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Abstract
Aims: The aim of this study was to explore the interaction between reperfusion and 
treatment time on the outcomes of patients undergoing endovascular treatment pre-
senting within 24 h of last known well, and to compare the predictive ability of differ-
ent reperfusion measurements on outcomes.
Methods: Eligible patients from a single-center cohort were enrolled in this study. 
Reperfusion was assessed using reperfusion index (decreased volume of hypoperfu-
sion lesion compared with baseline) measured by repeated perfusion imaging, and 
modified treatment in cerebral ischemia score measured by digital subtraction angiog-
raphy, respectively. The interactions between reperfusion measurements and treat-
ment time on outcomes were explored using multivariate-adjusted logistic and linear 
regression models. The predictive abilities of reperfusion measurements on outcomes 
were compared using area under the receiver operating characteristic curve (ROC-
AUC) and values of R-square.
Results: Reperfusion index and treatment time had significant interactions on 
3-month modified Rankin Scale (mRS) 0–2 and infarct growth (p for interaction 
<0.05). Although the AUCs were statistically similar (AUCs of mRS 0–2 predic-
tion, mTICI≥2b:0.63, mTICI≥2c:0.59, reperfusion index≥0.5:0.66, reperfusion index 
≥0.9:0.73, P value of any of the two AUCs >0.05), reperfusion index≥0.9 showed the 
highest R-square values in outcome prediction (R-square values of 3-month mRS 0–2 
and infarct growth = 0.21) among all the reperfusion measurements.
Conclusion: Treatment time mitigated the effect of reperfusion on outcomes of pa-
tients receiving endovascular treatment within 24 h of last known well. Reperfusion 
index≥0.9 might serve as a better proxy of good outcomes compared with other rep-
erfusion measurements.
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1  |  INTRODUC TION

Emergent endovascular treatment (EVT) has been a routine prac-
tice for acute large vessel occlusion (LVO) patients presenting within 
24 hours of last known well (LKN).1,2 Reperfusion is the key deter-
minant of EVT efficacy, and is time-dependent with greater bene-
fit of earlier treatment in patients punctured within 12 h of LKN.3–8 
However, a post hoc analysis of the Diffusion and Perfusion Imaging 
Evaluation for Understanding Stroke Evolution 2 (DEFUSE 2) study 
has shown that the benefit of EVT would not be undermined by de-
layed time in patients with imaging selection,9 where the number of 
patients with good collaterals, also known as the “slow progressors” 
increases with time.3,10 Whereas, there are odds where collateral 
flow can fail over time even for patients showing benign perfu-
sion profiles.11 Additionally, the stringent target mismatch criteria 
in DEFUSE serious studies12,13 combining mismatch ratio, volume 
of core, penumbra, and areas with severe delay are hard to strictly 
follow under real-world clinical practice, with which a considerable 
number of patients will be ruled out. Therefore, we hypothesized 
that reperfusion and treatment time had interactions on outcomes 
in patients undergoing EVT within 24 h of LKN in real-world practice.

Reperfusion restoration measured by repeated perfusion im-
aging and modified treatment in cerebral ischemia (mTICI) score 
measured by digital subtraction angiography (DSA) imaging are the 
two major measurements of reperfusion status post-EVT.12,14,15 
Nevertheless, few studies directly compare the predictive ability of 
these two measurements in outcome prediction.16

Imaging and clinical analysis of real-world EVT patient data who 
follow a more flexible mismatch standard of imaging selection can 
provide a unique prospective of associations between treatment 
time and outcomes, as well as the prediction ability of different 
reperfusion measurements. Therefore, using the data of a single-
center cohort of EVT patients who presented within 24 h of LKN, 
the aim of this study was to (1) explore the interaction between the 
various treatment time metrics and reperfusion on different out-
comes and (2) to compare the predictive performance of different 
reperfusion measurements obtained by repeated perfusion imaging 
and DSA on outcomes.

