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Abstract
Purpose

Successful macrovascular recanalization after endovascular thrombectomy (EVT) does not invariably result in effective tissue reperfusion.
Persistent post-EVT tissue hypoperfusion has been associated with poor outcome but is defined heterogeneously across imaging studies.
We investigated whether its prognostic relevance remains consistent across different operational definitions.

Methods

We systematically identified studies enrolling adults with anterior-circulation large vessel occlusion who underwent EVT with successful
macrovascular recanalization (mTICI/eTICI≥2b), received post-EVT perfusion imaging and had an explicit imaging-based definition of
persistent tissue hypoperfusion, impaired microvascular reperfusion, or no reflow. Studies reporting modified Rankin Scale (mRS)-based
functional outcomes at approximately 30 or 90 days were included. Random effects meta-analyses were performed using the Hartung-
Knapp adjustment.

Results

Six studies (404 patients) were included in the quantitative analysis. Despite substantial heterogeneity in perfusion metrics, spatial
definitions, imaging timing, and recanalization thresholds, post-EVT hypoperfusion was associated with lower odds of favorable functional
outcome (OR 0.28, 95% CI 0.18-0.46). The association was observed for both mRS 0-2 or mRS 0-1 definitions of favorable outcome. No
significant subgroup differences were observed according to perfusion metric or recanalization threshold.

The direction of the association remained consistent in leave-one-out analyses.

Conclusions

The prognostic association of post-EVT tissue hypoperfusion persisted despite substantial heterogeneity in its operational definition,
suggesting that its clinical relevance may extend beyond any single imaging surrogate of microvascular no reflow. A broader and
standardized operational definition may be useful for prognostic assessment and enrichment of patients for future trials.

Introduction
Endovascular thrombectomy (EVT) has become a standard treatment for acute ischemic stroke caused by anterior circulation large-vessel
occlusion with high rates of successful recanalization [1–4]. Nevertheless, a considerable proportion of patients remain disabled or die
despite successful angiographic recanalization, reflecting the clinical problem of futile recanalization [5–8]. So, the clinical challenge after
EVT is not only limited to reopening the occluded artery but also involves restoring effective downstream tissue perfusion.

Persistent perfusion abnormalities have been observed despite successful macrovascular recanalization [9–11] and may contribute to futile
recanalization. The no reflow phenomenon (NRP), traditionally defined as persistent microvascular hypoperfusion despite restoration of
upstream blood flow [12], provides a plausible pathophysiological explanation for this observation [13]. Experimental studies have
implicated microvascular obstruction [14–16], pericyte-mediated capillary constriction [17–19], endothelial dysfunction [20–21]. However,
clinical perfusion imaging cannot directly visualize these microvascular processes and instead characterizes the tissue-level hemodynamic
consequences. Definitions of imaging-defined NRP vary in imaging modality, metrics, thresholds, and imaging timing [22–23], and
abnormalities labeled as “no reflow” may not necessarily represent the same biological process.

This heterogeneity highlights a distinction between mechanistic specificity and clinical relevance. Although identifying an imaging
phenotype that closely reflects genuine microvascular NRP is important for understanding mechanisms and developing targeted therapies,
the prognostic relevance of post-EVT hypoperfusion may not depend on its precise biological origin. Even when persistent tissue-level
hypoperfusion results from distal embolization rather than microvascular NRP, it still represents ineffective tissue perfusion and identify
patients at increased risk of poor recovery. We therefore focused on whether the clinically observable phenotype of persistent post-EVT
tissue hypoperfusion has consistent prognostic relevance.

Previous systematic reviews have summarized the available evidence regarding the definition, prevalence, and clinical consequences of
imaging NRP phenotype after successful recanalization. Mujanovic et al. [23] reported substantial heterogeneity in the definition of NRP and
highlighted the possibility that some imaging-defined cases may reflect distal vascular occlusion rather than genuine microvascular
reperfusion failure. A subsequent systematic review and meta-analysis. Pereira da Silva et al. [24] further evaluated the prevalence of NRP
and its associations with neurological recovery, hemorrhagic complications, infarct volume, functional outcome and mortality. However, the
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extent to which differences in the operational definition of post-EVT hypoperfusion influence its interpretation as a prognostic imaging
phenotype remains insufficiently explored.

