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ABSTRACT

BACKGROUND AND PURPOSE: Imaging biomarkers are increasingly used to provide a better understanding of the pathophysiology
of acute ischemic stroke. However, this approach of routinely using imaging biomarkers to inform treatment decisions has yet to be
translated into successful randomized trials. The aim of this study was to systematically review the use of imaging biomarkers in
randomized controlled trials in patients with acute ischemic stroke, exploring the purposes for which the imaging biomarkers were
used.

MATERIALS AND METHODS: We performed a systematic review of imaging biomarkers used in randomized controlled trials of acute
ischemic stroke, in which a therapeutic intervention was trialed within 48 hours of symptom onset. Data bases searched included MEDLINE,
EMBASE, strokecenter.org, and the Virtual International Stroke Trials Archive (1995–2014).

RESULTS: Eighty-four studies met the criteria, of which 49 used imaging to select patients; 31, for subgroup analysis; and 49, as an outcome
measure. Imaging biomarkers were broadly used for 8 purposes. There was marked heterogeneity in the definitions and uses of imaging
biomarkers and significant publication bias among post hoc analyses.

CONCLUSIONS: Imaging biomarkers offer the opportunity to refine the trial cohort by minimizing participant variation, to decrease
sample size, and to personalize treatment approaches for those who stand to benefit most. However, within imaging modalities, there has
been little consistency between stroke trials. Greater effort to prospectively use consistent imaging biomarkers should help improve the
development of novel treatment strategies in acute stroke and improve comparison between studies.

ABBREVIATIONS: RCT ! randomized controlled trial; TCD ! transcranial Doppler

Treatment options for patients with acute ischemic stroke are
limited. Despite attempts to develop novel neuroprotectants

and strategies for reperfusion, very few have made it into routine
practice. This failure of progress is multifactorial in origin but
includes failure to properly account for patient heterogeneity and
a lack of proved surrogate outcomes.1

Imaging has been widely embraced, both in clinical practice and

research studies, to achieve various aims, including the following:
reducing the heterogeneity of participants in a trial; stratifying pa-
tients into those who may or may not benefit from treatments; and
assessing intervention efficacy and/or safety.2,3 The Acute Stroke Im-
aging Research Roadmap II was developed on the background of
recent null acute stroke trials incorporating selection by using pen-
umbral imaging.2 It reinforced the need for a rigorous definition of
regions of interest, defined a framework for using imaging biomark-
ers in imaging studies (with the specific example of revasculariza-
tion), and called for coordinated imaging data collection.

The aim of this study was to systematically review randomized
intervention trials in patients with acute ischemic stroke, using the
groupings developed in the Acute Stroke Imaging Research Road-
map II and detailing the purposes for which they were used.
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MATERIALS AND METHODS
Eligibility Criteria
This systematic review selected studies analyzing data from ran-
domized controlled trials (RCTs) of acute ischemic stroke thera-
pies (eg, intravenous thrombolysis, glycemic control, and hypo-
thermia). Subject enrollment was required within 48 hours of
symptom onset, and imaging biomarkers were used to select pa-
tients, measure outcome, or define subgroups (preplanned or
post hoc). Any form of imaging including CT, MRI, SPECT, or
transcranial Doppler (TCD) was allowed. Studies that used imag-
ing solely to exclude patients with intracranial hemorrhage at trial
enrollment were not included in the analysis. Other exclusion
criteria were the following: studies of hemorrhagic stroke or tran-
sient ischemic attack, cluster trials, studies in children, those not
comparing treatment and control groups, and those using histor-
ical controls. When !2 articles described the same populations,
both studies were included, provided different imaging biomark-
ers were used in each.

Search Strategy
MEDLINE and EMBASE (1995 to March 2014) were searched by
using a combination of terms, their derivatives, and related terms:
RCTs, acute stroke, and imaging (On-line Appendix). Searches

were limited to English language articles
with adult human subjects. Additional
searches were made of strokecenter.org
and the Virtual International Stroke Tri-
als Archive (www.vista.gla.ac.uk). Two
of the 3 reviewers screened each title
and abstract independently (G.W.J.H.,
N.R., G.S.). The same reviewers inde-
pendently reviewed the full texts of all
potentially relevant studies, and those
included were accepted by consensus
(Fig 1).