2  |  METHODS

2.1  |  Patient selection

Consecutive acute ischemic stroke patients within 24 h of LKN ad-
mitted to the Department of Neurology, Huashan Hospital from 
April 2015 to February 2021 were prospectively registered. Patients 
meeting the following criteria were retrospectively enrolled in this 
study: (1) underwent complete baseline multimodal computed to-
mography (CT) imaging, including noncontrast CT (NCCT), CT per-
fusion (CTP), CT angiography (CTA); (2) had large vessel occlusion/ 
severe stenosis of anterior cerebral circulation (Severe stenosis was 
defined as >50% stenosis of the vessel caliber in CTA referred to the 

diameter of the ipsilateral adjacent contact segment); (3) had com-
plete baseline clinical profiles and 3-month follow-up; (4) underwent 
emergent EVT; (5) had repeated CTP scan within 24–48 h post-EVT 
and follow-up noncontrast CT or diffusion-weighted imaging (DWI) 
within 7 days post-EVT. Written informed consent was obtained 
from each participant for data collection, analysis, and publish-
ment. The study was approved by the ethics committee of Huashan 
Hospital, Fudan University. The primary outcome of this study was 
3-month good functional outcome, defined as a modified Rankin 
scale (mRS) of 0–2. The secondary outcome was infarct growth.

All of the AIS patients within 24 h of LKN arriving at the emer-
gency room (ER) of Huashan Hospital routinely underwent multi-
modal imaging scan for perfusion and angiographic evaluation if the 
patients had no contraindication for contrast agent injection. Before 
April 2018, only patients presenting within 6 h from LKN were con-
sidered eligible for EVT, after which the time window was extended 
to 24 h. All the perfusion images were real-time postprocessed by 
MIStar (Apollo Medical Imaging Technology) with single value de-
convolution with delay and dispersion correction. Only patients with 
a mismatch ratio (volume of hypoperfused leison /core volume) > 1.2 
were considered candidates for EVT. For patients with a baseline 
core volume larger than 70 ml, whether they were eligible for EVT 
was depended on the comprehensive judgment of the stroke neurol-
ogists and neurointerventionists taking the demographic and clinical 
characteristics into consideration. The following time points were 
recorded for each patient: time of LKN, time of arrival at the ER, time 
of baseline multimodal imaging, time of groin puncture, and time of 
reperfusion (for patients who achieved at least partial reperfusion). 
The following time intervals were calculated for the interactions 
between reperfusion measurements: Time from LKN to ER arrival, 
time from LKN to acute multimodal imaging, time from LKN to groin 
puncture and time from LKN to reperfusion. Patients who arrived 
within 4.5 h of LKN were thrombolyzed with intravenous rtPA ac-
cording to the latest Chinese guidelines of management of acute 
ischemic stroke. Patients underwent 24–48-hour NCCT and CTP 
scan post-EVT if there was no contraindication.

2.2  |  Imaging protocol and imaging analysis

For baseline and 24–48-hour multimodal CT scan, a 64-slice detector 
scanner (Discovery CT750 HD; GE Medical Systems) was used. The 
scanning parameters were as follows: Jog mode, 80 kVp/220 mAs; 
26 cycles for 42 s; 312 slices. A dual-head power injector (Stellant 
Injection System; Medrad Inc., Indianola) was used to inject 40 ml 
of a nonionic contrast medium (Ultravist, iodine 370 mg I/mL; Bayer 
Healthcare) at 4.5 ml/s, followed by 20 ml saline. CTP scan was initi-
ated at 7 s after the contrast agent bolus. CTA with acquisition from 
aorta arc to vertex was performed immediately after perfusion CT. 
Brain standard reconstruction was then performed. To avoid radia-
tion exposure to the lens, the gantry angle was parallel to and above 
the orbital roof. Whether CTP and CTA were acquired before or after 
intravenous rtPA depended on the judgment of stroke neurologists.
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All patients underwent follow-up magnetic resonance imaging 
(MRI) scan within 7 days after stroke onset on a 3.0 T MRI scanner 
(Magnetom Verio; Siemens Healthcare) if there was no contraindica-
tion. The MRI imaging protocol included DWI and Fluid-Attenuation 
Inversion Recovery (FLAIR) imaging. Otherwise, head NCCT was 
conducted to assess the infarct volume.