So we conducted a systematic review and meta-analysis to characterize the operational definitions of post-EVT hypoperfusion and to
evaluate whether imaging-defined persistent hypoperfusion after successful recanalization is associated with functional outcome. We
further explored whether this prognostic association remained consistent across different definitions of favorable functional outcome and
major characteristics of the imaging definitions.

Methods
This systematic review and meta-analysis was made according to PRISMA statement.

2.1 Eligibility criteria
Studies were eligible if they: (1) enrolled adult with anterior-circulation acute ischemic stroke due to large vessel occlusion treated with EVT;
(2) included patients with successful macrovascular recanalization, defined as mTICI/eTICI≥2b or a stricter threshold specified by the
original study; (3) performed post-EVT perfusion imaging; (4) provided an explicit imaging-based definition of tissue hypoperfusion, impaired
microvascular reperfusion, or no-reflow; and (5) reported mRS-based functional outcomes at approximately 30 or 90 days. Editorial letters,
conference abstracts, case reports, reviews and animal studies, studies without successful recanalization, and studies assessing perfusion
only before EVT were excluded.

2.2 Search strategy and study selection
We systematically searched the following databases up to 30, June 2026: PubMed, Embase and Web of Science. The search strategy
combined controlled vocabulary (MeSH and Emtree, where appropriate) and free-text terms related to the following keywords: acute
ischemic stroke, endovascular thrombectomy, post-EVT persistent hypoperfusion or no-reflow. The complete search strategies for all
databases are provided in Supplementary Table S1.

Two authors (X.F. and C.L.) independently screened the retrieved records, assessed full-text articles for eligibility, and extracted data from
the included studies. Disagreements were resolved through discussion and when necessary, consultation with a third reviewer (W.D.).

2.3 Data extraction and operational characterization of post-EVT hypoperfusion
We extracted study characteristics, patient population, sample size, recanalization criteria, post-EVT perfusion imaging modality and timing,
terminology used to describe abnormal tissue perfusion, operational definition of hypoperfusion, perfusion metrics and thresholds, spatial
criteria used to define abnormal perfusion, exclusion of potential alternative causes of hypoperfusion, and functional outcomes. Given
substantial variation in terminology and definitions, eligibility was not restricted to studies explicitly using no reflow or NRP; comparable
post-EVT imaging-defined tissue hypoperfusion, residual hypoperfusion, impaired microvascular reperfusion, and abnormal perfusion were
also eligible.

Operational definitions were subsequently characterized according to the perfusion modality, perfusion metric, quantitative threshold, spatial
definition, dynamic assessment, timing of post-EVT imaging, exclusion of hemorrhagic transformation or re-occlusion, and angiographic
threshold used to define successful recanalization.

2.4 Outcomes
The primary outcome was favorable functional outcome assessed using a modified Rankin Scale (mRS) at follow-up, including functional
independence (mRS 0–2) and excellent functional outcome (mRS 0–1). Follow-up assessments were conducted at approximately 30 or 90
days, according to the original study.

As secondary analyses, we separately examined studies defining favorable outcome as mRS 0–2 and studies defining excellent outcome as
mRS 0–1. These analyses were performed to assess the consistency of the association across different thresholds of the mRS.

2.5 Subgroup analyses
To explore whether differences in the operational characteristics of post-EVT hypoperfusion affected its association with functional
outcome. Exploratory subgroup analyses were performed according to:
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1. Perfusion metric used to define hypoperfusion: Tmax-based versus rCBF/rCBV-based definitions;
2. Angiographic threshold used to define successful macrovascular recanalization: more stringent recanalization thresholds (mTICI/eTICI

2c–3 or mTICI 3) versus broader thresholds (mTICI/eTICI 2b–3).

