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Global hyperperfusion 
after successful endovascular 
thrombectomy is linked to worse 
outcome in acute ischemic stroke
Wookjin Yang 1, Jeong‑Min Kim 1*, Chul‑Ho Sohn 2, Matthew Chung 1, Youngjoon Kim 1, 
Jiyeon Ha 1, Dong‑Wan Kang 3, Eung‑Joon Lee 1, Han‑Yeong Jeong 1, Keun‑Hwa Jung 1 & 
Seung‑Hoon Lee 1

Patients with stroke may develop hyperperfusion after a successful endovascular thrombectomy 
(EVT). However, the relationship between post‑EVT hyperperfusion and clinical outcomes remains 
unclear and requires further clarification. We reviewed consecutive patients with anterior circulation 
occlusion who were successfully recanalized with EVT. Based on post‑EVT arterial spin‑labeling 
images, hyperperfusion was categorized as follows: global hyperperfusion (GHP), increased cerebral 
blood flow (CBF) in ≥ 50% of the culprit vessel territory; focal hyperperfusion (FHP), increased CBF in 
< 50% of the culprit vessel territory; no hyperperfusion (NHP), no discernible CBF increase. Factors 
associated with hyperperfusion were assessed, and clinical outcomes were compared among patients 
under different hyperperfusion categories. Among 131 patients, 25 and 40 patients developed GHP 
and FHP, respectively. Compared to other groups, the GHP group had worse National Institutes of 
Health Stroke Scale score (GHP vs. NHP/FHP, 18.1 ± 7.4 vs. 12.3 ± 6.0; p < 0.001), a larger post‑EVT 
infarct volume (98.9 [42.3–132.7] vs. 13.5 [5.0–34.1] mL; p < 0.001), and a worse 90‑day outcome 
(modified Rankin Scale, 3 [1–4] vs. 2 [0–3]; p = 0.030). GHP was independently associated with infarct 
volume (B = 0.532, standard error = 0.163, p = 0.001), and infarct volume was a major mediator of 
the association of GHP with unfavorable outcomes (total effect: β = 0.176, p = 0.034; direct effect: 
β = 0.045, p = 0.64; indirect effect: β = 0.132, p = 0.017). Patients presenting with post‑EVT GHP had 
poorer neurological prognosis, which is likely mediated by a large infarct volume.

Cerebral hyperperfusion syndrome is a well-known complication after carotid revascularization or bypass sur-
gery; cerebral hyperperfusion syndrome may lead to serious clinical conditions, such as brain edema and intrac-
ranial hemorrhage, or  death1,2. Physicians and surgeons are usually well aware of this complication and take 
active preventive measures, such as strict postoperative blood pressure  control3–5. However, hyperperfusion after 
endovascular thrombectomy (EVT) has not been thoroughly investigated, and previous studies report conflicting 
results. Some reported a higher chance of hemorrhagic transformation and unfavorable neurological outcomes 
in patients with post-EVT  hyperperfusion6–9, whereas other studies correlated post-EVT hyperperfusion with 
favorable 90-day  outcomes10.

The clinical impact of hyperperfusion after EVT may vary according to its extent; however, perfusion imaging 
using contrast agents after a successful EVT could be an overelaborating effort during an unstable period. Perfu-
sion mapping with arterial spin-labeling (ASL) is a noninvasive imaging modality that can quantitatively measure 
tissue perfusion without using contrast  material11. Using an ASL perfusion map embedded in routine brain MR 
images, we investigated the association between post-EVT hyperperfusion extent and neurological outcomes.
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Methods
Study population
The Seoul National University Hospital (SNUH) is one of the tertiary referral centers in Korea; the SNUH Stroke 
Registry is an ongoing prospective stroke registry that enrolls patients with acute stroke admitted within 7 days 
to SNUH. Using data from this registry, we reviewed consecutive cases of patients with acute ischemic stroke 
who underwent EVT for anterior circulation occlusion (i.e., internal carotid artery and M1 or M2 segment of 
the middle cerebral artery occlusions) between January 2015 and June 2022. Among them, we selected patients 
who achieved successful endovascular recanalization (modified treatment in cerebral infarction grade 2b or 
3)12. Patients with pre-stroke modified Rankin Scale (mRS) 3–5, those without available ASL perfusion images 
after EVT, and those lost to follow-up were excluded. This study was performed in line with the principles of the 
Declaration of Helsinki. The Institutional Review Board of the Seoul National University Hospital (No. 1009-
062-332) approved and waived informed consent for this study, due to the retrospective nature.