All of the perfusion images were centrally re-analyzed using 
MIStar (Apollo Medical Imaging Technology, Melbourne) with 
single value deconvolution with delay and dispersion correction 
by a neurologist (Dr. Lan Hong) who was blinded to the analysis 
of DSA imaging and the clinical outcome of the patients when 
analyzing perfusion imaging. Hypoperfusion volume and core 
volume were calculated using previously validated thresholds 
(Hypoperfusion lesion: delay time [DT] > 3  s, Core: relative ce-
rebral blood flow[rCBF] < 30%).17 Reperfusion index was calcu-
lated using the following equation: (Hypoperfused lesionbaselineCTP 
– Hypoperfused lesion24-48hCTP)/ Hypoperfused lesionbaselineCTP. 
Reperfusion index≥0.5 was considered as major reperfusion,12 
and reperfusion index≥0.9 was considered as complete reper-
fusion.18 The final infarct volume (FIV) was also calculated using 
MIStar with planimetric techniques by semi-automatically drawing 
regions of interests (ROIs) in DWI/NCCT images. Infarct growth 
was calculated by subtracting baseline core volume from the final 
infarct volume. Imaging of DSA was centrally reviewed by a neu-
rointerventionist (Dr. YF Ling) with 2-year experience of neuroint-
ervention who was blinded to the reperfusion analysis and clinical 
outcome. Partial reperfusion was considered as mTICI score ≥ 2a. 
Major reperfusion was defined as mTICI score ≥ 2b, and complete 
reperfusion was defined as mTICI score ≥ 2c.15

2.3  |  Statistical analysis

Statistical analysis was performed using Stata v15.1 (StataCorp, 
College Station). Graphs were drawn using Stata v15.1 (StataCorp, 
College Station) and Prism v8.0 (GraphPad Software). A two-tailed 
p < 0.05 was considered as significant. Mean and standard deviation 
were used to describe continuous variables if normally distributed, 
or median and interquartile range (IQR) if skewedly distributed. 
Categorical variables were described using percentage. For con-
tinuous variables, normality was tested using Shapiro–Wilk test. 
Differences of demographic and clinical and imaging data were com-
pared using Student's t-test, Wilcoxon rank-sum test or Kruskal–
Wallis test for continuous variables, and χ2 test or Fisher's exact 
test for categorical variables. The correlation between any two 
continuous variables was tested using Spearman correlation coef-
ficient if not normally distributed, or Pearson correlation coefficient 
if normally distributed. The interaction between reperfusion index 
/ mTICI score and each time interval was tested using multivariate-
adjusted linear/logistic regression model adjusted by any baseline 
demographic, imaging and clinical variables that were significant in 
the univariate analysis or variables that were considered clinically 
relevant.

The predictive ability of reperfusion measurements, including 
major/complete reperfusion assessed by CTP/DSA on the func-
tional outcome was calculated using the area under the receiver 
operating characteristic curve (AUC-ROC) and compared using a 
method developed by Pepe et al. and Janes et al.19,20 adjusted for 
other baseline demographic, imaging and clinical variables that 
were significant in the univariate analysis or variables that were 
considered clinically relevant. Additionally, R-square values were 
also calculated using multivariate logistic regression models. The 
one with the highest AUC and R-square value was considered the 
best predictor of functional independency. For infarct growth, mul-
tivariate simple linear regression models were used to assess reper-
fusion measurements in infarct growth prediction. R-square values 
of the linear regression models were also provided to compare their 
predictive value.

In this study, any multivariate analysis concerning mRS 0–2 were 
adjusted by age and baseline National Institutes of Health Stroke 
Scale (NIHSS) score as statistically significant or clinically relevant 
baseline variables, and any multivariate analysis concerning infarct 
growth were adjusted by baseline core volume, history of diabetes 
mellitus and MR/NCCT scan as statistically significant or clinically 
relevant variables.

