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Abstract
Objectives—To refine the definition of the Malignant MRI profile in acute stroke patients using
baseline DWI and PWI findings from the pooled DEFUSE/EPITHET database.

Methods—Patients presenting with acute stroke within 3-6 hours from symptom onset were
treated with tPA or placebo. Baseline and follow-up DWI and PWI images from both studies were
reprocessed using the same software program. An ROC curve analysis was used to identify Tmax
and DWI volumes that optimally predicted poor outcomes (mRS 5-6) at 90 days in patients who
achieved reperfusion.

Results—Sixty-five patients achieved reperfusion and 46 did not reperfuse. ROC analysis
identified a PWI (Tmax>8s) volume of >85 mL as the optimal definition of the Malignant profile.
Eighty-nine percent of the Malignant profile patients had poor outcome with reperfusion versus
39% without reperfusion (p=0.02). Parenchymal hematomas occurred more frequently in
Malignant profile patients who experienced reperfusion vs. no reperfusion (67% vs. 11%, p<0.01).
DWI analysis identified a volume of 80 mL as the best DWI threshold, but this definition was less
sensitive than PWI-based definitions.
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Conclusions—Stroke patients likely to suffer parenchymal hemorrhages and poor outcomes
following reperfusion can be identified from baseline MRI findings. The current analysis
demonstrates that a PWI threshold (Tmax>8s) of approximately 100 mL is appropriate for
identifying these patients. Exclusion of Malignant profile patients from reperfusion therapies may
substantially improve the efficacy and safety of reperfusion therapies.

Clinical Trial Registration Information—EPITHET study is registered on
www.clinicaltrials.gov, unique identifier NCT00238537.
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Introduction
It is well established that the benefit of intravenous thrombolysis for treatment of acute
ischemic stroke declines with longer onset to treatment times.1 Regression of the ischemic
penumbra over time is the predominant hypothesis to explain this decline; however,
reperfusion injury and hemorrhage may also contribute. Early reperfusion following
ischemic stroke can cause additional injury to the ischemic arterial wall and
microvasculature leading to cerebral edema and brain hemorrhage.2 Although the risk
factors for reperfusion injury have not been well established, it has been hypothesized that
patients with large volumes of severely ischemic tissue are at greatest risk.3 Support for this
hypothesis has been provided by both the DEFUSE4 and EPITHET5 trials.

The “Malignant profile” was first described by the DEFUSE group as an MRI pattern
associated with symptomatic intracranial hemorrhage and poor outcome following
reperfusion.4 Criteria for the Malignant profile were empirically defined as a baseline lesion
on diffusion-weighted MRI (DWI) greater than 100mL and/or a lesion on perfusion-
weighted MRI (PWI) of more than 100mL using Tmax delay of more than 8 seconds. In the
EPITHET study,5 patients with the Malignant profile had a greater infarct growth, a lower
frequency of reperfusion and were less likely to have good neurological and functional
outcomes compared with patients who did not have the malignant profile.

These data suggest that excluding Malignant profile patients may improve outcomes in
clinical trials that are evaluating the efficacy of reperfusion therapies. The goal of this study
was to attempt to refine the definition of the Malignant profile using baseline DWI and PWI
findings from the pooled DEFUSE/EPITHET database.

Methods
The design, methodology, and primary results of DEFUSE and EPITHET studies have been
previously reported.4, 5 Briefly, DEFUSE was a prospective multinational trial. Patients with
acute stroke with National Institutes of Health stroke scale score (NIHSS) greater than 5
were enrolled if they could be treated with tPA within 3-6 hours after symptom onset. MRI
scans, including DWI, PWI and MR angiography (MRA), were obtained before treatment
and repeated 3-6 hours after initiation of thrombolytic therapy and at 30 days. EPITHET was
a phase II prospective randomized, double blinded, placebo-controlled, multinational trial
with similar entry criteria to DEFUSE. Patients were randomized to treatment with
intravenous tPA or placebo. MRI scans, including DWI, PWI and MRA, were obtained
before treatment and repeated at day 3-5 and day 90.
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MRI protocols and postprocessing
In both studies: DWI images were obtained with b-values of 0 and 1000 s/mm2, dynamic
susceptibility PWI images were acquired with gradient-echo imaging after a bolus of
intravenous gadolinium. The software used to create the PWI maps differed between studies
and resulted in systematic differences in PWI volumes.6 In addition, the criteria used for
identification of DWI lesions also differed. Therefore, we uniformly reprocessed all DWI
and PWI images from both studies using the same methodology. We used an in-house
developed software package called RAPID (Rapid Analysis of Perfusion Imaging Data).7

In this study, the DWI lesion was defined by RAPID as pixels with ADC values below
615×10-6 mm2/s or with DWI values above 2.7 standard deviation of the average value in
the brain.7 The PWI lesion was defined as pixels with Tmax delay greater than a specific
threshold. Optimal cut-off volumes for Tmax thresholds of >6s, >8s and >10s were tested to
determine an optimized definition of a malignant PWI lesion. Based on the original
definition of the Malignant profile in DEFUSE, the pre-specified primary analysis was a
Tmax threshold of >8s. A threshold of Tmax>6s was used to define the baseline and early
follow-up PWI volumes that were used to determine reperfusion status.

