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Abstract

This systematic review, meta-analysis, and novel time course analysis examines microvascular failure in the treatment of

acute ischemic stroke (AIS) patients undergoing endovascular therapy (EVT) and/or thrombolytic administration for

stroke management. A systematic review and meta-analysis following PRIMSA-2020 guidelines was conducted along with

a novel curve-of-best fit analysis to elucidate the time-course of microvascular failure. Scopus and PubMed were

searched using relevant keywords to identify studies that examine recanalization and reperfusion assessment of AIS

patients following large vessel occlusion. Meta-analysis was conducted using a random-effects model. Curve-of-best-fit

analysis of microvascular failure rate was performed with a negative exponential model. Twenty-seven studies with 1151

patients were included. Fourteen studies evaluated patients within a standard stroke onset-to-treatment time window

(�6 hours after last known normal) and thirteen studies had an extended time window (>6 hours). Our analysis yields a

22% event rate of microvascular failure following successful recanalization (95% CI: 16–30%). A negative exponential

curve modeled a microvascular failure rate asymptote of 28.5% for standard time window studies, with no convergence

of the model for extended time window studies. Progressive microvascular failure is a phenomenon that is increasingly

identified in clinical studies of AIS patients undergoing revascularization treatment.
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Introduction

Acute ischemic stroke (AIS) is a leading cause of death

and long-term disability in the United States.1,2 While

advances in recanalization strategies have led to

increased rates of successful recanalization up to

>85%,3–6 they have not translated to an equivalent

improvement in functional clinical outcomes. One pos-

sibility for this limited recovery is that beyond vessel

occlusion, cerebral ischemia and reperfusion unleash a

complex physiological response that involves robust

thrombo-inflammatory processes that are not targeted

by revascularization therapy7–14 and result in progres-

sive microvascular dysfunction and secondary tissue

injury.15–18 Growing recognition of the importance of

reperfusion as distinct from recanalization9,10,14 has led

to recent interest in the phenomenon of progressive

microvascular failure as a potential treatment target
for mitigating the disparity between recanalization suc-
cess and motor and cognitive recovery in patients.

Progressive microvascular failure is a time-
dependent phenomenon that evolves following success-
ful recanalization in LVO stroke as determined by
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angiography, in which patients demonstrate incomplete
reperfusion on post-revascularization perfusion imag-
ing studies. Unlike the no-reflow phenomenon, pro-
gressive microvascular failure does not encompass
embolization of original thrombus fragments into the
distal vasculature that may present as impaired cerebral
blood flow on angiography following LVO revascular-
ization.19,20 Stalled neutrophils21, microvascular
pericyte constriction22,23, and deleterious vascular
remodeling secondary to acute neuroinflammation24

are proposed as the underlying mechanisms of progres-
sive microvascular failure that are compatible with the
pathophysiology timeline identified in existing AIS
studies.8,25 The loss of capillary integrity and autoregu-
lation results in progressive vasoconstriction and ulti-
mately flow arrest.26,27 The resulting circulatory failure
is defined as hypoperfusion in the vascular territory that
is distal to the site of recanalization, and does not
include ischemic injury associated with embolization of
inciting thrombus that may be directly associated with
the revascularization intervention.20 At a molecular
level, elevated proinflammatory cytokines (IL-1, IL-
6)28–30, increased neutrophil-to-leukocyte ratio31, and
increased Egr-1 expression32 have been associated with
the structural and functional microvascular dysfunction
resulting in impaired perfusion.25 Progressive microvas-
cular failure has largely been characterized as a micro-
circulatory phenomenon that localizes to arterioles and
capillaries. However, venule obstruction secondary to
leukocyte adhesion and subsequent thrombus formation
has been identified in middle cerebral artery stroke, and
supports a more generalized microcirculatory dysfunc-
tion not confined to vessel subtypes.20,33

Following recanalization, the prognostic value of
reperfusion and its relationship to clinical and func-
tional outcomes has been difficult to characterize.9