3  |  RESULTS

From April 2015 to February 2021, a total number of 870 patients 
with 24-hour of LKN were admitted to the Department of Neurology, 
Huashan Hospital. Among them, 194 patients underwent emergent 
EVT. After excluding 80 patients with incomplete clinical or imaging 
data and 41 patients with LVO of posterior circulation, a number of 
73 patients were included in this study. The mean (SD) age was 66.5 
(13.3) years old, with mean (SD) baseline NIHSS of 13.7 (5.0). The 
details of baseline and follow-up demographic, imaging and clinical 
outcomes were listed in Table 1.

3.1  |  Interaction between time intervals and major/
complete reperfusion on outcomes

Among all the baseline demographic, clinical and imaging data, 
only age was significantly different between patients with 3-
month mRS 0–2 and patients without 3-month mRS 0–2 in the 
univariate analysis. For treatment procedure metrics, more pa-
tients with 3-month mRS 0–2 achieved mTICI≥2b on the final 
angiographic run of DSA imaging. For the post-EVT metrics, pa-
tients with 3-month mRS 0–2 showed smaller infarct core volume 
and smaller volume of hypoperfusion lesion on the 24- to 48-hour 
perfusion CT, smaller final infarct volume on the follow-up DWI/
NCCT imaging scan, and a higher rate of reperfusion index≥0.5 
as well as reperfusion index≥0.9 (Table  S1). Therefore, age, to-
gether with baseline NIHSS, was entered in the multivariate-
adjusted models of 3-month mRS 0–2 as statistically significant or 
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clinically relevant baseline variables. As for the univariate analysis 
concerning infarct growth, only history of diabetes mellitus and 
baseline infarct core showed trend of significance among all the 
baseline variables (history of diabetes mellitus p = 0.06, baseline 
infarct core p = 0.05, Table S2). Therefore, baseline core volume, 
history of diabetes mellitus, and MR/NCCT scan were entered in 
the multivariate-adjusted model of infarct growth as statistically 
significant or clinically relevant baseline variables.

For all the time intervals, the interaction between time from 
LKN to groin puncture, time from LKN to multimodal imaging and 
reperfusion index on 3-month mRS 0–2 was statistically signifi-
cant, respectively (adjusted for age and baseline NIHSS, Time from 
LKN to multimodal imaging: p for interaction = 0.046, Figure 1A; 
time from LKN to groin puncture: p for interaction =0.035, 
Figure 1B). As for the prediction of infarct growth, the interaction 
between time from LKN to groin puncture, time from LKN to ER 
arrival, time from LKN to reperfusion and reperfusion index were 
statistically significant (adjusted for baseline core volume, history 
of diabetes mellitus and MR/NCCT scan, Time from LKN to ER 
arrival: P for interaction =0.04, Figure 1C; time from LKN to groin 
puncture: p for interaction = 0.02, Figure 1D; time from LKN to 
reperfusion: p for interaction =0.003, Figure  1E). No statistical 
significance was found between any time interval and mTICI score 
(Table S3).

TA B L E  1  Baseline and follow-up clinical and imaging data of the 
whole cohorta.

n = 73

Baseline Demographics

Age, median (IQR), yrs 66.5 (13.3)

Male 44 (60.3%)

Baseline Glucose, median (IQR), mmol/L 7.0 (6.2, 8.1)

Baseline SBP, mean (SD), mmHg (n = 92) 142.4 (22.3)

Baseline DBP, mean (SD), mmHg (n = 92) 84.1 (12.4)

Baseline NIHSS, mean (SD) 13.7 (5.0)

Medical History

History of smoking 27 (37.0%)

History of hypertension 39 (53.4%)

History of atrial fibrillation 22 (30.1%)

History of dyslipidemia 9 (12.3%)

History of diabetes mellitus 14 (19.2%)

Past history of stroke or TIA 14 (19.2%)

History of congestive heart failure 1 (1.4%)

History of ischemic heart disease 4 (5.5%)

Taking antiplatelet prior to stroke 13 (17.8%)

Taking anticoagulant prior to stroke 8 (11.0%)

Cause of Stroke

Large artery atherosclerosis 37 (50.7%)

