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Abstract

Background—Variability in imaging protocols and techniques has resulted in a lack of
consensus regarding the incorporation of perfusion imaging into stroke triage and treatment. The
objective of our study was to evaluate the available scientific evidence regarding the utility of
perfusion imaging in determining treatment eligibility in patients with acute stroke and in
predicting their clinical outcome.

Methods—We performed a systematic review of the literature using PubMed, Web of Science,
and Cochrane Library focusing on themes of medical imaging, stroke, treatment, and outcome
(CRD42016037817). We included randomized controlled trials, cohort studies, and case-
controlled studies published from 2011 to 2016. Two independent reviewers conducted the study
appraisal, data abstraction, and quality assessments of the studies.
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Results—Our literature search yielded 13 studies that met our inclusion criteria. In total, 994
patients were treated with the aid of perfusion imaging compared with 1819 patients treated with
standard care. In the intervention group 51.1% of patients had a favorable outcome at 3 months
compared with 45.6% of patients in the control group (p=0.06). Subgroup analysis of studies that
used multimodal therapy (IV tissue plasminogen activator, endovascular thrombectomy) showed a
significant benefit of perfusion imaging (OR 1.89, 95% CI 1.43 to 2.51, p<0.01).

Conclusions—~Perfusion imaging may represent a complementary tool to standard radiographic
assessment in enhancing patient selection for reperfusion therapy, with a subset of patients having
up to 1.9 times the odds of achieving independent functional status at 3 months. This is
particularly important as patients selected based on perfusion status often included individuals
who did not meet the current treatment eligibility criteria.

INTRODUCTION

Stroke is the fourth leading cause of death and the leading cause of chronic disability in the
USA.1 Furthermore, the global incidence of stroke has increased to 16.9 million within the
last decade.? Although the mortality rate of stroke has decreased with improvements in
stroke recognition and management, the global burden of stroke continues to increase.3
Therefore, how to further enhance stroke treatment to reduce long-term disability remains a
significant challenge.

While extensive scientific evidence has shown the benefit of IV tissue plasminogen activator,
only 0.6—22% of potentially eligible patients actually receive reperfusion therapy.*® This low
rate of stroke treatment is largely due to the narrow recommended time window for therapy.
Multimodal imaging techniques including perfusion imaging using CT and/or MRI now
allow detection of infarcted brain tissue and also potentially salvageable brain tissue. These
developments have encouraged further refining and categorization of treatment eligibility.
For example, the DEFUSE study highlighted that MRI assessment after the typical 3 hours
cut-off allowed selection of patients who would benefit from reperfusion.8 While the
potential upside of such technology is evident, considerable variability in the choice of
imaging modalities and definition of perfusion status have led to some clinicians raising
concerns about premature incorporation of perfusion imaging into standard care.”

The objective of this study was to evaluate the current evidence on the utility of perfusion
imaging in treating patients with acute ischemic stroke (AIS). Specifically, we aimed to
answer the following research questions: (1) What is the functional outcome of patients with
AIS who are treated based on perfusion imaging characteristics in addition to standard
clinical and imaging assessment compared with patients treated without perfusion imaging
data? (2) What is the ability of perfusion imaging to predict clinical outcome after AIS?

METHODS

Search strategy

A systematic review and meta-analysis were conducted based on the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA) statement. The research
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protocol was developed a priori and was registered at the International Prospective Register
of Systematic Reviews (PROSPERO; CRD42016037817).

We performed our literature search in PubMed, Web of Science, and Cochrane Library for
English language publications from 1 January 2011 to 1 January 2016. In collaboration with
a medical librarian with expertise in systematic reviews, a broad scope of search terms,
related MeSH terms, and their word variants were developed under the themes of medical
imaging, stroke, treatment, and outcome (see online supplement). A secondary search was
conducted by reviewing citations from previously published literature reviews and major
clinical trials along with a search in Google Scholar.

Study selection and classification

In the initial title and abstract review, articles were included if they involved perfusion
imaging related to AlS management. The interventions of interest were multimodal CT scan
and MRI performed as a part of stroke assessment for the adult population. We included
randomized controlled trials, cohort studies, and case-control studies and excluded case
reports, editorials, technical reports, conference abstracts, and books. Studies that met the
inclusion criteria were reviewed in full and grouped according to the Provenzale
classification of perfusion imaging research, with category 1 studies (perfusion used to guide
treatment) and category 2 studies (perfusion used to predict outcome) selected for detailed
analyses.8

Data extraction, synthesis and analysis

Two independent reviewers extracted details of the studies grouped as Provenzale category 1
or 2 using a standardized abstraction form developed a priori (see online supplement). The
primary outcome for our review was functional status as measured by the modified Rankin
Scale (mRS) score at 3-month follow-up categorized in a dichotomous manner (favorable
outcome, MRS score 0-2; unfavorable outcome, mRS score 3-6). We used a random effects
model for all meta-analyses given the heterogeneity between studies. The summary estimate
of functional outcome used ORs with 95% Cls. Subgroup analyses were performed to
identify important sources of heterogeneity. Studies examining perfusion imaging as a
predictor of outcome were analyzed in a descriptive manner due to the significant
heterogeneity of study methodologies.