Clinical information
Data on sex, age, hypertension, diabetes, hyperlipidemia, smoking history, coexisting active cancer, initial blood 
pressure, initial National Institutes of Health Stroke Scale (NIHSS) score, stroke etiology, and intravenous throm-
bolysis use were collected at the time of index stroke for all patients included in the study. The site of culprit 
vessel occlusion and laterality were assessed using preprocedural CT, MR, or conventional angiography. Onset-
to-reperfusion, puncture-to-reperfusion, and reperfusion-to-ASL time intervals were obtained. We obtained 
the following outcome data: hemorrhagic transformation, infarct volume, discharge NIHSS score, and 90-day 
mRS. Patients were classified as having hemorrhagic transformation if they had hemorrhagic infarction type 1 
or a more severe form, per European Cooperative Acute Stroke Study II  grades13. Unfavorable 90-day outcomes 
were defined as 90-day mRS scores of 3–6.

Imaging protocols and analysis
During admission, all patients were followed up with at least one MRI after EVT. MR images were obtained 
on a 1.5 T (Signa HDxt, GE, Milwaukee, WI, USA [n = 10]; Ingenia, Philips, Best, The Netherlands [n = 7]) or 
a 3.0 T MR scanner (Discovery MR750W, GE [n = 68]; IngeniaCX, Philips [n = 21]; Verio, Siemens, Erlangen, 
Germany [n = 13]; Magnetom Skyra, Siemens [n = 12]) using an eight-channel or 32-channel head coil. The MRI 
protocol included diffusion-weighted imaging (DWI), fluid-attenuated inversion recovery (FLAIR), susceptibil-
ity-weighted imaging (SWI), three-dimensional time-of-flight (3D TOF) MR angiography, and ASL perfusion 
images. Table S1 summarizes the specific MRI parameters of these sequences.

Hyperperfusion was defined as a visually discernible increase in cerebral blood flow (CBF) in the culprit 
vessel territory compared to the contralateral counterparts; the presence of hyperperfusion was assessed using 
the first ASL perfusion maps captured after reperfusion. Based on the degree of hyperperfusion, we classified 
patients into three categories as follows: global hyperperfusion (GHP), increased ipsilateral CBF on ≥ 50% of 
the culprit vessel territory; focal hyperperfusion (FHP), increased ipsilateral CBF on < 50% of the culprit vessel 
territory; and no hyperperfusion (NHP), no recognizable increase in ipsilateral CBF. Representative examples 
of GHP and FHP are shown in Fig. 1. The presence of hemorrhagic transformation was qualitatively assessed 
based on the last SWI images obtained upon admission. Infarct volume was calculated with a semi-automated 
method using the 3D Slicer software (v5.0.2, http:// slicer. org) based on the last FLAIR (n = 125) or DWI (n = 6) 
images captured during admission. Briefly, infarcted area was manually segmented on FLAIR or DWI images 
with the assistance of the level tracing tool in 3D Slicer. The software then automatically determined the volume 
of the outlined lesion. The presence of hyperperfusion and hemorrhagic transformation was evaluated by two 
experienced neurologists (WY, 10 years of experience and J-MK, 20 years of experience) blinded to the clinical 
and imaging data except for information on the culprit vessel. They were also blinded to each other’s rating. A 
senior neuroradiologist (C-HS, 35 years of experience) was consulted to achieve consensus in cases where there 
was a disagreement.

For sensitivity analysis, we investigated the relationship between pre-EVT tissue ischemia from CT perfu-
sion and hyperperfusion status from post-EVT brain MRI. Pre-EVT infarct core and penumbra volumes were 
available in approximately two-thirds of the study population, as shown by CT perfusion maps. CT images were 
obtained on a multidetector row scanner (Aquilion ONE, Toshiba, Tokyo, Japan) using the following scan set-
tings: tube voltage, 80 kVp; tube current, 150 mA; slice thickness, 5 mm. A non-ionic contrast agent (50 mL, 
Iomeron 400 mL, Brocca, Milan, Italy) was injected at 5 mL/s using a power injector, followed by a 30 mL saline 
flush. The infarct core and penumbra volumes were estimated using Vitrea software (Vital Images, MN, USA) 
and the singular value decomposition plus algorithm. Voxels that exceeded both the relative cerebral blood 
volume (rCBV) and time-to-peak (TTP) thresholds were considered as the infarct core. Voxels that exceeded 
the TTP threshold were considered to be the penumbra. The threshold for rCBV was set at 41% reduction with 
a 3% interval. The threshold for TTP was set at 6.8 s with a 0.5-s  interval14.