Cardiac embolism 25 (34.3%)

Othersb 11 (15.0%)

Occlusion Site

ICA 17 (23.3%)

MCA-M1 45 (61.6%)

MCA-M2 6 (8.2%)

Tandem 5 (6.9%)

Reperfusion Treatment Procedure

Procedure Time

Time from LKN to ER arrival, median 
(IQR), min

170.0 (85.5, 309.5)

Time from LKN to acute multimodal 
imaging, median (IQR), min

229.0 (122.0, 
362.0)

Time from LKN to groin puncture, 
median (IQR), min

350.0 (230.0, 
539.0)

Time from LKN to reperfusion, median 
(IQR), minc

430.0 (325.0, 
561.0)

Intravenous thrombolysis 30 (41.1%)

Final mTICI

0 10 (13.7%)

1 4 (5.5%)

2a 8 (11.0%)

2b 15 (20.6%)

2c 6 (8.2%)

3 30 (41.1%)

n = 73

Perfusion Imaging data

Baseline infarct core, median (IQR), ml 10.0 (4.0, 21.0)

Baseline DT >3 s, median (IQR), ml 88.0 (52.5,144.5)

Reperfusion index, median (IQR) 1.0 (0.6, 1.0)

Reperfusion index≥0.5 58 (79.5%)

Reperfusion index≥0.9 40 (54.8%)

Outcomes

Infarct growth, median (IQR), mld 15.5 (2.2, 61.6)

3 m mRS 0–2 34 (46.6%)

Abbreviations: DBP, diastolic blood pressure; DT, Delay time; mRS 
modified Rankin Scale; ICA, internal carotid artery; IQR, Interquartile 
range; LKN, Last known well; ER Emergency room; MCA-M1 M1, 
segment of middle cerebral artery; MCA-M2 M2, segment of middle 
cerebral artery; mTICI, modified Treatment in Cerebral Ischemia; 
NCCT, Non-contrast computed tomography; NIHSS, National Institutes 
of Health Stroke Scale; SBP, systolic blood pressure; SD, Standard 
deviation; TIA, transient ischemic attack.
aData are presented as number (percentage) of patients unless 
otherwise indicated.
bOther causes of stroke included embolic stroke of undetermined 
source, hypercoagulation, stroke of undermined causes, dissection of 
ipsilateral carotid artery, syphilis and hypoperfusion.
cOnly calculated for patients who had final mTICI≥2a, n = 59.
dFinal infarct volume of 18 Patients were measured using NCCT.

TA B L E  1  (Continued)
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3.2  |  Comparisons of the predictive ability of 
major/complete reperfusion of outcomes

The AUCs of reperfusion index was not statistically different from 
that of mTICI score (adjusted for age and baseline NIHSS, AUC of 
reperfusion index 0.71, 95% CI 0.58–0.83; AUC of mTICI score 0.66, 
95% CI 0.52–0.80, p  =  0.63, Figure  2A). Reperfusion index had a 
higher R-square value in prediction of 3-month mRS 0–2 (with age 
and baseline NIHSS entering the model as statically or clinically sig-
nificant variables) and infarct growth (with history of diabetes mel-
litus, baseline core volume and MR/NCCT scan) than mTICI score 
(Reperfusion index vs mTICI score: mRS 0–2 0.18 vs. 0.12, infarct 
growth: 0.29 vs. 0.11, Figure 3).

The AUCs (95%CI) of mTICI≥2b, mTICI≥2c, reperfusion 
index≥0.5 and reperfusion index ≥0.9 on 3-month mRS 0–2 were 
0.63 (0.50, 0.77), 0.59 (0.44, 0.73), 0.66 (0.51, 0.80) and 0.73 (0.58, 
0.87), respectively, with the adjustment of age and baseline NIHSS 
(Figure 2B). Although the AUC of reperfusion index ≥0.9 was numer-
ically larger, no significant difference existed between any two AUCs 
(reperfusion index≥0.5 vs. mTICI≥2b p = 0.76; reperfusion index≥0.5 
vs. mTICI≥2c p = 0.49; mTICI≥2b vs. mTICI≥2c p = 0.51; reperfusion 
index≥0.9 vs. mTICI≥2b p = 0.33; reperfusion index≥0.9 vs. mTICI≥2c 
p = 0.25; reperfusion index≥0.9 vs. reperfusion index≥0.5 p = 0.42). 
Reperfusion index≥0.9 had the highest R-square value among all the 
reperfusion measurements for the prediction of 3-month mRS 0–2, 