Hypoperfusion volume in AIS patients has been asso-
ciated with early neurologic decline at 72 hours of
stroke onset.34 Recent pooled analysis from three
RCTs35–37 has provided Class II evidence that hypo-
perfusion, in the setting of complete revascularization,
was independently associated with early functional
decline at 24 hours and poor functional outcomes at
90-days (modified Rankin Scale score �3) that is inde-
pendent of final infarct volume.7 However, clinical
studies that examine progressive microvascular failure
have generally been limited in scope to static, associa-
tive relationships between reperfusion and patient out-
comes that do not necessarily track the temporal
evolution of post-intervention reperfusion.7,38,39

There is heterogeneity with respect to the definition
of progressive microvascular failure and effective reper-
fusion which necessitates a structured approach to
evaluating the phenomenon in clinical studies. The
overarching goal of this systematic review and

meta-analysis is to evaluate the frequency of progres-
sive microvascular failure across studies that and clar-
ify its time course across the included studies, which are
generally limited to a single post-recanalization reper-
fusion assessment that precludes the temporal analysis
of progressive microvascular dysfunction. This
approach clarifies the temporal dimension of microvas-
cular failure in AIS, a novel contribution to the emer-
gent study of progressive microvascular dysfunction
and its timeline in ischemia/reperfusion injury. Based
on prior clinical studies of microvascular dysfunction
in AIS13,38, we expect that there will be a time-
dependent course of progressive microvascular
failure following revascularization therapy, that likely
evolves between 30 minutes and five days from
angiographically-confirmed recanalization.8,10,40 The
rate of change of microvascular dysfunction may be
affected by revascularization method, reperfusion imag-
ing modality, and time window of intervention.8,13,38,41,42

Methods

Eligibility criteria

Studies that evaluated the degree of recanalization and
reperfusion following EVT, intravenous thrombolysis,
or a combined approach (EVTþ thrombolytic) for the
treatment of acute ischemic stroke were included in the
analysis. Table 1 summarizes the relevant inclusion and
exclusion criteria for studies used during the screening
process. The methodology for quantification of the
extent of recanalization and reperfusion varies in the
existing literature of microvascular failure.13 As opera-
tional definitions of progressive microvascular failure
are evolving and reflect technological advancement in
the ability to capture impaired reperfusion on imaging
studies, no singular definition of successful reperfusion
was implemented as a screening criterion. Instead, an
article was included if the proportion of patients who
had microvascular failure (patients with successful or
complete recanalization without reperfusion) could be
determined with the respective criteria and thresholds
outlined in the study’s methodology. To avoid mischar-
acterization of progressive microvascular failure with
the distal thrombus embolization associated with no-
reflow, we excluded studies that evaluated downstream
macrovascular occlusion following initial revasculari-
zation. With respect to recanalization, measures of
patency at the site of occlusion (e.g. AOL) and patency
of vasculature distal to the site of occlusion (e.g. TICI)
were both considered valid if tissue-level microvascular
reperfusion was determined using a validated method-
ology with a different and discrete threshold.43–47 Non-
English manuscripts, editorials, abstracts, and case
reports were not included in the systematic review.
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Studies that assessed the microvascular failure in the

same cohort of patients were not included to avoid

double-counting of patient data and ensure the meta-

analysis of microvascular failure rate was limited to

unique patients.

Information and data sources, search methodology

PubMed and Scopus were searched using free-text and

MeSH terms relevant to microvascular failure, including

“no-reflow”, “microvascular failure”, “recanalization

without reperfusion”, “thrombolytic therapy”,

“perfusion imaging”, “cerebral revascularization”,

“thrombectomy”, “fibrinolytic agents”, and their rele-

vant synonyms in appropriate combinations. No filters

were used during the initial search process.