Quality assessment (QA) was performed based on National Institute of Health (NIH)
guidelines for systematic review with standardized NIH Study QA Tools.? This tool consists
of 12-14 questions addressing validity and risk of bias. Two independent reviewers
evaluated the overall quality of the studies. Reviewer 1 rated all studies in Provenzale
category 1 and 50% of studies in Provenzale category 2, while reviewer 2 rated all studies in
Provenzale category 2 and 50% of studies in Provenzale category 1. Discrepancies were
resolved through discussion between the reviewers. Begg’s test and Egger’s test were
performed to assess publication bias. Statistical analyses were performed using Stata 14 with
p<0.05 as the criterion for identifying statistically significant results (StataCorp, Texas,
USA).
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The initial search yielded 1742 unique publications (see online supplementary figure S1). Of
the 154 papers that were reviewed in full, 49 articles were identified as Provenzale category
1 or 2. To answer our first research question, studies in Provenzale category 1 focusing on
perfusion imaging-based treatment outcomes were selected for meta-analysis. For our
second research question, studies in Provenzale category 2 assessing perfusion imaging
characteristics as predictors of outcome were analyzed in a descriptive manner.

Perfusion imaging-based treatment

A total of 13 studies with 3881 patients met our criteria for inclusion under Provenzale
category 1 (table 1). Of the 13 studies selected, eight were included for meta-analysis with
994 patients treated based on perfusion imaging characteristics in addition to the standard
clinical and imaging assessments (intervention group) compared with 1819 patients treated
without perfusion imaging (control group; table 2).19-17 For the majority of the studies, the
intervention group was treated with a longer treatment time window (up to 26 hours from
stroke onset); three studies treated patients with unknown or unclear stroke onset. The mean
patient age between the intervention group and control group differed in two of eight studies,
with the intervention group being older. Eight of eight studies had similar baseline NIH
Stroke Scale (NIHSS) scores between the two groups.

Of the patients who were treated with adjunctive perfusion imaging, 51.1% experienced a
favorable clinical outcome at 3-month follow-up compared with 45.6% of patients who were
treated with standard care (p=0.06). Based on the random effects model, the summary
estimate suggested a trend towards favoring perfusion imaging-based treatment (figure 1A;
OR 1.29, 95% CI 0.99 to 1.69; p=0.06). In the subgroup analysis based on studies that
included specified stroke onset time there was a significantly higher rate of favorable
outcome in the intervention group (figure 1B; OR 1.30, 95% CI 1.08 to 1.57; p<0.01). In
contrast, subgroup analysis of studies that included patients with unknown or unclear stroke
onset showed similar outcomes between the two groups (OR 1.08, 95% CI 0.76 to 1.53;
p=0.66). Studies that used multimodal therapy showed the largest effect size, favoring
perfusion imaging (figure 1C; OR 1.89, 95% CI 1.44 to 2.51; p<0.01).

Predictor of patient outcome

A total of 36 studies with 4007 patients met our criteria for inclusion under Provenzale
category 2 (table 3).18-53 These studies focused on various measurements derived from
perfusion imaging to assess their utility in predicting patient outcome. The primary outcome
of interest ranged from early recanalization, final infarct volume, hemorrhagic
transformation, and NIHSS score to mRS score (see online supplementary table S1). The
most commonly used outcome measure was follow-up mRS score, with 30/36 studies
reporting either 30-day or 3-month functional outcome. The imaging characteristics found to
be predictive included target mismatch profile, cerebral blood volume (CBV), collateral
flow, cerebral blood flow (CBF), CBV-Alberta Stroke Program Early CT score
(ASPECTS), CBF-ASPECTS, ischemic core volume, and recanalization status (see online
supplementary table S1).
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Quality assessment

The majority of the studies (46 of 49) in our systematic review were of good or fair quality.
Initial independent review of QA yielded different ratings in seven studies (x=0.54);
however, discussions between the reviewers led to consensus resolution of all discrepancies.
Final inter-rater reliability between the two independent reviewers was strong (x=1.0). Our
assessment identified three studies with concern for bias due to numerous uncertainties in
study design including patient recruitment and selection process along with lack of statistical
analyses adjusting for potential confounding variables. Analysis of publication bias for
Provenzale category 1 studies included in our meta-analysis did not suggest significant
asymmetry of study results (see online supplementary figure S2).