Statistical analysis
Continuous variables were compared using one-way ANOVA, Kruskal–Wallis test, t-test, or Mann–Whitney 
U test, as appropriate. Categorical variables were compared using the chi-square test or Fisher’s exact test, as 
appropriate. The interrater agreements for the degree of hyperperfusion and the presence of hemorrhagic trans-
formation were assessed using the kappa statistics. Pairwise comparisons of the baseline parameters among the 
three groups, based on the degree of hyperperfusion, were performed using the Bonferroni method. Bivariate 
analyses, utilizing Pearson’s correlation test, Kruskal–Wallis test, or Mann–Whitney U test, assessed potential 
associations between baseline clinicoradiological factors and outcomes, including infarct volume and 90-day 
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mRS score. Age, sex, and variables with p < 0.15 in the bivariate analyses were included in the following multivari-
ate and mediation analyses as potential confounders. To assess the association between hyperperfusion groups 
and outcome data, linear regression for infarct volume and binary logistic regression for unfavorable 90-day 
outcomes were conducted. Variance inflation factors were calculated to assess multicollinearity between vari-
ables in each model. Mediation analysis was performed to assess the potential mediating effect of infarct volume 
on the relationship between GHP and 90-day mRS. The bootstrapping method with 1000 resamples was used 
to estimate 95% confidence intervals. To elucidate the mechanisms underlying post-EVT GHP, pre-EVT core 
and penumbra volumes were compared across hyperperfusion groups using the Kruskal–Wallis test. Two-sided 
probability values of < 0.05 were considered statistically significant. Statistical analyses were performed using R 
(v4.1.3, R Foundation, Vienna, Austria).

Figure 1.  Representative ASL perfusion images of patients with GHP and FHP after a successful EVT. (a) 
Post-EVT ASL perfusion images obtained after successful recanalization of the left distal internal carotid 
artery occlusion in a 57-year-old man with GHP. (b) Post-EVT ASL perfusion images obtained after successful 
recanalization of the left middle cerebral artery M1 segment occlusion in a 72-year-old man with FHP. 
White arrows indicate areas of hyperperfusion. The color bar on the left side indicates the estimated cerebral 
blood flow. ASL arterial spin-labeling, EVT endovascular treatment, FHP focal hyperperfusion, GHP global 
hyperperfusion.

Figure 2.  Flowchart of the patient inclusion and exclusion. AIS acute ischemic stroke, ASL arterial spin-
labeling, EVT endovascular treatment, mRS modified Rankin Scale.
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Results
A total of 131 patients were included based on the pre-specified criteria (Fig. 2). The median [interquartile range] 
age was 70 [61–77.5] years, and 71 (54.2%) were men. The median [interquartile range] time intervals from 
reperfusion to ASL imaging and to infarct volume measurements were 1 [1–3] and 2 [1–4] days, respectively. 
Twenty-eight patients were available for additional MR images obtained after post-EVT ASL imaging; in these 
patients, infarct volume was measured based on follow-up FLAIR or DWI images (median [interquartile range] 
time interval from ASL to infarct volume measurement, 3.5 [2–5] days). The infarct volume of the remaining 
103 patients was assessed based on MR images captured simultaneously with ASL images. Among the 131 
patients, 25 (19.1%) and 40 (30.5%) patients developed post-EVT GHP and FHP, respectively. The remaining 66 
patients (50.4%) were categorized as NHP. The interrater agreements were good for the degree of hyperperfusion 
(weighted Cohen’s kappa, 0.75; 95% CI, 0.66–0.83), and excellent for the presence of hemorrhagic transformation 
(Cohen’s kappa, 0.82; 95% CI, 0.72–0.92).

Patients with GHP presented with more severe neurological deficits (initial NIHSS score, GHP vs. NHP/FHP, 
mean ± standard deviation, 18.1 ± 7.4 vs. 12.3 ± 6.0; p < 0.001) than those with NHP or FHP. The initial diastolic 
blood pressure was lower in the GHP group than that in the NHP group. However, no demonstrable differences 
in demographic factors, risk factor profiles, or index stroke characteristics were found between the FHP and NHP 

Table 1.  Baseline characteristics and clinical outcomes according to the presence of post-EVT GHP. Data 
are presented as means ± standard deviations, medians [interquartile ranges], or number (%). ASL arterial 
spin-labeling, CE cardioembolism, EVT endovascular treatment, FHP focal hyperperfusion, GHP global 
hyperperfusion, ICA internal carotid artery, LAA large artery atherosclerosis, mRS modified Rankin Scale, 
mTICI the modified treatment in cerebral infarction, NHP no hyperperfusion, NIHSS National Institutes of 
Health Stroke Scale.