Article selection and data collection

Two independent co-authors (TT, EFS) sourced

articles from the aforementioned databases and com-

piled them in a Microsoft Excel database. All duplicate

articles were removed and studies in the database were

subsequently screened for eligibility. Article titles and

abstracts were initially reviewed for relevance to the

systematic review and meta-analysis. Then, articles

were reviewed in full to observe if appropriate the eli-

gibility criteria were met and outcomes of interest were

included in the study. Studies that met all screening

criteria were then discussed among co-authors. In any

instances of disagreement regarding the inclusion of a

specific study, results were discussed with an additional

co-author (ESC). Data from included studies including

acute revascularization intervention type, imaging

modality used to assess recanalization and reperfusion

status, and time of assessment of reperfusion were

recorded. Summary data from each study were gath-

ered and pooled into the Microsoft Excel database, and

did not represent an aggregation of individual patient

data. If there were any conflicted data values for a

given study, an additional researcher (ESC) was

involved in confirming the appropriate data entry

value.

Assessment of risk of bias

The National Institutes of Health Quality Assessment

Tools were used to evaluate bias across included case

series, cohort studies, and meta-analyses. ROB-2 and

ROBINS-I tools were used for randomized and non-

randomized studies respectively to systematically assess

for risk of bias in the included studies based on the

Cochrane methodology outlined in Version 6.3 of the

Cochrane Handbook for Systematic Reviews of

Interventions.48

Table 1. Inclusion and exclusion criteria for study screening using the PRISMA-2020 framework for systematic reviews.

Inclusion criteria

• Primary, non-review, research study / trial that examines acute ischemic stroke in human subjects with a large vessel occlusion

(LVO) etiology

• Study quantifies the number of subjects with successful or complete recanalization using a validated methodology (TICI, TIMI,

AOL)

• Study identifies a defined threshold of reperfusion (quantitative, qualitative, or both; e.g. Tmax, rCBF, rCBV, MTT, ASPECTS)

with parameters specific to the imaging modality used to assess reperfusion of the microvasculature

• Study quantifies the number of subjects with successful or complete recanalization and without reperfusion based on the specific

modality-specific threshold(s) identified by the authors (see above criterion)

• Study identifies a sample or subsample of subjects treated with revascularization therapy, which can include thrombolytic

administration, endovascular therapy, and combined approaches (EVT þ/� thrombolytic)

• Study identifies � one reperfusion assessment timepoint following successful or complete recanalization confirmed on

angiography

Exclusion criteria

• Study independently reports patients with successful or complete recanalization and subjects without reperfusion, but does not

quantify the subset of recanalized patients without reperfusion

• Study with a primary focus on subjects with acute ischemic stroke that do not have a LVO etiology

• Study re-evaluates macrovascular perfusion at time t following angiographically-confirmed recanalization using an reperfusion

threshold identical to that used at time of recanalization

• Animal and other pre-clinical study

• Review article

• Case report

• Non-English manuscript

• Abstract

AOL: Arterial Occlusive Lesion (AOL) Recanalization score; ASPECTS: The Alberta stroke program early CT Score; MTT: mean transit time; rCBF:

relative cerebral blood flow; rCBV: relative cerebral blood volume; TICI: Thrombolysis in Cerebral Infarction Scale; TIMI: Thrombolysis in Myocardial

Infarction Scale; Tmax: Time-to-Maximum.
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Determination of overall “low”, “medium”, “high”,
or “critical” risk of bias for randomized trials using
ROB-2 and ROBINS-I was made using the algorithms
provided by Cochrane based on aggregation of rater
sub-scores across the five and seven domains of bias
respectively (refer to Cochrane Handbook for specific
calculation of overall bias algorithms based on domain
sub-scores).48 Thresholds for overall bias calculated
using NIH quality assessment tools for case series,
cohort studies, and meta-analyses were made using
two-rater determination based on the tool-specific
“General Guidance” instructions developed to deter-
mine a study’s internal validity.49 If there was disagree-
ment between the ratings by the two reviewers (TT,
EFS), final scoring was evaluated by a third reviewer
(ESC) as a tie-breaker.49 Peters’ linear regression test
for funnel plot asymmetry was used to assess for small
study effects in the meta-analysis.

