) 3 (8.1) 3 (5.3)

MCA M1 44 (46.8) 18 (48.6) 26 (45.6)

MCA M2 trunk 37 (39.4) 12 (32.4) 25 (43.9)

Hypertension 63 (67.0) 28 (75.7) 35 (61.4) 0.150

Diabetes mellitus 25 (26.6) 12 (32.4) 13 (22.8) 0.302

Hyperlipidemia 37 (39.4) 17 (45.9) 20 (35.1) 0.292

Atrial fibrillation 26 (27.7) 11 (29.7) 15 (26.3) 0.718

MI or angina 9 (9.6) 3 (8.1) 6 (10.5) 1.000

Prior stroke 11 (11.7) 4 (10.8) 7 (12.3) 1.000

Smoking 19 (20.2) 6 (16.2) 13 (22.8) 0.437

SBP (mm Hg) 157.2±31.1 151.4±30.8 161.0±31.0 0.143

DBP (mm Hg) 86.6±17.0 86.7±15.2 86.5±18.2 0.961

Leukocyte count (n/μL) 8,075.1±2,324.8 8,358.6±2,268.8 7,891.1±2,361.9 0.343

Hemoglobin (g/dL) 13.7±1.5 13.7±1.4 13.7±1.6 0.983

Hematocrit (%) 39.9±4.1 39.8±3.6 40.0±4.5 0.835

Platelet count (n/μL) 245,053±74,857 257,730±72,276 236,825±75,978 0.187

ESR (mm/hr) 10.0 (5.0–19.0) 9.0 (5.0–19.0) 11.0 (5.5–19.0) 0.645

CRP (mg/dL) 0.25 (0.08–0.34) 0.29 (0.06–0.29) 0.24 (0.09–0.42) 0.660

Fibrinogen (mg/dL) 287.2±82.7 301.2±98.2 278.1±70.4 0.221

Baseline glucose (mg/ dL) 143.8±51.4 152.2±49.8 138.2±52.1 0.201

Type of recanalization therapy

IV tPA 28 (29.8) 20 (54.1) 8 (14.0) <0.001

Rescue EVT 23 (24.5) 23 (62.2) 0 (0) <0.001

Values are presented as mean±standard deviation, number (%), or median (interquartile range).
END, early neurological deterioration; NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin Scale; LAA, large artery atherosclerosis; CE, 
cardioembolism; ICA, internal carotid artery; MCA, middle cerebral artery; MI, myocardial infarction; SBP, systolic blood pressure; DBP, diastolic blood pressure; 
ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; IV tPA, intravenous tissue-type plasminogen activator; EVT, endovascular therapy.
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er variables, including pre-stroke mRS in all three models and 
baseline glucose in models 2 and 3, were independent predic-
tors of an unfavorable outcome at 3 months.

Discussion

This study shows that END occurs frequently (39.4%) in pa-

Table 2. Perfusion- and diffusion-weighted imaging variables

Variable All (n=94) Patients with END (n=37) Patients without END (n=57) P

Initial DWI volume (mL) 1.34 (0.00–5.61) 0.56 (0.00–3.87) 1.87 (0.45–5.88) 0.054

Tmax >2 sec (mL) 217.62 (156.56–274.25) 243.66 (153.83–297.30) 202.64 (157.97–272.31) 0.091

Tmax >4 sec (mL) 84.24 (47.78–120.57) 108.33 (64.04–165.55) 65.60 (41.43–95.93) <0.001

Tmax >6 sec (mL) 28.97 (10.15–56.67) 40.93 (22.43–67.57) 21.38 (3.31–42.65) <0.001

Tmax >8 sec (mL) 12.53 (0.00–25.10) 21.34 (4.16–41.56) 7.63 (0.00–18.73) 0.001

Tmax >10 sec (mL) 3.85 (0.00–12.70) 11.08 (0.00–17.50) 0.00 (0.00–8.74) 0.005

Tmax >4 sec – DWI (mL) 75.21 (43.27–118.17) 105.70 (64.00–162.93) 63.17 (34.99–90.24) <0.001

Tmax >6 sec – DWI (mL) 24.96 (6.45–46.25) 40.93 (19.53–63.21) 16.25 (1.00–34.93) <0.001

Tmax 2–6 sec (mL) 185.54 (131.62–229.11) 198.02 (122.93–227.93) 184.90 (134.13–229.69) 0.998

Tmax 4–6 sec (mL) 47.19 (28.10–76.63) 62.08 (33.46–81.68) 42.03 (24.06–67.48) 0.004

Values are presented as median (interquartile range).
END, early neurological deterioration; DWI, diffusion-weighted imaging.