NHP/FHP (n = 106) GHP (n = 25) p value

Age 70 [59–77] 70 [62–78] 0.71

Male sex 55 (51.9%) 16 (64.0%) 0.38

Body mass index 23.7 ± 3.1 22.9 ± 3.0 0.21

Hypertension 72 (67.9%) 17 (68.0%) > 0.99

Diabetes 38 (35.8%) 4 (16.0%) 0.094

Hyperlipidemia 54 (50.9%) 7 (28.0%) 0.065

Ever smoking 22 (20.8%) 6 (24.0%) 0.93

Active cancer 14 (13.2%) 3 (12.0%) > 0.99

Prestroke mRS 0.89

 0 89 (84.0%) 21 (84.0%)

 1 14 (13.2%) 3 (12.0%)

 2 3 (2.8%) 1 (4.0%)

Initial systolic blood pressure 147.5 [132–177] 140 [135–152] 0.11

Initial diastolic blood pressure 81 [70–93] 73 [70–83] 0.042

Initial NIHSS 12.3 ± 6.0 18.1 ± 7.4 < 0.001

Occlusion site 0.079

 ICA or M1 84 (79.2%) 15 (60.0%)

 M2 22 (20.8%) 10 (40.0%)

Left side occlusion 54 (50.9%) 15 (60.0%) 0.55

Stroke etiology 0.80

 LAA 20 (18.9%) 4 (16.0%)

 CE 60 (56.6%) 16 (64.0%)

 Others 26 (24.5%) 5 (20.0%)

Intravenous thrombolysis 33 (31.1%) 13 (52.0%) 0.083

Recanalization state 0.53

 mTICI 2b 41 (38.7%) 12 (48.0%)

 mTICI 3 65 (61.3%) 13 (52.0%)

Onset-to-reperfusion time, minutes 413.5 [201–593] 320 [197–489] 0.32

Puncture to reperfusion, minutes 40 [24–60] 42 [22–53] 0.81

Reperfusion to ASL interval, days 1 [1–3] 1 [1–4] 0.75

Hemorrhagic transformation 50 (47.2%) 14 (56.0%) 0.57

Infarct volume, mL 13.5 [5.0–34.1] 98.9 [42.3–132.7] < 0.001

Discharge NIHSS 3 [0–6] 9 [3–14] 0.001

90-day mRS 2 [0–3] 3 [1–4] 0.030

Unfavorable 90-day outcome 37 (34.9%) 15 (60.0%) 0.038
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groups. Patients with GHP had larger infarct volumes (GHP vs. NHP/FHP, median [interquartile range], 98.9 
[42.3–132.7] vs. 13.5 [5.0–34.1] mL; p < 0.001) and worse neurological outcomes, including discharge NIHSS 
score (9 [3–14] vs. 3 [0–6]; p = 0.001) and 90-day mRS (3 [1–4] vs. 2 [0–3]; p = 0.030), than those with NHP or 
FHP. No significant difference in hemorrhagic transformation was found according to the degree of hyperperfu-
sion (Table 1, Tables S2, and S3; Fig. 3).

GHP was associated with infarct volume, whereas FHP was not. GHP showed an independent association with 
infarct volume in the subsequent multivariate analysis, controlling for potential confounders (Table 2; Tables S4, 
and S5 for bivariate analyses). Univariate analysis showed a significant association between GHP and unfavorable 
90-day outcomes; however, this association was attenuated after adjusting for infarct volume (Table 3; Tables S4, 
and S5 for bivariate analyses). In the mediation analysis, the indirect effect of post-EVT GHP on worse 90-day 
mRS scores via infarct volume was significant; however, no demonstrable direct effect was observed. Thus, infarct 
volume completely mediated the relationship between GHP and worse 90-day mRS scores (Fig. 4).

Data on pre-EVT estimated core and penumbra volumes based on the Vitrea software were available for 89 
(67.9%) of 131 patients. Out of the 89 patients, 15, 23, and 51 patients developed GHP, FHP, and NHP. The time 
interval between the last known well time and CT scan was similar between the three groups (GHP vs. FHP vs. 
NHP, median [interquartile range], 198.5 [125–358] vs. 147.5 [76–419] vs. 205 [84.5–554.5] minutes; p = 0.61). 
Estimated core (98.9 [42.3–132.7] vs. 11.1 [6.7–32.8] vs. 15.2 [3.1–34.1]; p < 0.001) and penumbra volumes (122.0 
[58.3–177.0] vs. 56.8 [41.3–103.8] vs. 66.3 [30.1–97.6]; p = 0.035) were significantly higher in the GHP group 
than those in the NHP or FHP groups.

Figure 3.  Distribution of modified Rankin Scale at 90 days according to the degree of post-EVT 
hyperperfusion. EVT endovascular treatment, FHP focal hyperperfusion, GHP global hyperperfusion, NHP no 
hyperperfusion.