Statistical analysis

RStudio software version 4.0.1 (RStudio Team (2020).
RStudio: Integrated Development for R. RStudio, Inc.,
Boston, MA) was used for the meta-analysis, including
the use of “meta”, “metafor”, “drc”, and “ggplot2”
packages.50–52 MATLAB software version: 9.13.0
(R2022b; The MathWorks Inc. Natick, MA) with the
“Statistics and Machine Learning Toolbox” was used
for curve-fitting of a two-parameter negative exponen-
tial model of microvascular failure rate from over time
from successful recanalization for the included studies.
Random-effects modeling was selected for estimating
effect sizes across the included studies to account for
heterogeneity in trial design, patient samples, and
recanalization interventions (Supplemental Table 1).

To compare the number of patients who demon-
strated progressive microvascular failure, the effect
size for a given study was reported as the proportion
of patients with successful recanalization without
reperfusion. A patient was deemed to have microvas-
cular failure if they had successful recanalization with-
out reperfusion using the criteria outlined by a given
study. The meta-analysis calculated a pooled effect size
and 95% confidence interval. Between-study heteroge-
neity was reported using I2 statistic53 to evaluate the
percentage variability in effect sizes not attributable to
sampling error and s2 to quantify the variance of the
true effect sizes. Subgroup analyses were conducted by
recanalization method, imaging modality used to assess
reperfusion status, and time window of revasculariza-
tion using a mixed-effects model, with an independent
or common estimate of s2 used for analyses with sub-
group size k> or �5 respectively.54 Meta-regression of
microvascular failure rate against study characteristics
(time window, reperfusion assessment timepoint,

recanalization method) was conducted using a mixed-
effects, maximum likelihood-fitted model.

Results

Systematic review

The systematic review follows PRIMSA-2020 guide-
lines for systematic review reporting.55 Using
PubMED and Scopus, 299 articles were identified
using a comprehensive list of search terms selected to
identify records associated with progressive microvas-
cular failure in the setting of AIS (Figure 1). Records
were screened based on title and abstract, and 69
records were excluded due to abstract irrelevance,
two duplicate records were removed, and one record
was removed as it was not published in the English
language. Subsequently, 227 reports were sought for
retrieval, and one was not retrieved after extensive
search. The search yielded 226 reports that were
assessed for eligibility in the screening process, with 5
preclinical studies and 186 studies with the outcomes of
interest not reported. Eleven review articles and seven
case reports were further removed during the screening
process. Additionally, 14 additional studies were
sourced primarily from citation and reference analysis
from the original study sample. Following exclusion of
reports in this subset that did not evaluate microvascu-
lar failure in unique patients and review articles, ten of
these studies were ultimately included in the analysis.
Ultimately, 27 studies were included in the systematic
review and meta-analysis.

Figure 2 identifies the risk of publication bias of
randomized and non-randomized studies that were
included in the systematic review. Of the 27 studies
included, two were deemed to have high levels of over-
all bias as determined by the appropriate risk-of-bias
tool. No included studies had critical levels of overall
bias that precluded their downstream analysis in the
systematic review and meta-analysis.

Table 2 summarizes the characteristics of each
study, including study size, imaging modalities used
to assess patients, and relevant timepoints of
interventions.

Meta-analysis and regression

The results of the meta-analysis identified 1151 unique
patients with available recanalization and perfusion
data (Figure 3). The pooled proportion of patients
that had progressive microvascular failure (patients
with successful recanalization without reperfusion)
was 0.22 (95% CI: 0.16-0.30, I2¼ 53%, s2¼ 0.71).
Bias from small-study effects was examined using
Peters’ regression test (t¼ 0.51, p¼ 0.62, df¼ 22),
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indicating no significant plot asymmetry. After exclud-

ing studies with a high degree of bias (n¼ 2) as deter-

mined with the appropriate risk-of-bias tool, the

adjusted pooled proportion of patients with progressive

microvascular failure was 0.24 (95% CI: 0.18-0.31,

I2¼ 57%, s2¼ 0.45; Supplemental Figure 1).