Data Extraction
Data extracted included year, number of
patients enrolled, details of the imaging
biomarker, and the results of the trial.
The imaging biomarkers were classified
into the groups identified in the Acute
Stroke Imaging Research Roadmap II
with particular attention to Treatment-
Relevant Acute Imaging Targets.2 The
purpose for which each group was
used (trial eligibility, outcome mea-

sure, or subgroup analyses [preplanned or post hoc]) was
recorded.

RESULTS
Search Results
The electronic search yielded 10,212 titles, of which 1180 were
duplicates. Screening of the remaining studies and additional
manual searching produced 370 to be appraised. Two hundred
eighty-six were excluded following review of the article, leaving 84
to be included in the final analysis (Fig 1, On-line References). We
identified 8 groups of imaging biomarkers: infarct volume,
edema, diagnosis/territory of infarction, vessel status, ischemic
penumbra, perfusion status, collaterals, and composite/other
(Table 1).2 Forty-nine studies used imaging for trial eligibility, 49
studies used !1 imaging outcome (eg, infarct volume or recana-
lization), and 31 studies used imaging criteria to define !1 sub-
group (eg, stratification by infarct volume). Eighty-five different
imaging-defined subgroups were identified in these 31 studies, 17
of which were preplanned and the remaining 68 subgroups were
defined post hoc.

Imaging Biomarkers
Infarct volume was extensively used as an exclusion criterion
from trial recruitment and subgroup eligibility assessment (Table
1). The most consistent definition used was an infarct volume on
noncontrast CT of greater than one-third of the MCA territory
(16/29 studies) (On-line Table 1). Other definitions used ranged
from any evidence of ischemia on noncontrast CT to greater than
two-thirds of the MCA territory demonstrating restricted diffu-
sion on DWI. One trial of hemicraniectomy for malignant MCA
syndrome excluded patients with an infarct volume of less than a
predefined level (145 mL on DWI).4

Imaging was used in a variety of other ways to establish trial

FIG 1. Schema of systematic review.

Table 1: Use of imaging in stroke trials
Trial

Eligibility
Outcome
Measure

Subgroup
Analysis

Infarct volume 29 62 34
Edema 5 NA 0
Diagnosis/territory of infarction 9 NA 5
Vessel status 16 17 23
Ischemic penumbra 10 7 22
Perfusion status only 2 27 1
Collaterals 0 0 2
Composite/other 0 4 2

Note:—NA indicates not applicable.
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eligibility: DWI to confirm the diagnosis before enrollment, the
presence of edema on CT to exclude patients, and location of
infarction within a specific vascular territory for either inclusion
or exclusion (On-line Table 1).

Vessel occlusion by using angiography (CTA, MRA, or DSA)
and TCD was commonly identified before enrollment in a trial.
Of the 16 trials that selected according to vessel-occlusion status,
12 used imaging to identify a target for the intervention and the
remaining 4 excluded patients with carotid occlusions on the basis
of the futility of the intervention (On-line Table 1).

Perfusion deficit alone was used in only 2 studies to select
patients for inclusion (Table 1), whereas 13 studies used reperfu-
sion as an outcome criterion in 27 different efficacy analyses.
There was considerable heterogeneity in the timing of the assess-
ment of reperfusion (4 hours to 3 months), which was made using
a variety of modalities (MRI perfusion, CTP, SPECT) (On-line
Table 2).

Identification of the ischemic penumbra, as a means of either
patient selection or outcome assessment, was common (Table 1).
On-line Table 3 demonstrates the variety of ways in which pen-
umbra has been defined. All except 1 study defined penumbra
using MRI perfusion measures, such as mean transit time or time-
to-maximum, to identify hypoperfused tissue that extended be-
yond the DWI lesion, and most used a threshold of 20% mismatch
to define ischemic penumbra to select patients. No trial using
MRI perfusion resulted in a positive outcome. However, this
threshold (20% mismatch to define the ischemic penumbra) was
used with success in an evaluation of tenecteplase by using CTP
(On-line Table 3).5 In addition to trials of reperfusion therapies,
several neuroprotective trials also used penumbral imaging for
inclusion.