DISCUSSION

This systematic review presents an up-to-date evaluation of the utility of perfusion imaging
in AIS management. Using the Provenzale classification, we identified 49 studies that
focused on perfusion imaging as a clinical decision-making tool (Provenzale category 1) or
as a predictor of patient outcome (Provenzale category 2).

Perfusion imaging-based treatment

We identified 13 studies that examined the clinical efficacy of revascularization therapy
based on physiologic data. This is significantly different from the state of evidence reported
by Provenzale et aP in 2008, when there was only a single retrospective trial that directly
involved perfusion imaging in determining eligibility for reperfusion therapy. The results of
our meta-analysis indicate that perfusion imaging leads to better selection of patients who
will benefit from reperfusion therapy, with up to 1.9 times the odds of achieving independent
functional status at 3 months (p<0.01). This is particularly important as patients selected
based on perfusion status often demonstrated longer times from stroke onset and involved
patients who would have traditionally been excluded from treatment based on standard
eligibility criteria. Even in studies that treated patients with unknown or unclear stroke onset
times, patients had similar outcomes compared with the control group without an increased
complication rate. These results suggest that current treatment protocols that rely heavily on
time from symptom onset may be too conservative, thereby leading to missed opportunities
for additional successful treatments. Patient selection that incorporates clinical status with
physiologic data may allow more patients to be treated without increasing the risk of futile
treatment or complications.

While the findings of our systematic review provide additional support for multimodal
imaging, the role of perfusion imaging in current clinical practice remains a topic of
contention. Some of the concerns highlighted in previous publications include lack of
standardized definitions, inconsistency in imaging technique, and potential delays in
treatment from additional imaging.”>* However, there is an increasing number of
randomized clinical trials that incorporate perfusion imaging in their protocol, thus seeking
to gain further insight in optimizing stroke treatment. The MR RESCUE trial and DEFUSE
2 studies examined the perfusion imaging characteristics of patients treated with reperfusion
therapy.32°% These studies resulted in mixed conclusions; whereas the MR RESCUE trial did
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not find greater response to endovascular treatment in patients with penumbra pattern on
perfusion imaging, the DEFUSE 2 study reported a significantly higher rate of favorable
response to reperfusion in patients with target mismatch.35%° These two studies, however,
did not use perfusion imaging profile as inclusion or exclusion criteria. In contrast, the
EXTEND-IA trial specified mismatch characteristics in the selection criteria leading to 25%
of patients being excluding based on perfusion imaging findings.>® Unfortunately,
EXTEND-IA did not discuss in detail the perfusion imaging characteristics in their patient
cohort and the extent of additional benefit that perfusion imaging selection had in their
patients’ outcomes. As more clinical studies use perfusion imaging characteristics as part of
their inclusion and exclusion criteria, the lack of standardization of mismatch profile and
imaging triage must be addressed to improve generalizability of the study results. One
important step is to better characterize perfusion imaging findings in the study patient
population so that differences in primary outcomes of studies can be further analyzed to
optimize and standardize the threshold for inclusion and exclusion criteria. Subsequently,
this will translate to reducing both the rates of futile treatment and undertreatment of
patients with ischemic stroke. Furthermore, critical evaluation of current evidence is needed
to better define the cases where multimodal imaging is most suited for and may play an
integral part in clinical decision-making, such as cases of unclear onset of stroke or delayed
diagnosis. Currently, two prospective trials (DAWN-NCT02142283 and DEFUSE 3-
NCTO02586415) are examining the benefit of endovascular therapy in patients beyond 6
hours of stroke onset who are selected based on perfusion imaging characteristics. These
studies are estimated to finish in July 2017 and June 2020, respectively. Until the publication
of these trials, we believe that this systematic review can assist in critically evaluating the
clinical utility of perfusion imaging characteristics in making treatment decisions.

Predictor of patient outcome

Limitations

The body of evidence has increased significantly from previous published literature reviews
on perfusion imaging.857 In total, our systematic review identified 36 studies that focused on
perfusion imaging as a predictor of patient outcome. While there was significant variability
in the methodology of these studies, 35 of the 36 studies reported that physiologic imaging
characteristics (ie, perfusion status, ischemic core volume, collateral flow) were noted to be
predictors of outcome. However, as Provenzale et aP noted, studies that focused on
perfusion imaging as a predictive tool have a limited capacity in guiding treatment decisions.
Given the abundance of such studies, we believe that future research should focus more on
prospective validation of the role of perfusion status as an eligibility criterion for treatment.