Subgroup analysis revealed that neither recanaliza-

tion method used (thrombolytic-alone k¼ 13,

EVTþ thrombolytic combined treatment, k¼ 14;

Q¼ 1.00, p¼ 0.32) nor imaging modality used to

assess reperfusion (F¼ 1.73, p¼ 0.16) demonstrated

significant inter-group differences in the proportion

Figure 1. PRISMA-2020 flowchart of studies describing the identification, screening, and inclusion process.

Figure 2. Risk of publication bias assessed with NIH Quality Assessment Tools for case series, cohort studies, meta-analyses and
Cochrane ROB-2 and ROBINS-I risk-of-bias assessment tools for randomized & non-randomized studies. Proportion of n¼ 27 studies
in systematic review with low, medium, or high risk-of-bias with size of subgroup in each risk category.
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of patients demonstrating progressive microvascular

failure. When stratified by standard time window

(k¼ 14) versus extended time window (k¼ 13) for

revascularization, subgroup analysis revealed no signif-

icant difference in the proportion of patients with

microvascular failure (Q¼ 0.68, p¼ 0.41). Meta-

regression of microvascular failure rate against study

characteristics indicated that time in hours following

recanalization (p< 0.05), recanalization method

(p< 0.01) and the interactive effect between recanaliza-

tion method and time following revascularization

(p< 0.001) are individually significant predictors of

progressive microvascular failure rate (Table 3).

Microvascular failure rate analysis

A two-parameter negative exponential curve with of

best fit was generated in MATLAB with the

form f xð Þ ¼ aþ bð1� exp �x=cð Þ where a ¼ 0:0919;

b ¼ 0:1937, and c ¼ 6:7635 (Figure 4). Individual pro-

portion of microvascular failure rates were arcsine

transformed to adjust for the non-normal distribution

of percentages for curve fitting. Curve fit as determined

by the F-statistic for overall significance of model coef-

ficients indicated a significant fit (p¼ 0.02) for stan-

dard time window studies and no overall significance

for extended time window studies (p¼ 0.90). A linear

model with the form f xð Þ ¼ mxþ b of extended time

window studies was not significant (p¼ 0.66). There

was no significant difference in model intercept coeffi-

cients for standard versus extended time window stud-

ies (p¼ 0.11, t¼ 1.65).

Discussion

This systematic review and meta-analysis indicates that

microvascular failure in AIS is a pathophysiologic

Figure 3. Meta-analysis of proportion of patients demonstrating inadequate reperfusion following recanalization (progressive
microvascular failure phenomenon) for the treatment of AIS. Random-effects model used for pooled effect size estimation.
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phenomenon that is increasingly captured in clinical

stroke studies, with over 70% of studies included in

our analysis published within the last ten years. The

reported pooled proportion of AIS patients demon-

strating microvascular failure (patients with successful

recanalization without reperfusion) of 22% (95% CI:

16–30%) was consistent with previous reviews of the

phenomenon, with Dalkara et al.38 noting a composite
26% (95% CI: 19–35%) event rate of recanalization
without reperfusion, based on the analysis of seven
studies included in our meta-analysis. In a more
recent analysis of eleven studies, ter Schiphorst and
colleagues13 note a range of 0–81% for the event rate
of hypoperfusion in the setting of recanalization, which
is adjusted to 21– 40% after excluding studies that uti-
lized DSA as the method of reperfusion assessment46

and used a partial recanalized patient as an example of
microvascular failure.56 Varying exclusion criteria
based on degree of recanalization (e.g. TICI 2 b-3
versus TICI 2c-3) and imaging modalities used to
assess reperfusion are controversial parameters in the
determination of microvascular failure.

As there are no consensus operational definitions of
successful microvascular reperfusion based on a spe-
cific imaging modality42, we aim to present a compre-
hensive view of progressive microvascular failure in our
current analysis that represents the breadth of imaging
parameters and thresholds for effective reperfusion that
is reflective of real-world AIS trial design. The
existence of progressive microvascular failure itself is
controversial7 due to difficulties at evaluating recanali-
zation and reperfusion status without invasive angiog-
raphy in earlier studies. Future standardization of
reperfusion cut-offs, imaging protocols, and post-
processing analyses will enable robust between-study
comparison of the microvascular failure phenomenon.