Table 2.  Linear regression analysis of factors associated with infarct volume. † R2 = 0.395 and p < 0.001 for the 
linear regression equation. The multivariate model incorporated the following variables: age, sex, smoking, 
initial NIHSS score, occlusion site, intravenous thrombolysis, hemorrhagic transformation, and the degree 
of hyperperfusion. ‡ Internal carotid artery and M1 occlusions were grouped together versus M2 occlusion. B 
unstandardized coefficient, β standardized coefficient, NIHSS National Institutes of Health Stroke Scale, SE 
standard error.

Univariate analysis Multivariate  analysis†

B (SE) β p value B (SE) β p value

Age 0.004 (0.005) 0.061 0.49 − 0.001 (0.004) − 0.024 0.73

Male sex 0.146 (0.143) 0.090 0.31 0.045 (0.126) 0.028 0.72

Ever smoking 0.406 (0.170) 0.205 0.019 0.261 (0.154) 0.132 0.092

Initial NIHSS 0.052 (0.010) 0.423 < 0.001 0.031 (0.009) 0.253 0.001

M2  occlusion‡ − 0.387 (0.162) − 0.206 0.019 − 0.400 (0.137) − 0.212 0.004

Intravenous thrombolysis 0.429 (0.145) 0.253 0.004 0.306 (0.120) 0.181 0.012

Hemorrhagic transformation 0.618 (0.132) 0.382 < 0.001 0.515 (0.115) 0.318 < 0.001

Hyperperfusion

 No hyperperfusion Reference Reference

 Focal hyperperfusion 0.181 (0.153) 0.103 0.24 0.069 (0.129) 0.039 0.59

 Global hyperperfusion 0.799 (0.179) 0.388 < 0.001 0.532 (0.163) 0.258 0.001
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Discussion
Post-EVT hyperperfusion was frequently observed in patients with stroke who underwent successful reca-
nalization. Patients with GHP, but not those with FHP, had larger post-EVT infarct volumes and worse clinical 
outcomes than patients with NHP. Poor prognosis in the GHP group appeared to be primarily driven by a larger 
infarct volume rather than an independent effect of GHP. Patients with GHP had a significantly larger pre-EVT 
core volume.

More severe neurological symptoms, higher pre-EVT core volume, and larger post-EVT infarct volume in 
the GHP group may indicate that post-EVT GHP is an indicator of a poor collateral status. In patients with 
stroke who underwent EVT, hyperperfusion may be mainly observed around the area of blood–brain barrier 

Table 3.  Binary logistic regression analysis for the relationship between hyperperfusion and unfavorable 
90-day outcomes. † The multivariate model incorporated the following variables: age, sex, hypertension, 
active cancer, initial diastolic blood pressure, initial NIHSS score, stroke etiology, intravenous thrombolysis, 
hemorrhagic transformation, infarct volume, and the degree of hyperperfusion. CI confidence interval, NIHSS 
National Institutes of Health Stroke Scale, OR odds ratio.