Using the interactive software package Medical Image Processing Analysis and
Visualization (MIPAV),8 the segmented lesions were reviewed by a single investigator
trained as a stroke neurologist. Lesion masks, corrected for artifacts and erroneous locations,
were saved and corrected volumes were recorded. Final lesion masks were adjudicated by
the group of investigators.

A reanalysis of all MRA results from both studies was also performed by the group of
investigators to assess the presence and degree of obstruction (complete occlusion, partial
obstruction, and normal) in major intracerebral arteries.

Definition of Reperfusion
The pre-specified thresholds for defining reperfusion used in the original study design of
each trial were applied. For DEFUSE patients, reperfusion was defined as a >30% reduction
in volume of Tmax>6s on the 3-6 hours follow-up scan. For EPITHET patients a >90%
reduction in volume of Tmax>6s was required on the day 3-5 scan. To achieve early
reperfusion, at least a 10 mL reduction in PWI lesion volume was required for all patients.

Assessment of Brain Hemorrhage
Hemorrhagic transformation/parenchymal hematoma was adjudicated by a blinded
committee (EPITHET) or a neuroradiologist (DEFUSE) as part of the primary data analysis
for each of the individual studies using ECASS criteria.9 The original adjudications from
each study were used for this analysis.

Optimal Identification of the Malignant Profile
A receiver operating characteristic (ROC) curve analysis was used to identify PWI and DWI
volumes that optimally predicted poor outcomes (modified Rankin scale [mRS] 5-6) at 90
days in patients who achieved reperfusion. Patients who did not have a technically adequate
baseline DWI and PWI were excluded. Patients with baseline Tmax>6s volumes <10mL
were also excluded because by definition they could not achieve reperfusion.

Optimal PWI volume thresholds were compared with the optimal DWI volume threshold to
identify the single parameter that best defined the Malignant profile. To assess if
combinations of DWI and PWI volume thresholds were superior to single parameter
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definitions, ROC curves were created from probability functions derived from logistic
regression analyses using both PWI and DWI volumes as independent predictors.

To determine if the parameter chosen to define the Malignant profile was an independent
predictor of poor outcomes, a multivariate analysis was performed. The analysis was first
performed for the entire group of patients, then subsequently for patients in whom
reperfusion status could be assessed. Finally, an analysis was performed to identify any
parameter in which the interaction term between that variable and reperfusion was
significantly associated with poor outcome. Any interaction between reperfusion status and
study (DEFUSE vs. EPITHET) was also assessed.

Statistical analysis
Continuous variables were compared using Student t-test or Mann-Whitney U test.
Categorical data were analyzed using χ2 or Fisher's exact tests. Related proportions were
compared using McNemar test. The optimal PWI or DWI volume limits for the ROC
analysis were pre-specified to be able to predict poor outcome with specificity of at least
0.95, i.e. with a minimal possible false positive rate. For volumes that achieved this degree
of specificity, the optimal volume cut-off was identified based on maximizing sensitivity.
Odds ratios for poor outcome with the Malignant vs. non-Malignant profiles were estimated
for the reperfused and not reperfused groups of patients and compared using Breslow-Day
statistic. Criterion for entering a variable into the multivariate logistic regression analysis
was significance at α<0.1 in univariate analysis. We used a backward stepwise procedure to
remove variables from the model. All tests were two-tailed and statistical significance was
defined at α<0.05.

Results
One hundred and seventy-five patients were enrolled in DEFUSE and EPITHET studies. Of
these, one withdrew consent, 63 were excluded from the ROC analysis due to inability to
determine reperfusion status: 34 had technically inadequate baseline and/or post-treatment
PWI scans, and 29 had a small PWI lesion at baseline. Sixty-five patients achieved
reperfusion and 46 did not reperfuse. There was no difference in the rate of poor outcome
between placebo and tPA (23% vs. 25% p=0.737). Baseline characteristics are shown in the
Table 1.

For the pre-specified primary PWI analysis (Tmax>8s), the ROC analysis (Figure 1)
identified a volume of >85 mL as the optimal definition of the Malignant profile. Using this
criterion to define the Malignant profile, 27/111 (24%) patients with known reperfusion
status qualified as malignant. This threshold predicted poor outcome with high true positive
rate in the group of patients who reperfused (Table 2) and provided good differentiation
from the group of patients who did not reperfuse: in the reperfused vs. not reperfused
groups, 8/9 (89%) vs. 7/18 (39%) of these patients had a poor outcome, p=0.019. In contrast,
among patients without the Malignant profile there was a trend for reperfusion to be
associated with a smaller chance of poor outcome: 5/56 (9%) had poor outcome in the
reperfusion group vs. 7/28 (25%) without reperfusion, p=0.094. The odds ratio for having a
poor outcome in optimally defined Malignant vs. non-malignant patients was 82 (95% CI
8.4-792) in patients who reperfused vs. 1.9 (95% CI 0.5-6.8) in patients who did not
reperfuse, p=0.002. When adjusted for treatment with tPA vs. placebo these ORs were 94
(8.5-1036) vs. 2.5 (0.6-10) respectively. The analyses performed using Tmax>6s and >10s
thresholds identified volumes of >120 mL and >65mL as optimal (Table 2).