Two studies were determined to have a high risk of
bias due to partially missing outcome data that did not
affect the determination of progressive microvascular
failure rate and unclear case definitions.56,59 Exclusion
of these studies results in an adjusted pooled propor-
tion of patients that was not significantly different than

Table 3. Mixed-effects meta-regression model of 27 included studies that examines microvascular failure rate effect size against
recanalization method, time window of intervention, and time of reperfusion assessment.

Regressora Regression coefficient (bi)
b 95% confidence interval p-value

Time of reperfusion assessment (hours) 0.02 (0.01) (�2.31–0.87) 0.021

Recanalization methodc 0.99 (0.35) (0.02–0.03) 0.005

Time windowc 0.08 (0.33) (0.30–1.68) 0.816

Reperfusion time * Time window Interaction �0.01 (0.01) (�0.02–0.01) 0.567

Reperfusion time * Recanalization method Interaction �0.03 (0.01) (�0.05–0.01) 0.001

R2 90.77%

Breusch-Pagan test (Ho¼ error variances are equal, H1: error variances are not equal): p¼ 0.73 suggests no critical heteroske-

dasticity in the model

aMixed effects meta-regression model with the form ĥk¼hþ bitimek þ b2recanalizationk þ b3timewindowk þ b4recanalization�timek þ
b5timewindow�timek þ �k þ fk using maximum likelihood approach for pooling effect sizes (microvascular failure rate) from included studies. ĥk
indicates observed microvascular failure rate for a given study, bi characterisic name’k represents the regression coefficient for selected study

characteristics in their respective units of measurement or dummy variable value of ‘1’, �k represents sampling error for a given study’s deviation from

true effect size, fk captures between-study heterogeneity in effect size. * denotes interaction term between two study variables.
bLogit-transformed regression effect size coefficient estimates (standard error of estimate in parentheses).
cDummy variables for recanalization method (1¼ Endovascular therapy, 0¼Thrombolytic alone) and time window [Standard Time Window

(�6 hours)¼ 1, Extended Time Window (>6 hours)¼ 0].

Figure 4. Negative exponential curve-of-best-fit for microvas-
cular failure of standard time window studies. Bubble size
represents sample size of patients with successful recanalization
as defined by the authors for each respective study, with curve
estimates (solid blue) weighted by study sample sizes and confi-
dence bands (dashed blue lines) representing the 95% confidence
interval. Bubble location on x-axis indicates midpoint time of
reperfusion assessment.
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the unadjusted meta-analysis. The I2 range between
50–60% suggests that there is a moderate degree of
study heterogeneity that is robust after exclusion of
studies with a high degree of bias, and is likely associ-
ated with the variable reperfusion imaging modalities
and thresholds used across studies (Supplemental
Table 1).48 Even with the exclusion of the Baird et al.56

study, which may be associated with low precision due to
the small subsample of patients with recanalization
(n¼ 4), the degree of variability across studies not attrib-
uted to sampling error did not decrease substantially.

A singular time point of reassessment of reperfusion
following recanalization, a common feature across
prior studies of microvascular dysfunction in AIS,
does not necessarily capture the temporal evolution
of impaired flow downstream of revascularized LVO.
The limitations of imaging modalities used to evaluate
cerebral blood flow, including contrast toxicity and
radiation concerns, have precluded the serial assess-
ment of reperfusion following recanalization that is
necessary to characterize the dynamic process of micro-
vascular failure and elucidate its underlying mecha-
nism.70,74,75 Multiple data collection points with
non-invasive imaging techniques may enable clinicians
to differentiate pathologic microvascular failure from
physiologic responses of cerebrovasculature to ische-
mia/reperfusion injury over clinically relevant time
horizons.10,76

Our negative exponential curve-of-best-fit indicates
that there may be a more pronounced increase in
microvascular failure rate within the first 24 hours
after recanalization with a tapering off beyond that
point. This time trend is pronounced and significant
for studies with a standard time window of revascular-
ization (p¼ 0.02; Figure 4) versus no clear or signifi-
cant relationship between microvascular failure rate
and time for studies with an extended intervention
window (p¼ 0.90; Figure 5). The modeled asymptote
of 28.5% for standard-time window studies is in-line
with a previously reported composite rate of recanali-
zation without reperfusion across seven studies, six of
which had a standard time window of treatment initi-
ation.38 This maximum value estimates a steady-state
microvascular failure rate across standard time window
studies included in our analysis as time passes from
successful recanalization.