This study has a number of limitations that must be noted. Given the nature of the systematic
review, there is variability in the methodology of included studies such as treatment
protocol, imaging processing, and measures of perfusion status. Future research in clarifying
and standardizing perfusion imaging techniques will be important to allow broader
generalizability of published reports. Another limitation is that only a subset of studies in
our systematic review was included in the meta-analysis. The inclusion criteria for the meta-
analysis were defined a priori to promote homogeneity in the data for analysis. Despite the
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exclusion of some studies from the meta-analysis, our summary estimate consisted of 2813
patients, which is larger than other studies published to date.

CONCLUSION

Advanced neuroimaging focusing on real-time physiologic status of patients represents a
potential solution for addressing one of the major treatment limitations in stroke.
Specifically, our systematic review of the literature and meta-analysis show that perfusion
imaging may allow better patient selection leading to a greater number of patients receiving
reperfusion therapy with higher rates of successful functional outcomes. The ongoing
generation of perfusion-based clinical trials will move us closer to a definitive answer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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2A. Summary estimate %

study year OR (95% Cl) Weight
Bivard 2015 —— 0.95(0.72,1.27) 18.61
Garcia 2012 _— 0.84 (0.42,1.67) 9.22
Jovin 2011 ——— 1.30 (0.82,2.06) 13.93
Morelli 2015 - 0.83 (0.35,1.96) 6.90
Obach 2011 —_— 1.85(1.17,2.91) 13.98
Prabhakaran 2014 % 247(1.39,4.39) 11.29
Rai 2013 —_— 1.65(1.05,2.59) 14.13
Sztriha 2011 —_— 0.99 (0.57,1.70) 11.94
Overall (l-squared = 56.5%, p = 0.024) <> 1.29 (0.99, 1.69) 100.00
2B. Known stroke onset time

Bivard 2015 —— 0.95(0.72,1.27)  50.27
Obach 2011 —_—— 1.85(1.17,291)  14.00
Prabhakaran 2014 ——— 247 (1.39,439) 756
Rai 2013 —_— 1.65(1.05,2.59) 14.62
Sztriha 2011 —_— 0.99 (0.57,1.70)  13.56
Overall (I-squared = 70.8%, p = 0.008) <> 1.30 (1.08,1.57)  100.00
2C. Multi-modal therapy

Obach 2011 —_— 1.85(1.17,291)  38.69
Prabhakaran 2014 ——— 247 (1.39, 4.39) 20.89
Rai 2013 —_— 1.65(1.05,259)  40.42
Overall (I-squared = 0.0%, p = 0.550) <> 1.90 (1.44,251)  100.00

| |
228 439

Favors standard care Favors perfusion imaging

Figure 1.
Forest plots of studies comparing the effect of perfusion imaging-based acute ischemic

stroke treatment versus standard treatment without perfusion imaging. (A) Forest plot of all
studies included in the meta-analysis. (B) Forest plot of studies that only included patients
with known stroke onset time. (C) Forest plot of studies that treated eligible patients with
multimodal reperfusion therapy (1V tissue plasminogen activator and endovascular
thrombectomy).
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Table 1

Characteristics of perfusion imaging-based treatment studies

CT MRI  CTor MRI

No of studies 9 1 3
Study design

Randomized controlled trials 1 0 1

Cohort studies 7 1 2

Case—control studies 1 0 0
Sample 2952 239 690
Treatment timing window, hours 324 N/A 8
No of studies treating patients with unknown onset time 2 1 1
Treatment

IV tPA only 4 0 0

ET only 0 0 1

Combined IV tPA and ET 5 1 2

ET, endovascular thrombectomy; IV tPA, IV tissue plasminogen activator.
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Table 3

Characteristics of studies examining perfusion imaging as a predictor of outcome.

Page 14

CT perfusion MRI - PWI CT or MRI

No. studies 17 12 7
Study design

RCT 0 0 1

Prospective cohort 3 1 3

Retrospective cohort 14 11 3
Sample 1845 1450 712
Treatment

1V tPA only 8 8 4

Endovascular Thrombectomy (ET) only | 4 0 0

Combined IV tPA and ET 5 3 3

Conservative Management 0 1 0

Primary outcomes

mRS scores; NIHSS score;
ICH; recanalization rate

mRS scores; NIHSS score;
ICH; final infarct volume

mRS scores; NIHSS score;
ICH; final infarct volume
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