Univariate analysis Multivariate  analysis†

OR (95% CI) p value OR (95% CI) p value

Age 1.03 (1.00–1.06) 0.029 1.05 (1.00–1.09) 0.036

Male sex 0.66 (0.33–1.34) 0.26 0.64 (0.26–1.59) 0.34

Hypertension 2.41 (1.08–5.38) 0.032 1.74 (0.60–5.03) 0.31

Active cancer 1.86 (0.67–5.18) 0.24 2.64 (0.64–10.91) 0.18

Initial diastolic blood pressure 1.02 (1.00–1.04) 0.095 1.02 (0.99–1.06) 0.14

Initial NIHSS 1.11 (1.05–1.18)  < 0.001 1.05 (0.97–1.14) 0.22

Stroke etiology

 LAA Reference Reference

 CE 2.62 (0.88–7.76) 0.082 3.09 (0.85–11.19) 0.086

 Others 4.05 (1.21–13.61) 0.024 5.07 (1.13–22.69) 0.034

Intravenous thrombolysis 2.56 (1.22–5.35) 0.013 1.73 (0.70–4.30) 0.24

Hemorrhagic transformation 2.69 (1.31–5.54) 0.007 1.51 (0.58–3.95) 0.40

Infarct volume 3.64 (1.95–6.80) < 0.001 2.66 (1.08–6.54) 0.034

Hyperperfusion

 No hyperperfusion Reference Reference

 Focal hyperperfusion 1.01 (0.44–2.29) 0.99 1.10 (0.40–3.05) 0.85

 Global hyperperfusion 2.80 (1.09–7.23) 0.033 1.54 (0.38–6.29) 0.55

Figure 4.  Mediating role of infarct volume on the effect of global hyperperfusion on worse 90-day mRS. 
Unstandardized and standardized regression coefficients for each path of the mediation model are presented. 
The 95% bootstrap confidence intervals for the unstandardized coefficients are provided. †Controlled for 
age, sex, smoking, initial NIHSS score, occlusion site of M2, intravenous thrombolysis, and hemorrhagic 
transformation. ‡Controlled for age, sex, hypertension, active cancer, initial diastolic blood pressure, initial 
NIHSS score, stroke etiology, intravenous thrombolysis, and hemorrhagic transformation. ***p < 0.001; 
**p < 0.01; *p < 0.05. B unstandardized coefficient, β standardized coefficient, mRS modified Rankin Scale, 
NIHSS National Institutes of Health Stroke Scale.
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disruption, which is likely to be broader in patients with larger ischemic  core15. Following this, luxury perfu-
sion occurring in this broader area with a disrupted blood–brain barrier may present as GHP in brain imaging. 
Namely, compromised collateral circulation in patients with GHP may be responsible for their larger pre-EVT 
core volume formed at a similar time  interval16–18, compared to that of the other two groups. Considering the 
overall results of the mediation analysis, post-EVT GHP may be a prognostic marker of unfavorable outcomes 
reflecting poor collateral status.

The contradictory findings of recent studies regarding the effect of post-EVT hyperperfusion on clinical 
outcomes appear to be the consequence of different inclusion criteria. One study suggested that hyperperfusion 
was associated with good prognosis included patients with stroke who underwent EVT, regardless of post-EVT 
recanalization status. In the study, the presence of hyperperfusion reflected successful recanalization and was 
subsequently associated with favorable  outcomes10. In contrast, in other studies that included only successfully 
recanalized patients, post-EVT hyperperfusion was associated with a higher chance of hemorrhagic transfor-
mation and worse neurological  outcomes6,8,9. Our findings agree with those of the latter study, supporting that 
post-EVT hyperperfusion is an indicator of poor outcome among patients with stroke who underwent suc-
cessful recanalization. Given the great impact of recanalization status on clinical  outcomes19, it would be more 
appropriate to exclude patients with failed EVT to assess the effect of hyperperfusion, similar to the latter study 
and our study.

The effectiveness of the management of post-EVT GHP in improving prognosis should be further addressed. 
Our findings suggest that poor prognosis in patients with post-EVT GHP may be attributable mainly to the 
larger pre-EVT core and resulting larger infarct volume. From this perspective, strict blood pressure manage-
ment might not be as effective for patients with post-EVT GHP after acute ischemic stroke as it is for patients 
with cerebral hyperperfusion syndrome following revascularization for chronic ischemia. Maintaining blood 
pressure within an adequate range may be more helpful rather than strictly lowering it in patients with post-EVT 
GHP, considering potential relationship between GHP and poor collateral  status20. A recent report of the harm 
of more intensive blood pressure lowering after successful EVT provides support for this  hypothesis21. Optimal 
blood pressure control strategy after recanalization requires future studies, and ASL mapping can be utilized to 
select at-risk populations in such clinical studies to enhance post-EVT prognosis.

This study had several limitations. First, although we analyzed a larger number of patients than other stud-
ies on this topic, the sample size was still insufficient to allow robust generalization of the results, particularly 
for patients in the GHP group. Second, while we suggested a potential link between poor collateral status and 
the association of GHP and unfavorable outcomes, it was not possible to incorporate reliable markers of col-
lateral status, such as the hypoperfusion intensity ratio, in our analysis due to limited accessibility. Third, it is 
possible that the ASL sequence may not be widely available in stroke centers. Finally, we could not investigate 
the difference in the relationship between GHP and clinical outcomes according to stroke etiology. A previous 
study suggested that post-EVT hyperperfusion might have different underlying pathomechanisms by stroke 
 subtype7; however, nearly 60% of the participants had cardioembolic stroke and the number of patients with 
large artery atherosclerosis stroke who developed post-EVT GHP was small (n = 4) in our study. Future studies 
that separately analyze the impact of post-EVT hyperperfusion by stroke etiology may provide deeper insights 
into its pathomechanism.

Post-EVT hyperperfusion was prevalent after successful recanalization of acute ischemic stroke. GHP that 
develops after successful EVT may be indicative of larger post-EVT infarct volumes, which could subsequently 
result in worse functional outcomes. The optimal management strategy for patients who develop post-EVT GHP 
requires further elucidation.

Data availability
The data supporting the findings of this study are available from the corresponding author upon reasonable 
request.