with age and baseline NIHSS entering the model (mTICI≥2b: 0.11; 
mTICI≥2c: 0.08; reperfusion index≥0.5: 0.17; reperfusion index≥0.9: 
0.21, Figure  3). For the prediction of infarct growth, reperfusion 
index≥0.9 also showed the highest R-square value among all the 
reperfusion measurements with history of diabetes mellitus, baseline 
core volume and MR/NCCT scan (mTICI≥2b: 0.16; mTICI≥2c:0.14; 
reperfusion index≥0.5: 0.20; reperfusion index≥0.9: 0.21, Figure 3).

4  |  DISCUSSION

This retrospective study with a single-center EVT cohort of patients 
within 24 h of LKN has demonstrated that: (1) Reperfusion index and 
treatment time metrics had an interaction on 3-month mRS 0–2 and 
infarct growth; (2) Reperfusion index≥0.9 might serve as a better 
proxy of better outcomes compared with reperfusion index≥0.5, 
mTICI≥2b and mTICI≥2c.

To our knowledge, this is the first study exploring the interaction 
of time and reperfusion status in acute ischemic stroke patients within 
24 h from last known well in real-world practice under the selection of 
advanced imaging. The findings of the modifying effect of time on the 
association between reperfusion and outcomes of EVT patients are in 
accordance with many other studies of large randomized controlled 
trials and observational registries.3,5,7 For patients with substantial 
reperfusion, delayed reperfusion is associated with decreased odds of 

F I G U R E  1  Interaction plots of reperfusion index and different treatment time intervals on outcomes (A). Interaction plot of reperfusion 
index and time from LKN to acute multimodal imaging on 3-month mRS 0–2. (B). Interaction plot of reperfusion index and time from LKN 
to groin puncture on 3-month mRS 0–2. (C). Interaction plot of reperfusion index and time from LKN to ER arrival on infarct growth. (D). 
Interaction plot of reperfusion index and time from LKN to groin puncture on infarct growth. (E). Interaction plot of reperfusion index and 
time from LKN to reperfusion on infarct growth. ER, emergency room; LKN, Last known well; mRS, modified Rankin Scale.
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functional independency,7,8,10,21 which can be partly explained by in-
farct growth and reperfusion hemorrhage.3,5 Get With the Guidelines-
Stroke (GWTG-Stroke) registry has revealed a nonlinear association 
between benefit reduction and onset-to-puncture time, with a more 
prominent reduction in the 4.5 h and a slower decline in the 4.5–8 h 
after stroke onset. The application of imaging selection for EVT pa-
tients beyond traditional time windows allows the discrimination be-
tween the ones with poor collateral flow (the fast progressors) and 
the ones with good collateral flow (the slow progressors), and more of 
the latter ones are considered suitable for emergent EVT. It has been 

proven that the level of collateral flow could not only predict/decide 
tissue fate, but could also play part in the risk and degree of cerebral 
edema after reperfusion treatment.22,23 Therefore, the slow progres-
sors are less vulnerable toward time delay,10 explaining the decelera-
tion of benefit loss in the relatively late time window. In the post hoc 
analysis of DEFUSE 2, where all the patients were with perfusion-
diffusion mismatch, no time modifying effect was discovered, which 
further implicates the potential role of collateral flow.9 Noteworthily, 
since all the patients in the aforementioned studies were punctured 
within 12 h from LKN, studies remain scarce for patients presenting 
in the later time window. The post hoc analysis of DEFUSE 3, using 
the same imaging selection criteria with DEFUSE 2 but with a more 
extended time windo, showed that longer time from imaging to punc-
ture independently predicted poor outcomes, and patients with poor 
outcomes had impaired collateral flow in the univariate analysis.21 The 
speed of infarct growth closely depends on the level of collateral flow, 
which may collapse or fluctuate unpredictably.11,24 Therefore, it is 
reasonable to deduce that the modifying effect of time on reperfusion 
still exists in EVT patients within 24 hours of LKN. Additionally, the 
selection criteria in our center roughly followed a mismatch ratio >1.2, 
leading to a selection of patients whose collateral flow were not as 
robust as patients in the DEFUSE serious studies with a mismatch 