Due to the limited number of studies within individual subgroups, all subgroup analyses were considered exploratory.

2.6 Statistical analysis
For functional outcomes, odds ratios (ORs) with corresponding 95% confidence intervals (CIs) were used as the summary effect measures.
When adjusted ORs were reported, adjusted estimates were preferentially extracted. For studies reporting only raw 2 × 2 data, unadjusted
ORs and corresponding 95% CIs were calculated from the reported event data.

Where the reported exposure represented the inverse of the prespecified comparison, the effect estimate was mathematically inverted to
ensure a consistent direction of effect across studies. Specifically, all ORs were expressed as the odds of favorable functional outcome
among patients with post-EVT hypoperfusion relative to those without hypoperfusion.

Pooled estimates were calculated with 95% CIs, using a random-effects model with restricted maximum likelihood estimation and Hartung–
Knapp adjustment. Between-study heterogeneity was assessed using the Q test and quantified using the I² statistic and τ². Statistical
analysis was performed using R 4.5.3 (R Foundation for Statistical Computing, Vienna, Austria) with the meta package. All statistical tests
were two-sided, and a P value < 0.05 was considered statistically significant.

Results

3.1 Study selection
A total of 900 records were identified through database searches, including PubMed (n = 297), Embase (n = 293) and Web of Science (n = 
310). After removing 412 duplicates, 488 records remained for title and abstract screening. Of these, 449 records were excluded based on
predefined eligibility criteria, leaving 39 articles for full-text assessment. Subsequently, 22 were excluded, including eight due to insufficient
imaging or perfusion data and 14 for not meeting the prespecified population or outcome criteria. 17 studies were included in systematic
review, of which six studies were eligible for the quantitative meta-analysis. The study selection process is detailed in Fig. 1.

3.2 Characteristics of included studies and populations
Six studies comprise 404 patients were included. Study characteristics, patient populations and imaging features are summarized in Table 1.
All included patients achieved successful macrovascular recanalization, although the angiographic criteria varied across studies, ranging
from mTICI 2b–3 to eTICI 2c–3 or mTICI 3. Post-EVT perfusion imaging was performed from the immediate post-procedural period to 72
hours after EVT. The prevalence of tissue-level hypoperfusion after EVT was reported as 20% to 41.7%.

Table 1
Characteristics of included studies and populations

Author,
year

Country Study design Sample
size

Mean
age

Baseline
NIHSS

Successful
recanalization

Imaging
timing

Outcome Prevalence

Rivet, 2025
[25]

Australia
and New
Zealand

post hoc
pooled
analysis of
RCT

150 Not
Given

Not
Given

eTICI 2c-3 24 ± 6 hours
after EVT

90d mRS
0–2

20%

Bai, 2022
[26]

China Retrospective 63 65 ± 
11.2

13 mTICI≥2b < 72 hours
after EVT

90d mRS
0–2

30.20%

ter
Schiphorst,
2026 [27]

France Prospective 71 76
(67–
84)

17 (9–
22)

mTICI≥2b shortly and 24
hours after
EVT

90d mRS
0–2

21%

Luby, 2022
[28]

Not Given Not Given 55 67
(55–
76)

19 (14–
22)

mTICI 3
subgroup (n = 
30)

24 hours after
EVT

mRS 0–
2 at 30d
or 90d

20%

Ng, 2026
[29]

Australia Prospective 29 73
(67–
80)

15 (10–
19)

eTICI 2c-3 2 hours and
24–48 hours
after EVT

90d mRS
0–1

21–24%

Laredo,
2022 [30]

Barcelona Prospective 36 71 ± 
13.5

13 (9–
16)

eTICI 2b-3 48 hours after
randomization

90d mRS
0–1

41.70%
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3.3 Heterogeneity in the operational definitions of post-EVT hypoperfusion
The operational definitions of post-EVT hypoperfuion varied across the included studies (Table 2). Four studies defined abnormal tissue
perfusion using delayed perfusion based on a Tmax threshold of >6s, whereas two studies used reductions in relative blood volume or
cerebral flow reduction (rCBV/rCBF), with a threshold of > 15% relative to the contralateral mirror region.