Table 3. Receiver operating characteristic curve analysis of imaging variables of each threshold for predicting early neurological deterioration

Imaging variable AUC 95% CI Youden’s Index Sensitivity Specificity P

Tmax delay

>2 sec 0.585 0.461–0.709 0.22 0.57 0.65 0.165

>4 sec 0.710 0.601–0.818 0.36 0.49 0.88 0.001

>6 sec 0.725 0.622–0.829 0.36 0.49 0.88 <0.001

>8 sec 0.703 0.593–0.813 0.35 0.60 0.75 0.001

>10 sec 0.665 0.548–0.781 0.34 0.57 0.77 0.007

Mismatch volume

Tmax >4 sec – DWI 0.718 0.611–0.825 0.37 0.54 0.83 <0.001

Tmax >6 sec – DWI 0.753 0.654–0.852 0.40 0.68 0.72 <0.001

Mild hypoperfusion lesion

Tmax 2–6 sec 0.509 0.388–0.631 0.15 0.51 0.63 0.880

Tmax 4–6 sec 0.648 0.535–0.762 0.34 0.62 0.72 0.016

AUC, area under the curve; CI, confidence interval; DWI, diffusion-weighted imaging.

Table 4. Logistic regression analysis investigating the association between clinical and imaging variables and early neurological deterioration

Variable
Crude OR  
(95% CI)

P
Adjusted OR  

(95% CI) Model 1
P

Adjusted OR  
(95% CI) Model 2

P
Adjusted OR  

(95% CI) Model 3
P

Tmax >6 sec* 6.77 (2.44–18.77) <0.001 12.78 (3.36–48.65) <0.001 NA NA NA NA

Tmax >6 sec – DWI† 5.34 (2.17–13.11) <0.001 NA NA 5.73 (2.04–16.08) 0.001 NA NA

Tmax 4–6 sec‡ 4.21 (1.75–10.15) 0.001 NA NA NA NA 9.13 (2.76–30.17) <0.001

Onset-to-door time (hr) 0.89 (0.81–0.97) 0.008 NA NA NA NA NA NA

IV tPA 7.21 (2.68–19.36) <0.001 7.68 (2.52–23.43) <0.001 5.97 (2.05–17.40) 0.001 14.94 (4.18–53.33) <0.001

Initial DWI volume (mL) 0.95 (0.88–1.03) 0.239 0.88 (0.78–1.001) 0.052 0.92 (0.82–1.03) 0.131 NA NA

Model 1 was adjusted for Tmax >6 seconds ≥53.73 mL, onset-to-door time, IV tPA, and initial DWI volume; Model 2 was adjusted for Tmax >6 seconds – DWI 
≥32.77 mL, onset-to-door time, IV tPA, and initial DWI volume; Model 3 was adjusted for Tmax 4–6 seconds ≥55.20 mL, onset-to-door time, IV tPA, and initial 
DWI volume.
OR, odds ratio; CI, confidence interval; NA, not applicable; DWI, diffusion-weighted imaging; IV tPA, intravenous tissue-type plasminogen activator.
*Tmax >6 seconds volume over 53.73 mL; †Tmax >6 seconds – DWI volume over 32.77 mL; ‡Tmax 4–6 seconds volume over 55.20 mL.
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tients with minor stroke and LVO. The optimal imaging vari-
ables for predicting END were Tmax >6 seconds, Tmax >6 sec-
onds – DWI, and Tmax 4–6 seconds, respectively. Specifically, 
large critical hypoperfusion lesion volume (Tmax >6 seconds 
≥53.73 mL), mismatch pattern (Tmax >6 seconds – DWI ≥32.77 
mL), and large mild hypoperfusion lesion volume (Tmax 4–6 
seconds ≥55.20 mL) were associated with END. These imaging 
variables were also associated with unfavorable functional 
outcomes at 3 months. 