Received: 15 January 2024; Accepted: 25 April 2024

References
 1. van Mook, W. N. et al. Cerebral hyperperfusion syndrome. Lancet Neurol. 4, 877–888. https:// doi. org/ 10. 1016/ S1474- 4422(05) 

70251-9 (2005).
 2. Kim, J. E. et al. Transient hyperperfusion after superficial temporal artery/middle cerebral artery bypass surgery as a possible cause 

of postoperative transient neurological deterioration. Cerebrovasc. Dis. 25, 580–586. https:// doi. org/ 10. 1159/ 00013 2205 (2008).
 3. Kim, K. H. et al. Post-carotid endarterectomy cerebral hyperperfusion syndrome: Is it preventable by strict blood pressure control?. 

J. Korean Neurosurg. Soc. 54, 159–163. https:// doi. org/ 10. 3340/ jkns. 2013. 54.3. 159 (2013).
 4. Abou-Chebl, A., Reginelli, J., Bajzer, C. T. & Yadav, J. S. Intensive treatment of hypertension decreases the risk of hyperperfusion 

and intracerebral hemorrhage following carotid artery stenting. Catheter Cardiovasc. Interv. 69, 690–696. https:// doi. org/ 10. 1002/ 
ccd. 20693 (2007).

 5. Fujimura, M. et al. Efficacy of prophylactic blood pressure lowering according to a standardized postoperative management pro-
tocol to prevent symptomatic cerebral hyperperfusion after direct revascularization surgery for Moyamoya disease. Cerebrovasc. 
Dis. 33, 436–445. https:// doi. org/ 10. 1159/ 00033 6765 (2012).

 6. Okazaki, S. et al. Cerebral hyperperfusion on arterial spin labeling MRI after reperfusion therapy is related to hemorrhagic trans-
formation. J. Cereb. Blood Flow Metab. 37, 3087–3090. https:// doi. org/ 10. 1177/ 02716 78X17 718099 (2017).

 7. Shimonaga, K. et al. Hyperperfusion after endovascular reperfusion therapy for acute ischemic stroke. J. Stroke Cerebrovasc. Dis. 
28, 1212–1218. https:// doi. org/ 10. 1016/j. jstro kecer ebrov asdis. 2019. 01. 007 (2019).

 8. Kneihsl, M. et al. Post-reperfusion hyperperfusion after endovascular stroke treatment: A prospective comparative study of TCD 
versus MRI. J. Neurointerv. Surg. 15, 983–988. https:// doi. org/ 10. 1136/ jnis- 2022- 019213 (2023).

https://doi.org/10.1016/S1474-4422(05)70251-9
https://doi.org/10.1016/S1474-4422(05)70251-9
https://doi.org/10.1159/000132205
https://doi.org/10.3340/jkns.2013.54.3.159
https://doi.org/10.1002/ccd.20693
https://doi.org/10.1002/ccd.20693
https://doi.org/10.1159/000336765
https://doi.org/10.1177/0271678X17718099
https://doi.org/10.1016/j.jstrokecerebrovasdis.2019.01.007
https://doi.org/10.1136/jnis-2022-019213


8

Vol:.(1234567890)

Scientific Reports |        (2024) 14:10024  | https://doi.org/10.1038/s41598-024-60623-4

www.nature.com/scientificreports/

 9. Kneihsl, M. et al. Increased middle cerebral artery mean blood flow velocity index after stroke thrombectomy indicates increased 
risk for intracranial hemorrhage. J. Neurointerv. Surg. 10, 882–887. https:// doi. org/ 10. 1136/ neuri ntsurg- 2017- 013617 (2018).

 10. Lu, S. S. et al. Hyperperfusion on arterial spin labeling MRI predicts the 90-day functional outcome after mechanical thrombectomy 
in ischemic stroke. J. Magn. Reson. Imaging 53, 1815–1822. https:// doi. org/ 10. 1002/ jmri. 27455 (2021).

 11. Haller, S. et al. Arterial spin labeling perfusion of the brain: Emerging clinical applications. Radiology 281, 337–356. https:// doi. 
org/ 10. 1148/ radiol. 20161 50789 (2016).

 12. Yoo, A. J. et al. Refining angiographic biomarkers of revascularization: Improving outcome prediction after intra-arterial therapy. 
Stroke 44, 2509–2512. https:// doi. org/ 10. 1161/ STROK EAHA. 113. 001990 (2013).

 13. Hacke, W. et al. Randomised double-blind placebo-controlled trial of thrombolytic therapy with intravenous alteplase in acute 
ischaemic stroke (ECASS II). Lancet 352, 1245–1251. https:// doi. org/ 10. 1016/ S0140- 6736(98) 08020-9 (1998).

 14. Rava, R. A. et al. Effect of computed tomography perfusion post-processing algorithms on optimal threshold selection for final 
infarct volume prediction. Neuroradiol. J. 33, 273–285. https:// doi. org/ 10. 1177/ 19714 00920 934122 (2020).