Spatial criteria also varied: three studies assessed hypoperfusion within infarcted tissue, two assessed the affected vascular territory, and
one was unclear. Assessment ranged from quantitative to combined visual and quantitative approaches, with some studies using serial
imaging. Exclusion of hemorrhagic transformation and re-occlusion was inconsistently reported. Recanalization thresholds ranged from
mTICI/eTICI 2b-3 to 2c-3, and imaging timing ranged from immediately after EVT to 72 hours. These differences indicate that imaging-
defined post-EVT hypoperfusion represents a heterogeneous operational construct rather than a uniform surrogate of microvascular NRP.

Table 2
Operational characteristics of imaging-defined post-EVT hypoperfusion or no-reflow

Author,
year

Perfusion
modality

Perfusion
metric

Threshold Spatial
definition

Dynamic
assessment

Hemorrhage
excluded

Re-
occlusion
excluded

Timing Reperfusion
threshold

Rivet, 2025 MRP/

CTP

rCBV/rCBF 15%
reduction

Infarct-
confined

No Yes Yes 24hrs eTICI 2c-3

Bai, 2022 CTP Tmax Tmax>6s Unclear Yes Unclear Yes < 72
hrs

mTICI 2b-3

ter
Schiphorst,
2026

MRP Tmax Tmax>6s Vascular-
territory-
based

Yes Yes Yes early
post-
EVT

mTICI 2b-3

Luby, 2022 MRP Tmax Tmax>6s Vascular-
territory-
based

No Unclear No 24hrs mTICI 3

Ng, 2026 MRP rCBV/rCBF 15%
reduction

Infarct-
confined

Yes Yes Unclear 24-
48hrs

eTICI 2c-3

Laredo,
2022

MRP Tmax Tmax>6s Infarct-
confined

No Unclear Unclear 48hrs eTICI 2b-3

3.4 Association between post-EVT hypoperfusion and functional outcome

3.4.1 Primary outcome: favorable functional outcome
Six studies were included in the primary meta-analysis evaluating the association between imaging-defined post-EVT hypoperfusion and
favorable functional outcome. Favorable outcome was assessed using dichotomized mRS thresholds as reported in the original studies,
including functional independence (mRS 0–2) in four studies and excellent functional outcome (mRS 0–1) in two studies.

Using a random-effects model with restricted maximum-likelihood estimation and Hartung-Knapp adjustment, post-EVT hypoperfusion was
significantly associated with lower odds of favorable functional outcome (OR 0.28, 95%CI 0.18–0.46, P = 0.0010). The pooled effect
estimate, heterogeneity statistics, and corresponding forest plot are presented in Fig. 2.

No statistically significant between-study heterogeneity was detected (Q = 2.20, df = 5, P = 0.8212; I² = 0%, 95% CI 0–74.6%). However, given
the small number of included studies, the confidence interval around the heterogeneity estimate should be interpreted with caution.

3.4.2 Association according to mRS dichotomization
Stratification by outcome threshold showed an inverse association for both mRS 0–2 and mRS 0–1 (Fig. 3). Among four studies using mRS
0–2, post-EVT hypoperfusion was associated with lower odds of functional independence (OR 0.33, 95% CI 0.20–0.56), whereas the two
studies using mRS 0–1 showed a stronger association with excellent functional outcome (OR 0.15, 95% CI 0.09–0.22). The difference
between subgroups was statistically significant (P < 0.01), but should be interpreted cautiously because only two studies contributed to the
mRS 0–1 subgroup.

3.5 Exploratory subgroup analyses according to operational characteristics

3.5.1 Perfusion metric
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To explore whether the association between post-EVT hypoperfusion and functional outcome differed according to the perfusion metric
used to define hypoperfusion, studies were sratified into rCBF/rCBV-based and Tmax-based groups.