Previous studies have demonstrated that a mismatch volume 
or ratio was associated with END.25,26 However, these studies 
enrolled patients regardless of LVO, and one included a patient 
with relatively severe stroke with an NIHSS score of ≥6.25 Ac-
cordingly, optimal imaging variables predicting END in minor 
stroke and LVO remain unknown. Although a recent study 
failed to find radiological predictors of END in a similar patient 
population, patients with END tended to have larger Tmax >6 
seconds lesion volumes,34 which is in line with our findings. The 
current and earlier studies suggest that critical hypoperfusion 
lesions on magnetic resonance imaging would reliably reflect 
collateral status,35,36 which is an important determinant of 
fluctuations of neurological status.37-39 In addition, our results 
suggest that mismatch lesions and mild hypoperfusion lesions 
could be another predictor of END, and these lesions are at risk 
of progressing to the infarct core in patients with minor stroke 
and acute LVO. Patients treated with tPA were also indepen-
dently related to END. However, the results should be inter-
preted with caution. As treatment strategies were determined 
at the discretion of the attending physicians, patients expected 
to have poorer outcomes may have had a higher chance of re-
ceiving tPA. Although not statistically significant, patients who 
received tPA had larger Tmax >6 seconds and Tmax >6 seconds 
– DWI volume than those who did not. Furthermore, patients 
treated with tPA had shorter onset-to-door times and thus re-
ceived medical attention for a longer time, and thus had a 

higher chance of neurological worsening being detected by 
physicians (Supplementary Table 1).32 

Given the association between END and perfusion status in 
patients with minor stroke and acute LVO, restoration of perfu-
sion deficits might be considered as a potential treatment 
strategy for patients at high risk of END. Since delaying EVT 
until neurologic worsening appears to reduce its beneficial ef-
fect,6,20,21 immediate EVT might be considered in cases of minor 
stroke and LVO with a large critical hypoperfusion lesion vol-
ume, mismatch pattern, or a large mild hypoperfusion lesion 
volume. Further well-designed clinical trials should be con-
ducted to prove the benefit of immediate EVT in minor stroke 
patients with a high risk of END.

Our study has several limitations. Due to its retrospective 
design, selection bias cannot be ruled out. Patients who were 
deemed to have neurological worsening were possibly treated 
with immediate EVT and excluded from this study (n=14). They 
had a larger mismatch volume between Tmax >6 seconds and 
DWI (median 51.98 mL [IQR, 25.61 to 129.21]) and Tmax >6 
seconds lesion volume (62.33 mL [IQR, 10.15 to 56.67]) (Sup-
plementary Tables 2 and 3). Despite this bias, END was fre-
quent (39.4%) in our study cohort. Another shortcoming may 
be unmeasured confounders. Further, as the perfusion status of 
each tissue may dynamically change over time in the acute 
stage of stroke,40 a single PWI snapshot may not accurately re-
flect temporal change and may be an inaccurate predictor. In 
addition, follow-up neuroimaging was not available in most 
patients, and therefore we were not able to consider the effect 
of spontaneous recanalization on clinical outcomes.

Conclusions

In conclusion, our study showed that END was frequent in pa-
tients with minor stroke and acute LVO and could be predicted 
using perfusion/diffusion imaging variables. Tmax >6 seconds 

Table 5. Logistic regression analysis investigating the association between clinical and imaging variables and 3-month unfavorable outcome

Variable
Crude OR  
(95% CI)

P
Adjusted OR  

(95% CI) Model 1
P

Adjusted OR  
(95% CI) Model 2

P
Adjusted OR  

(95% CI) Model 3
P

Tmax >6 sec* 11.82 (3.55–39.29) <0.001 23.72 (4.79–117.47) <0.001 NA NA NA NA

Tmax >6 sec – DWI† 5.69 (1.69–19.13) 0.005 NA NA 12.47 (2.43–64.09) 0.003 NA NA

Tmax 4–6 sec‡ 4.44 (1.42–13.95) 0.011 NA NA NA NA 5.61 (1.56–20.19) 0.008

Baseline glucose (/5 mg/dL) 1.05 (1.00–1.10) 0.051 NA NA 1.06 (1.002–1.12) 0.044 1.06 (1.01–1.12) 0.032