F I G U R E  2  ROC-AUC of different reperfusion measurements on 
3-month mRS 0–2 prediction, adjusted by age and baseline NIHSS 
(A). ROC-AUC of reperfusion index and mTICI score, adjusted for 
age and baseline NIHSS. AUC of reperfusion index 0.71, 95% CI 
0.58–0.83; AUC of mTICI score 0.66, 95% CI 0.52–0.80. p = 0.63. 
(B). ROC-AUC of reperfusion index≥0.5, reperfusion index≥0.9, 
mTICI≥2b and mTICI≥2c, adjusted for age and baseline NIHSS. 
AUC of mTICI≥2b 0.63, 95% CI 0.50–0.77; AUC of mTICI≥2c 0.59, 
95% CI 0.44–0.73; AUC of reperfusion index≥0.5 0.66, 95%CI 
0.51–0.80; AUC of reperfusion index ≥0.9 0.73, 95%CI 0.58–0.87. 
AUC comparison: Reperfusion index≥0.5 vs. mTICI≥2b p = 0.76; 
reperfusion index≥0.5 vs. mTICI≥2c p = 0.49; mTICI≥2b vs. 
mTICI≥2c p = 0.51; reperfusion index≥0.9 vs. mTICI≥2b p = 0.33; 
reperfusion index≥0.9 vs. mTICI≥2c p = 0.25; reperfusion index≥0.9 
vs. reperfusion index≥0.5 p = 0.42. CI, confidence interval; mRS, 
modified Rankin Scale; mTICI, modified treatment in cerebral 
ischemia; NIHSS, National Institutes of Health Stroke Scale; ROC-
AUC, area under the receiver operating characteristic curve.

F I G U R E  3  R-square value of different reperfusion 
measurements on outcome prediction Prediction of 3-month 
mRS 0–2: with age and baseline NIHSS entering the multivariate-
adjusted logistic regression model. Reperfusion index: 0.18; mTICI 
score 0.12; mTICI≥2b: 0.11; mTICI≥2c:0.08; reperfusion index≥0.5: 
0.17; reperfusion index≥0.9: 0.21. Prediction of infarct growth: 
with history of diabetes mellitus, baseline core volume and MR/
NCCT scan entering the multivariate-adjusted linear regression 
model. Reperfusion index: 0.29; mTICI score 0.11; mTICI≥2b: 
0.16; mTICI≥2c: 0.14; reperfusion index≥0.5: 0.20; reperfusion 
index≥0.9: 0.21. mRS, modified Rankin Scale; mTICI, modified 
treatment in cerebral ischemia; NIHSS, National Institutes of Health 
Stroke Scale.
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ratio >1.8. Hence, the interaction between reperfusion index and dif-
ferent time metrics of the probability of 3-month mRS 0–2 and infarct 
growth of our study is within expectation and can be explained by the 
influence of possible collateral failure over time.