Subgroup Analyses
The comparison of the results of studies with preplanned imag-
ing-defined subgroups or imaging-based outcomes compared
with post hoc analyses can be seen in Table 2. There are signifi-
cantly more positive results in studies using post hoc analyses. For
instance, no preplanned subgroup analysis of mismatch eligibility
criteria has demonstrated a positive effect of what otherwise had
been a null trial by primary analysis, whereas 2 post hoc– defined
subgroup analyses have demonstrated a positive effect (On-line
Table 3): those patients with very large perfusion deficits and
small DWI lesions6; and patients with a 20% mismatch profile
only once images were properly coregistered.7 More generally, the
definitions used for subgroup selection were less consistent than
those used for trial eligibility criteria (On-line Table 4). Using the
example of quantification of cerebral infarction, we found that

definitions ranged from strata of absolute volumes to scoring sys-
tems such as the Alberta Stroke Programme Early CT Score.8

DISCUSSION
This review reinforces the framework outlined in the Acute Stroke
Imaging Research Roadmap II.2 It identifies groupings of imaging
biomarkers that have been used across RCTs, reflecting the indi-
vidual needs of those trials. However, there is marked heteroge-
neity in the definition of these imaging biomarkers among trials,
with a large number of post hoc subgroup analyses exploring fur-
ther imaging biomarker definitions.

In general terms, the use of imaging biomarkers is intended to
produce a more homogeneous population within a trial, with the
hope of limiting patient selection to those for whom the interven-
tion is most likely to be of benefit. This should allow smaller trials
to be conducted over shorter periods. We identified 8 groupings
of imaging biomarkers used in acute stroke trials: infarct volume,
edema, diagnosis/territory of infarction, vessel status, ischemic
penumbra, perfusion status, collaterals, and composite/other. All
were used to evaluate trial eligibility or outcome assessment, or
for subgroup analysis.

This review highlights the variability of imaging biomarker
definitions and acquisitions in RCTs. Taking infarct volume as an
example, one-third of the MCA territory as a threshold on non-
contrast CT was the most consistent imaging biomarker used for
trial eligibility. Less consistency was seen when infarct volume was
used to assess outcome. Timing of measurements, technique
used, and measurement technique were all highly variable among
trials (On-line Table 2). When an imaging biomarker becomes
more complex, the epitome being ischemic penumbra, even more
heterogeneity exists (On-line Table 3).

The impact of the inconsistent measurement of imaging bio-
markers is important. For example, if infarct volume is used as an
outcome assessment, edema and atrophy can affect the infarct
volume at different times.9 Within the same patients the blinded
adjudication of FLAIR and T2 images by neuroradiologists results
in different infarct volume estimates and discrepant interrater
agreements.10 The reliability and repeatability of a biomarker in
defining a pathologic process will be affected by the contrast-to-
noise ratio afforded by the imaging technique.11 For example,
DWI has a greater contrast-to-noise ratio than T2-weighted MR
imaging, CT, and CTP, allowing a clearer definition of the extent
of a lesion,11,12 thus reducing measurement error and improving
interrater agreement.13 Even when there is excellent interrater
agreement among neuroradiologists, substantial measurement
errors can still exist that affect sample-size calculation for a RCT,
particularly when the infarct volumes are small or moderate.14

Automated approaches to volume measurement offer the pros-
pect of limiting human measurement error but introduce chal-
lenges of their own in the accommodation of thresholds that vary
among individuals and that are also influenced by timing from
stroke onset.14

The relationship between patients, imaging biomarkers, treat-
ments, and eventual clinical outcomes is complex. Failure to ac-
curately understand these relationships and, thus, selecting an
inappropriate biomarker have contributed to the criticisms of re-
cent RCTs. Defining a treatment-responsive group by using an

Table 2: Proportion of analyses showing a positive outcome using
imaging biomarkers for inclusion/exclusion or outcome
assessment

Preplanned Post Hoc P Value
Inclusion/exclusion

Subgroup studies 3/17 28/68
RCTs 10/49
Total 13/66 28/68 .009a

Outcome 13/84 19/42 .0005a

a Fisher exact test.
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imaging biomarker is an entirely different task to selecting those
who are destined to do well, independent of treatment, as was seen
in the Mechanical Retrieval and Recanalization of Stroke Clots
Using Embolectomy study.15,16 The only positive RCT of intrave-
nous thrombolysis used within 3 hours of stroke onset is not in-
cluded in this review because patients were not excluded by infarct
volume criterion.17 Of note, post hoc analysis demonstrated that
infarct volume was not a treatment modifier within 3 hours.18