In contrast, both linear and negative exponential
models of microvascular failure rate over time for
extended time window studies were not significant.
Figure 5 demonstrates the substantial variation in
microvascular failure rate over time in this study sub-
group. Progressive microvascular failure following suc-
cessful recanalization in extended time window studies
may not show a significant time trend due to the under-
lying pathophysiology of microcirculatory dysfunction;

dynamic changes in the decoupling of successful recan-
alization and effective reperfusion may be attributed to
structural and functional changes in cerebral microvas-
culature that are more pronounced in patients with
early intervention.8,10,41

Previous studies have suggested that recanalization
and reperfusion rates decline as time from revascular-
ization therapy passes.8,41 This proposed time course
may be the result of microvascular events such as peri-
cyte disruption, endothelial cell dysfunction, and
stalled neutrophils that are most prominent in the
first 24 hours after revascularization, with more static
changes thereafter.33,38,42,77 Animal studies indicate
that both extrinsic compressive forces from perivascu-
lar edema and endothelial cell swelling and intravascu-
lar obstruction secondary to platelet activation,
leukocyte adhesion, and fibrin deposition are rapidly
activated as early as one hour following LVO.33 The
rapid appearance of activated platelets and subsequent
increase and persistence of leukocyte adhesion factors
including P-selectin, E-selectin, and intercellular adhe-
sion moelcule-1 (ICAM-1) on activated endothelium at
24 hours following vessel occlusion78,79 may form the
pathophysiologic basis of increasing progressive micro-
vascular failure over this time period.

These interrelated sequelae likely contribute to the
cortical spreading depression, vasoconstrictive effect
associated with elevated extracellular Kþ, and cycles
of hypoperfusion and hyperemia that result in second-
ary tissue injury following revascularization.76,80

Likewise, the delayed appearance of pro-angiogenic
factors after 24 hours, such as the biphasic elevation
of ang-2 transcripts at 24 hours and 14 days following
focal ischemic and increase in tie-2 mRNA transcripts
beginning at 24 hours in a rat model81,82, may counter-
act the aberrant microcirculatory response following
recanalization, and form the basis of the “tapering-
off” effect in microvascular failure observed beyond
24 hours. However, these phenomena have yet to be
clarified in human AIS patients.

Meta-regression of included studies using a robust
mixed-effects model demonstrates that recanalization
method and its interaction with time of reperfusion
assessment are significant estimators of microvascular
failure rate and may be critical factors that should be
considered in quantitative analyses that examine micro-
vascular failure in the extended time window. The lack
of significant fit of our curve-fitting analysis for extend-
ed interventions compared to standard time window
studies supports the preliminary evidence that time of
intervention following stroke onset may influence post-
revascularization outcomes.10,83 Future studies that
specifically examine patients with an extended time
window of intervention (treatment initiation
6–24 hours from LKN) will clarify if stroke treatment
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time window mediates differential rates of microvascu-
lar failure over time.

The analysis of progressive microvascular failure
over time is inherently limited by the singular time
point of reperfusion assessment for the majority of
studies. An analysis of microvascular failure rate over
time across studies is affected by variability in study
methodology, reperfusion imaging modality, and oper-
ational definitions of successful reperfusion (Table 2)
that may limit generalizability of an implied time trend.