 15. Heidari, P. et al. The relationship between penumbral tissue and blood–brain barrier disruption in acute stroke patients presenting 
in an extended time window. Front. Neurol. 11, 582994. https:// doi. org/ 10. 3389/ fneur. 2020. 582994 (2020).

 16. Lin, L. et al. Association of collateral status and ischemic core growth in patients with acute ischemic stroke. Neurology 96, e161–
e170. https:// doi. org/ 10. 1212/ WNL. 00000 00000 011258 (2021).

 17. Nannoni, S. et al. Collaterals are a major determinant of the core but not the penumbra volume in acute ischemic stroke. Neuro-
radiology 61, 971–978. https:// doi. org/ 10. 1007/ s00234- 019- 02224-x (2019).

 18. Souza, L. C. et al. Malignant CTA collateral profile is highly specific for large admission DWI infarct core and poor outcome in 
acute stroke. AJNR Am. J. Neuroradiol. 33, 1331–1336. https:// doi. org/ 10. 3174/ ajnr. A2985 (2012).

 19. Jayaraman, M. V., Grossberg, J. A., Meisel, K. M., Shaikhouni, A. & Silver, B. The clinical and radiographic importance of distin-
guishing partial from near-complete reperfusion following intra-arterial stroke therapy. AJNR Am. J. Neuroradiol. 34, 135–139. 
https:// doi. org/ 10. 3174/ ajnr. A3278 (2013).

 20. Maier, B. et al. Effect of steady and dynamic blood pressure parameters during thrombectomy according to the collateral status. 
Stroke 51, 1199–1206. https:// doi. org/ 10. 1161/ STROK EAHA. 119. 026769 (2020).

 21. Yang, P. et al. Intensive blood pressure control after endovascular thrombectomy for acute ischaemic stroke (ENCHANTED2/
MT): A multicentre, open-label, blinded-endpoint, randomised controlled trial. Lancet 400, 1585–1596. https:// doi. org/ 10. 1016/ 
S0140- 6736(22) 01882-7 (2022).

Author contributions
WY: conceptualization, data curation, formal analysis, funding acquisition, investigation, methodology, project 
administration, resources, software, supervision, validation, visualization, writing—original draft, writing—
review and editing; J-MK: conceptualization, data curation, formal analysis, funding acquisition, investigation, 
methodology, project administration, resources, software, supervision, validation, writing—original draft, writ-
ing—review and editing; C-HS: conceptualization, data curation, investigation, methodology, supervision, valida-
tion, writing—review and editing; MC: conceptualization, writing—review and editing; YK: conceptualization, 
writing—review and editing; JH: conceptualization, writing—review and editing; D-WK: conceptualization, 
writing—review and editing; E-JL: conceptualization, writing—review and editing; H-YJ: conceptualization, writ-
ing—review and editing; K-HJ: conceptualization, data curation, methodology, resources, supervision, valida-
tion, writing—review and editing; S-HL: conceptualization, data curation, methodology, resources, supervision, 
validation, writing—review and editing.

Funding
This study was supported by the Basic Science Research Program through the National Research Foundation of 
Korea, funded by the Ministry of Education (NRF-2022R1A2C2007064). The funder has no role in the design, 
collection, analysis, or interpretation of data; in the writing of the manuscript; and in the decision to submit the 
manuscript for publication.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 024- 60623-4.

Correspondence and requests for materials should be addressed to J.-M.K.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2024

https://doi.org/10.1136/neurintsurg-2017-013617
https://doi.org/10.1002/jmri.27455
https://doi.org/10.1148/radiol.2016150789
https://doi.org/10.1148/radiol.2016150789
https://doi.org/10.1161/STROKEAHA.113.001990
https://doi.org/10.1016/S0140-6736(98)08020-9
https://doi.org/10.1177/1971400920934122
https://doi.org/10.3389/fneur.2020.582994
https://doi.org/10.1212/WNL.0000000000011258
https://doi.org/10.1007/s00234-019-02224-x
https://doi.org/10.3174/ajnr.A2985
https://doi.org/10.3174/ajnr.A3278
https://doi.org/10.1161/STROKEAHA.119.026769
https://doi.org/10.1016/S0140-6736(22)01882-7
https://doi.org/10.1016/S0140-6736(22)01882-7
https://doi.org/10.1038/s41598-024-60623-4
https://doi.org/10.1038/s41598-024-60623-4
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Global hyperperfusion after successful endovascular thrombectomy is linked to worse outcome in acute ischemic stroke
	Methods
	Study population
	Clinical information
	Imaging protocols and analysis
	Statistical analysis

	Results
	Discussion
	References