Pre-stroke mRS 4.71 (1.37–16.18) 0.014 13.78 (2.31–82.14) 0.004 14.32 (2.49–82.44) 0.003 6.67 (1.66–26.79) 0.007

Model 1 was adjusted for Tmax >6 seconds ≥53.73 mL, baseline glucose, and pre-stroke mRS; Model 2 was adjusted for Tmax >6 seconds – DWI ≥32.77 mL, 
baseline glucose, and pre-stroke mRS; Model 3 was adjusted for Tmax 4–6 seconds ≥55.20 mL, baseline glucose, and pre-stroke mRS.
OR, odds ratio; CI, confidence interval; NA, not applicable; DWI, diffusion-weighted imaging; mRS, modified Rankin Scale.
*Tmax >6 seconds volume over 53.73 mL; †Tmax >6 seconds – DWI volume over 32.77 mL; ‡Tmax 4–6 seconds volume over 55.20 mL.
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≥53.73 mL, Tmax >6 seconds – DWI ≥32.77 mL, and Tmax 4–6 
seconds ≥55.20 mL were independently associated with END 
and unfavorable functional outcomes at 3 months. These 
thresholds could be considered as reference values to select 
candidates for immediate EVT in minor stroke patients at a 
high risk of END to improve outcomes.

Supplementary materials

Supplementary materials related to this article can be found 
online at https://doi.org/10.5853/jos.2020.01466.
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Supplementary Table 1. Patients’ characteristics by IV tPA status

Characteristic IV tPA (n=28) No IV tPA (n=66) P

Baseline NIHSS 2.04±1.71 2.15±1.61 0.755

Onset-to-door time (hr) 1.33 (0.89–2.20) 5.36 (2.38–13.38) <0.001

Site of occlusion 0.134

Intracranial ICA 0 (0) 7 (10.6)

Tandem 1 (3.6) 5 (7.6)

MCA M1 12 (42.9) 32 (48.5)

MCA M2 trunk 15 (53.6) 22 (33.3)

Baseline glucose (mg/dL) 144.2±53.5 143.6±50.9 0.963

Initial DWI volume (mL) 0.52 (0.00–5.97) 1.53 (0.17–5.52) 0.380

Tmax >6 sec (mL) 40.62 (15.86–57.96) 25.47 (5.23–52.30) 0.383

Tmax >6 sec – DWI (mL) 37.42 (12.36–54.64) 21.79 (3.18–41.37) 0.298

Tmax 4–6 sec (mL) 35.09 (26.34–83.93) 51.16 (28.42–81.39) 0.185

Values are presented as mean±standard deviation, median (interquartile range), or number (%).
IV tPA, intravenous tissue-type plasminogen activator; NIHSS, National Institutes of Health Stroke Scale; ICA, internal carotid artery; MCA, middle cerebral 
artery; DWI, diffusion-weighted imaging.
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Supplementary Table 2. Baseline demographics of enrolled patients and patients who underwent EVT before END

Variable Enrolled patients (n=94) Excluded patients: EVT before END (n=14) P

Age (yr) 66.9±13.0 67.5±15.0 0.887

Men 49 (52.1) 10 (71.4) 0.176

Baseline NIHSS 2.12±1.63 3.93±1.49 <0.001

Onset-to-door time (hr) 3.23 (1.45–9.33) 2.93 (0.65–5.00) 0.141

Pre-stroke mRS 1.000

0 80 (85.1) 12 (85.7)

1 14 (14.9) 2 (14.3)

Stroke mechanism 0.705

LAA 42 (44.7) 5 (35.7)

CE 36 (38.3) 7 (50.0)

Other determined 0 (0) 0 (0)

Undetermined 16 (17.0) 2 (14.3)

Site of occlusion 0.020

Intracranial ICA 7 (7.4) 0 (0.0)

Tandem 6 (6.4) 3 (21.4)

MCA M1 44 (46.8) 10 (71.4)

MCA M2 trunk 37 (39.4) 1 (7.1)