Differentiation of progressive microvascular failure
versus progressive microvascular ischemia is also limit-
ed by technical consideration; it can be difficult to eval-
uate the microvasculature at the desired temporal and

spatial resolution with current imaging modalities
and metabolic analysis techniques.38 Given the
meta-analysis study methodology involves summary
data from each study using respective thresholds for
reperfusion that vary by imaging modality and associ-
ated post-processing software, interpolating common
attributes among microvascular failure events may
result in ecological fallacy. Patient-level factors includ-
ing age, sex, and NIHSS at time of presentation were
not uniformly reported across included studies. These
relevant parameters were omitted as potential covari-
ates in meta-analysis and meta-regression due to the
cumulative effect of reporting bias that may impact
downstream analysis following data aggregation.

Figure 5. (a) Bubble plot of microvascular failure rate of extended time window studies (>6 hrs from LKN; k¼ 13) over time from
recanalization in hours. Bubble size represents sample size of patients with successful recanalization as defined by the authors for each
respective study and (b) Boxplot for extended time window studies. Box represents the median and interquartile range of micro-
vascular failure rate for extended time window studies and whiskers indicate the 95% confidence interval.

204 Journal of Cerebral Blood Flow & Metabolism 44(2)



However, the findings of our meta-analysis are limited
due to the inherent omitted-variable bias and associat-
ed confounding that may be attributed to the inconsis-
tent reporting of these parameters and affect the
progression of microvascular failure.

Variability in imaging modality itself, in addition to
reperfusion assessment time point, may contribute to
the observed variability in microvascular failure rate in
AIS patients. CT perfusion (CTP) is one of the most
common imaging modalities used to assess reperfusion
status in AIS patients given cost considerations and
limitations of MR-based approaches in emergent set-
tings and resource-limited settings.84 Our systematic
review includes five studies in which CTP is the primary
assessment tool of reperfusion and two studies in which
it is combined with perfusion-weighted imaging (PWI).
Magnetic resonance-based PWI studies offer a radia-
tion free alternative to CT-based approaches, which
may be contraindicated in certain clinical scenarios
due to contrast and radiation toxicity and a lengthy
washout period that precludes serial imaging. 85

Arterial spin labeling (ASL) is a quantitative, non-
invasive functional MRI (fMRI) technique using voxel-
wise comparison that does not require gadolinium
contrast enhancement, unlike PWI, which may be pref-
erential in patients with severe renal impairment or
those with repetitive prior perfusion imaging.70,74,75

Compared to PWI, hyperperfusion on ASL has dem-
onstrated better information about penumbral salvage
and was a better predictor of early clinical outcome,59

indicating that it may be an effective marker of tissue
reperfusion with positive early clinical correlation for
acute ischemic stroke patients. While CTP and PWI
have been the most common imaging techniques used
in prior investigations of microvascular failure,
between-study heterogeneity is likely to increase in
future meta-analyses of this phenomenon as novel
modalities such as ASL and BOLD-delay are used to
circumvent gadolinium contrast toxicity and radiation
concerns associated with serial imaging.

Conclusion

In terms of future considerations of microvascular fail-
ure in clinical care and therapeutic development, our
analysis suggests that the biomarkers, imaging studies,
and clinical evaluations needed to evaluate the phe-
nomenon are increasingly included in the study of
post-recanalization AIS patients. However, the litera-
ture is inconsistent in the reporting of the component
measures and imaging outcomes that are necessary to
determine microvascular dysfunction. In total, 186
studies were excluded from the analysis as the compo-
nent variables needed to calculate microvascular failure
rate in the study were not present. Most of these studies

included the measurement of both recanalization and

reperfusion using validated methodologies in their trial

design, but did not explicitly report the subset of

patients with partial or successful recanalization with-

out perfusion on post-treatment imaging.
While advanced perfusion imaging has been lever-

aged extensively in the pre-recanalization setting to

optimize revascularization strategy for a given patient,

it has been used sparingly following treatment to iden-

tify reperfusion dynamics in post-revascularized brain

tissue. Serial imaging throughout the pre- and post-

recanalization phases may provide prognostic informa-

tion regarding microvascular failure dynamics that may

guide the ongoing development of experimental thera-

peutics, including complement inhibition86,87 and tar-

geted cerebral edema therapies88, that may target the

neuroinflammatory basis of progressive microcircula-

tory dysfunction and potentially minimize secondary

injury.
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