The optimal threshold of infarct volume used to exclude patients
from trial enrollment remains unclear.6,19

Several prospective observational studies have explored alter-
nate definitions of the ischemic core using DWI to select patients
for endovascular therapy (Diffusion and Perfusion Imaging Eval-
uation for Understanding Stroke Evolution Study 2 used a thresh-
old of "70 mL on DWI to exclude patients).19-22 These data sug-
gest that patients selected by using lower infarct volume
thresholds than used previously have a greater capacity to benefit
from endovascular treatment. This promising approach from ob-
servational studies now needs to be translated into RCTs.

Expected treatment effects on a biomarker used as an imaging
outcome and its relationship with clinical outcomes also need to
be understood when designing a RCT. For example, the recanali-
zation rate with intravenous tPA in the Interventional Manage-
ment of Stroke III trial was twice what was predicted, and the
highly significant increase in revascularization was not associated
with improvement in clinical outcomes.23

The Acute Stroke Imaging Research Roadmap II outlines a
framework for use within a RCT, advocating the use of a consis-
tent Treatment-Relevant Acute Imaging Target within all arms.
This would allow secondary analyses to address the additional
value of imaging while the primary focus remains on the thera-
peutic intervention. This area deserves further methodologic con-
sideration; this review highlights the large number of subgroup
analyses, typically post hoc, performed using data from the RCTs.
We found an excess of positive post hoc subgroup analyses, sug-
gesting that any apparently useful subgroups should be viewed
with caution, given the risk of publication bias.1,24 This may give
a false sense of promise from apparently successful post hoc at-
tempts to stratify patients (Table 2), meaning that these positive
results should be used only for hypothesis generation and valida-
tion in separate patient research cohorts, and before widespread
clinical adoption.25

Successful meta-analyses of pooled data of RCTs of intrave-
nous thrombolysis and hemicraniectomy have contributed to
their wide adoption into national stroke clinical guidelines and
practice.15,16 The inconsistent use of imaging biomarkers high-
lighted in this review markedly hampers such meta-analyses. For
instance, it would be inappropriate to combine cohorts in whom
mismatch was defined using different modalities and thresholds.
It is equally challenging to interpret results from individual stud-
ies in which different imaging modalities are used to define en-
rollment criteria: for instance, the Mechanical Retrieval and Re-
canalization of Stroke Clots Using Embolectomy study used
either MRI or CT to assess the favorability of the penumbral pat-
tern.15 The advantage of this approach is to maximize the number
of sites that may take part in a RCT, hopefully reducing study
duration and broadening the generalizability of the results. How-

ever, unless the equivalence of the biomarkers is robustly estab-
lished, the reliability of data interpretation is potentially compro-
mised. The Acute Stroke Imaging Research Roadmap II begins to
address these difficulties with the example of the clarification of
revascularization status and associated concepts.2,26

There remains an unmet need for a robust pathway for stroke
imaging biomarker development from the preclinical studies
through translational and observational studies ready for use in
RCTs and clinical settings. This pathway needs to accommodate
the possibility that the imaging that drives scientific discovery
may or may not be available for clinical use in acute stroke. For
example, diffusion MRI is a widely used and validated method for
identifying core infarct in animal model studies and has been used
in several RCTs. On the other hand, perfusion CT has almost no
preclinical validation but is commonly used in RCTs. The rela-
tionship between how and whether different imaging modalities
measure the same pathophysiology must be established. Existing
initiatives developed from expert consensus may expedite this
process and ensure a more homogeneous use of biomarkers in
RCTs.27,28

CONCLUSIONS
Imaging biomarkers offer the opportunity to refine the trial co-
hort by minimizing participant variation, to decrease sample size,
and to personalize treatment approaches for those who stand to
benefit most. However, within imaging modalities, there has been
little consistency among stroke trials. Greater effort to prospec-
tively use consistent imaging biomarkers should help improve the
development of novel treatment strategies in acute stroke and
improve comparison between studies.
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