An inverse association between post-EVT hypoperfusion and favorable functional outcome was observed in both subgroups (Fig. 4). The
test for subgroup differences did not indicate a statistically significant difference between rCBF/rCBV-based and Tmax-based definitions. (P
for subgroup differences = 0.76).

Given the limited number of studies within each subgroup, these findings should be interpreted as exploratory.

3.5.2 Recanalization threshold
Studies were further stratified according to the angiographic threshold used to define successful macrovascular recanalization. Studies
applying more strict recanalization criteria, including mTICI/eTICI 2c-3/3, were compared with those using broader criteria of mTICI/eTICI
2b-3.

Post-EVT hypoperfusion was associated with lower odds of favorable functional outcome in both subgroups (Supplementary Fig. 1). There
was no statistically significant evidence of a statistically significant subgroup difference (P for subgroup differences = 0.79).

3.6 Sensitivity analyses
Leave-one-out analyses were performed to evaluate the robustness of primary pooled estimate. Sequential exclusion of each individual
study did not alter the direction or statistical significance of the overall association, with all leave-one-out analyses having statistically
significant pooled estimates (all P < 0.05, Supplementary Fig. 2). These findings indicate that the observed association between imaging
defined post-EVT hypoperfusion and lower odds of favorable functional outcome was not driven by any single study.

Discussion
In this meta-analysis, we examined whether the prognostic relevance of post-EVT tissue hypoperfusion is consistent across different
operational definitions. Three main findings emerged. First, post-EVT hypoperfusion was associated with lower odds of favorable functional
outcome despite successful macrovascular recanalization, and this association was observed across studies using either mRS 0–1 or mRS
0–2 to define favorable outcome. Second, the included studies differed substantially in perfusion metrics, spatial criteria, assessment
timing, and exclusion of alternative causes of persistent hypoperfusion. Third, the direction of the association remained broadly consistent
across these definitions, suggesting that the clinical relevance of post-EVT tissue hypoperfusion may extend beyond any single imaging
surrogate of microvascular NRP.

The distinction between imaging-defined hypoperfusion and biological NRP is important. Perfusion imaging cannot directly visualize
capillary- level failure, and post-EVT hypoperfusion may result from multiple mechanisms, including residual distal arterial obstruction, distal
embolization, early re-occlusion, edema-related vascular compression, infarct evolution [23, 31–32]. These mechanisms may coexist and
may not be distinguishable using a single perfusion parameter.

Substantial heterogeneity was also observed in how tissue hypoperfusion was defined. Four studies used Tmax-based criteria, whereas two
studies defined hypoperfusion according to reductions in rCBF or rCBV. The parameters characterize different aspects of tissue
hemodynamics: Tmax is a model derived timing parameter that reflects delayed contrast transit, whereas rCBF and rCBV reflect relative
measures in tissue blood flow or blood volume, respectively [33–34]. Spatial definitions also differed, with some studies focusing on
hypoperfusion within infarcted tissue and others assessing broader vascular territories. This distinction may be clinically relevant because
territorial hypoperfusion can reflect distal embolization or incomplete downstream reperfusion, whereas hypoperfusion within the ischemic
tissue may more closely reflect microvascular reperfusion failure [29]. Similarly, imaging was performed from the immediate post-procedural
period to 72 hours after EVT, during which delayed reperfusion, infarct evolution, edema, or microvascular injury may alter perfusion patterns.
Indeed, recent literature has highlighted the dynamic nature of tissue-level reperfusion after EVT, including both delayed reperfusion and
delayed hypoperfusion [29, 35–36]. These temporal differences may partly explain the variability in reported incidence and effect estimates
across previous studies.

These findings should be interpreted in the context of the recently published meta-analysis by Eichel et al. [37]. Their study synthesized eight
post-EVT perfusion imaging cohorts involving 670 patients and demonstrated a strong association between residual hypoperfusion and
functional independence (pooled OR 0.28, 95% CI 0.15–0.51), while proposing candidate perfusion thresholds and a 30-120-minute
acquisition window for future patient selection [37]. Our study addresses a complementary question. Rather than seeking a single optimal
threshold or imaging window, we specifically examined whether the prognostic association of post-EVT tissue hypoperfusion persists
across heterogeneous operational definitions used in contemporary clinical studies. An important implication of our findings is that
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prognostic utility does not necessarily require perfect mechanistic specificity. A broader tissue-level hypoperfusion phenotype may retain
clinical value even when its precise biological substrate cannot be resolved by routine imaging.