This is also one of the few studies comparing the predictive 
performance of different reperfusion measurements obtained by 
repeated perfusion imaging and DSA on functional and imaging out-
comes. In our study, reperfusion index≥0.9 was a better predictor of 
3-month functional dependency and infarct growth compared with 
reperfusion index≥0.5, mTICI≥2b and mTICI≥2c. Similar to our study 
using DT >3 s, a degree of 90% reperfusion measured by Tmax>6 s 
was suggested as an appropriate reperfusion threshold in outcome 
prediction, outplaying mTICI score.16 Recently, mTICI2c, defined as 
near complete perfusion except slow flow or few distal cortical em-
boli15or 90%–99% filling of the occluded vascular territory,15,25 has 
been considered a more appropriate goal of EVT reperfusion than 
the traditional mTICI 2b, since it has a better performance in outcome 
prediction.15 However, in our study, though not statistically signifi-
cant, mTICI≥2b numerically outplayed mTICI≥2c in predicting infarct 
growth and 3-month mRS 0–2. These may be due to the increased 
number of passes and elongated procedure time in EVT in order 
to reach mTICI≥2c, and the negative effect of delayed reperfusion 
time outweighed the benefit of complete reperfusion. Our study 
demonstrated that reperfusion index had better predictive perfor-
mance than mTICI. Since repeated CTP was conducted 24–28 hours 
after EVT in our study, the superiority of reperfusion index can be 
explained by the following reasons: First, distal embolism and the “no 
re-flow” phenomenon, where incomplete capillary reperfusion with 
large artery recanalization occurred, can contribute to the sustaining 
hypoperfusion even after successful EVT. Mechanisms of the “no-
reflow” phenomenon include structural changes, such as red blood 
cell entrapment and activated polymorphonuclear leukocytes, as well 
as capillary flow pattern disruptions, such as dynamic flow stalls.26 
Although the definition of hypoperfusion threshold varies between 
different studies, incomplete reperfusion after complete recanaliza-
tion can lead to infarct growth and poor functional outcomes.27–30 
Second, the recanalized vessels could be re-occluded due to new 
embolism or in-situ thrombosis. Studies have shown that roughly 2% 
to 6% of successfully reperfused patients can suffer from artery re-
occlusion,31,32 which can be detected by 24- to 48-hour follow-up 
CTP scan. The advantage of predictive ability of reperfusion index on 
outcomes over mTICI scores can also help to explain why the latter 
one had no statistically significant interaction with treatment time 
metrics on 3-month mRS 0–2 and infarct growth. To be noted, most 
of the previous studies conducted post-EVT perfusion scan shortly 
after EVT (mostly within 2 h), which allowed earlier identification of 
patients with hypoperfusion and timely intervention.27,33,34 Though 
our 24- to 48-hour post-EVT scan is relatively late and may lead to 
loss of the timing of early intervention to twist clinical deterioration, 
perfusion scan with contrast injection right after EVT may lead to 
radiation overdose and possible kidney injury. Anyway, our results 
suggest that for every eligible patient with EVT, a post-EVT perfusion 
scan is encouraged to re-assess their perfusion condition.

There are some inevitable limitations of this study. First, the 
sample size is very limited and half of the EVT patients were ex-
cluded due to lack of clinical or imaging data. Most of the excluded 
patients were unable to get 24- to 48-hour CTP scan because of 
very severe clinical condition such as intubation and unstable vital 
signs. However, those patients were usually the fast-progressors 
who were more vulnerable to treatment time delay. Therefore, the 
interaction between time metrics and outcomes might be more 
significant if these patients had been included. Additionally, the 
multiple comparisons of the AUCs of different reperfusion mea-
surements were not Bonferroni adjusted due to the very limited 
sample size. Second, other reperfusion thresholds were not tested 
for their performance in outcome prediction. This is because 
the thresholds of reperfusion index≥0.5, reperfusion index≥0.9, 
mTICI≥2b, and mTICI≥2c are the most commonly used measure-
ments in scientific studies and clinical practice. Third, reperfusion 
index was measured with decreased volume of DT >3 s rather than 
the more commonly used Tmax>6 s. However, studies have shown 
DT can measure acute ischemic lesion as accurate as Tmax.35 Lastly, 
some of infarct volumes were measured with NCCT rather than 
MRI. Therefore, imaging modality was adjusted the linear regres-
sion model of infarct growth prediction.

5  |  CONCLUSION

Reperfusion index and different treatment time had interactions on 
3-month mRS 0–2 and infarct growth in patients receiving EVT with 
24-hour of LKN. Reperfusion index≥0.9 might serve as a better proxy 
of good outcomes compared with other reperfusion measurements.
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