Hypertension 63 (67.0) 9 (64.3) 1.000

Diabetes mellitus 25 (26.6) 3 (21.4) 1.000

Hyperlipidemia 37 (39.4) 4 (28.6) 0.438

Atrial fibrillation 26 (27.7) 5 (35.7) 0.538

MI or angina 9 (9.6) 1 (7.1) 1.000

Prior stroke 11 (11.7) 2 (14.3) 0.675

Smoking 19 (20.2) 4 (28.6) 0.491

SBP (mm Hg) 157.2±31.1 160.0±35.4 0.869

DBP (mm Hg) 86.57±17.0 88.9±12.4 0.699

Leukocyte count (n/μL) 8,075.1±2,324.8 8,581.4±3,376.1 0.883

Hemoglobin (g/dL) 13.7±1.5 12.9±3.5 0.998

Hematocrit (%) 39.9±4.1 39.5±4.1 0.855

Platelet count (n/μL) 245,053±74,857 209,143±58,010 0.075

ESR (mm/hr) 10.0 (5.0–19.0) 5.0 (2.0–12.5) 0.036

CRP (mg/dL) 0.25 (0.08–0.34) 0.16 (0.09–0.30) 0.922

Fibrinogen (mg/dL) 287.2±82.7 268.3±66.8 0.539

Baseline glucose (mg/dL) 143.8±51.4 149.0±75.0 0.991

Type of recanalization therapy

 IV tPA 28 (29.8) 4 (28.6) 1.000

Rescue EVT 23 (24.5) 14 (100.0) <0.001

Values are presented as mean±standard deviation, number (%), or median (interquartile range).
EVT, endovascular therapy; END, early neurological deterioration; NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin Scale; LAA, large 
artery atherosclerosis; CE, cardioembolism; ICA, internal carotid artery; MCA, middle cerebral artery; MI, myocardial infarction; SBP, systolic blood pressure; 
DBP, diastolic blood pressure; ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; IV tPA, intravenous tissue-type plasminogen activator.
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Supplementary Table 3. Imaging variables of enrolled patients and patients who underwent EVT before END

Variable Enrolled patients (n=94) Excluded patients: EVT before END* P

Initial DWI volume (mL) 1.34 (0.00–5.61) 3.45 (1.46–7.80) 0.065

Tmax >2 sec (mL) 217.62 (156.56–274.25) 273.00 (215.14–357.00) 0.044

Tmax >4 sec (mL) 84.24 (47.78–120.57) 128.65 (77.16–208.59) 0.013

Tmax >6 sec (mL) 28.97 (10.15–56.67) 62.33 (28.81–131.16) 0.018

Tmax >8 sec (mL) 12.53 (0.00–25.10) 32.46 (3.47–77.81) 0.080

Tmax >10 sec (mL) 3.85 (0.00–12.70) 16.41 (0.00–45.91) 0.082

Tmax >4 sec – DWI (mL) 75.21 (43.27–118.17) 128.65 (72.89–206.64) 0.017

Tmax >6 sec – DWI (mL) 24.96 (6.45–46.25) 51.98 (25.61–129.21) 0.024

Tmax 2–6 sec (mL) 185.54 (131.62–229.11) 198.23 (154.99–233.46) 0.709

Tmax 4–6 sec (mL) 47.19 (28.10–76.63) 60.11 (45.70–76.88) 0.353

Values are presented as median (interquartile range).
EVT, endovascular therapy; END, early neurological deterioration; DWI, diffusion-weighted imaging.
* Of the 14 excluded patients who received EVT before END, those who had missing data on DWI (n=1) and perfusion variables (n=5) were excluded from the 
corresponding analysis.
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Supplementary Figure 1. Flowchart of patient screening and enrollment. NIHSS, National Institutes of Health Stroke Scale; mRS, modified Rankin Scale; 
LVO, large vessel occlusion; IC-ICA, intracranial internal carotid artery; MCA, middle cerebral artery; EVT, endovascular treatment; END, early neurological de-
terioration; PWI, perfusion-weighted imaging.

158 From January 2011 to May 2019
(1) Acute ischemic stroke patients
(2) Onset to arrival within 24 hours
(3) Baseline NIHSS score of 5 or less
(4) Pre-stroke mRS of 0 or 1
(5) LVO in the anterior circulation (IC-ICA, MCA M1, M2 trunk, or tandem occlusion)

64 Excluded

15 Moyamoya disease
14 EVT before END
35 Unmeasurable PWI

n=94

37 Patients
with END

57 Patients
without END