This framework may have practical implications for future post-EVT trials. Angiographic reperfusion grades describe macrovascular
recanalization and may not fully capture downstream tissue perfusion. Post-EVT hypoperfusion could therefore serve as a complementary
imaging phenotype for identifying patients at high risk of poor recovery and potentially enriching trials of adjunctive therapies. Recent works
have similarly highlighted persistent tissue hypoperfusion as a potential biomarker for identifying patients who may benefit from adjunctive
therapies after EVT [37–38]. Importantly, the optimal intervention may depend on the underlying mechanism: therapies targeting residual or
distal thromboembolic obstruction may differ from those targeting endothelial dysfunction, inflammation, or pericyte-mediated capillary
constriction. Thus, broad tissue-level phenotyping may be useful for clinical risk stratification, whereas mechanistically specific imaging or
biomarkers may be required for treatment selection.

This study has some limitations. First, only six studies were included, limiting the precision of pooled estimates and statistical power for
subgroup analyses, so these analyses should be considered exploratory. Second, substantial heterogeneity existed in the operational
definitions of post-EVT hypoperfusion. Although this heterogeneity was a central focus of the present study, it also limits the extent to which
a single pooled effect can be interpreted as representing a uniform biological phenomenon. Third, both adjusted and unadjusted effect
estimates were included, and residual confounding cannot be excluded. Finally, formal assessment of publication bias was not performed
because the small number of studies makes funnel plots and statistical tests for small-study effects unreliable.

Conclusion
Post-EVT tissue hypoperfusion remains a heterogeneous imaging construct rather than a uniformly defined surrogate for microvascular
NRP. Nevertheless, across different perfusion metrics, spatial definitions, and imaging time points, imaging-defined hypoperfusion after
successful macrovascular recanalization was associated with lower odds of favorable functional outcome.

These findings support the use of a broader, clinically operational phenotype for prognostic assessment and patient enrichment in future
trials, while mechanistic studies are needed to distinguish distal vascular obstruction, and true microvascular NRP, which may require
different therapeutic strategies.
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Figure 1

PRISMA flow diagram

Records identified from PubMed, Embase, and Web of Science were screened for eligibility. Seventeen studies were included in the
systematic review, of which six were included in the meta-analysis.
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Figure 2

Forest plot of the association between post-EVT hypoperfusion and favorable functional outcome.

Odds ratios (ORs) were pooled using a random-effects model with Hartung–Knapp adjustment. The pooled estimate was OR 0.28 (95% CI
0.18–0.46).

Figure 3

Forest plot of the association between post-EVT hypoperfusion and 90-day functional independence and excellence functional outcome

In the functional independence (mRS 0–2) subgroup, the pooled OR was 0.33 (95% CI: 0.20–0.56; I² = 0%). In the excellent functional
outcome (mRS 0–1) subgroup, the pooled OR was 0.15 (95% CI: 0.09–0.22; I² = 0%). The overall pooled OR was 0.28 (95% CI: 0.18–0.46; I² =
0%). A statistically significant difference between subgroups was observed (p < 0.01).
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Figure 4

Subgroup analysis of the association between different perfusion metrics and favorable functional outcome

In the rCBF/rCBV subgroup, the pooled OR was 0.26 (95% CI: 0.00–14.86; I² = 0%). In the Tmax subgroup, the pooled OR was 0.30 (95% CI:
0.13–0.70; I² = 0%). The overall pooled OR was 0.28 (95% CI: 0.18–0.46; I² = 0%), with a prediction interval of 0.14 to 0.58. No statistically
significant difference between subgroups was observed (p = 0.76).
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