The DWI analysis identified a volume of 80 mL as optimal; however, this threshold was less
sensitive (0.23) compared with the PWI threshold (0.62; p = 0.06). The overall performance
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of DWI to predict outcome was less accurate when compared to PWI although the
difference was not statistically significant: areas under the curve (AUC) 0.66 vs. 0.82,
p=0.203. No combination of DWI and PWI thresholds performed better than PWI alone
(Figure 1).

The baseline MRA was of adequate technical quality for analysis in 22 of the 27 patients
identified as malignant based on the optimized definition. A complete ICA occlusion was
present in 12 and partial ICA occlusion in 2; the other 8 had either a complete (n=6) or
partial (n=2) M1 occlusion. Among the malignant patients who reperfused, 67% developed a
parenchymal hematoma (either a PH1 or PH2) on an early follow-up scan. In contrast,
among the non-reperfusers only 11% developed a parenchymal hematoma (all PH1),
p=0.006.

Among patients with the Malignant profile, the baseline characteristics were similar between
those who reperfused vs. those who did not reperfuse (Table 3). Baseline volume of
(Tmax>8s) >85mL was verified to be an independent predictor of poor outcome among all
patients (Table 4); other independent predictors of poor outcome were older age, and higher
baseline NIHSS. The only predictor of poor outcome that had a significant interaction
between the “parameter times reperfusion”, was baseline volume of (Tmax>8s) >85mL.
Adjusted for age, this was a powerful independent predictor of poor outcome in patients who
reperfused (OR=78.6 [3.2-1937]; p=0.039 for interaction factor with reperfusion status), but
was not significantly predictive of poor outcome in the non reperfused patients (OR 4.2
[0.86-20.4], p= 0.077). There was no interaction between reperfusion status and study group
(DEFUSE vs. EPITHET).

Discussion
This analysis confirms that patients who have poor outcomes associated with reperfusion
can be identified from baseline MRI findings. The original definition of the Malignant
profile (DWI and/or PWI Tmax>8s thresholds of 100 mL) was based on observations from a
very small sample of patients.4 The current analysis affirms that a threshold of
approximately 100 mL is appropriate and suggests that PWI may perform better than DWI
for identification of the Malignant profile.

The volume of the severe perfusion deficit (Tmax>8 sec) >85mL was an independent
predictor of poor outcome in patients who reperfused, but was not a significant predictor in
patients who did not reperfuse. These findings suggest that reperfusion may lead to
detrimental effects in this select patient population. An optimized definition of the
Malignant profile based only on DWI lesion size identified patients who had poor outcomes
regardless of whether reperfusion was achieved.

If these findings can be verified prospectively they will have very important clinical and
research consequences. Including patients who have very poor prognostic signs that are
independent of reperfusion may dilute the power of a study to establish the benefit of a
reperfusion therapy. In contrast, treating patients who are at increased risk of harm from
reperfusion can directly offset the benefits of an otherwise effective reperfusion therapy.

PWI findings may be a more sensitive predictor of reperfusion related injury than DWI
because a large and severe PWI lesion may be a better predictor of serious injury to the
ischemic arterial wall. Reperfusion of injured microvasculature may cause breakdown of the
blood brain barrier, leading to vasogenic edema and potentially to symptomatic hemorrhage.
This hypothesis is supported by our finding that parenchymal hematomas occurred
significantly more frequently in malignant profile patients who experienced reperfusion
compared with those who did not reperfuse. Another reason why the early severe PWI
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lesions may be more sensitive than DWI lesions for identification of the malignant patients
is that expansion of DWI lesions into areas of severe hypoperfusion evolves over time.
Therefore, the early DWI lesion can underestimate the volume of severe hypoperfusion. The
EPITHET investigators demonstrated that very low cerebral blood volume is a stronger
predictor of the risk of hemorrhagic transformation than DWI volume.10 The UCLA-
Samsung Stroke collaborators observed that aggressive treatment and severe hypoperfusion,
but not DWI volume, were associated with hemorrhagic transformation.11

In a retrospective study reported by Yoo et al,12 among patients undergoing intra-arterial
therapy, baseline DWI lesion volume of greater than 70 mL was identified as a threshold to
define a futile group. All six patients in the futile group had a poor clinical outcome (defined
as mRS≥3 at 3 months) including a high mortality rate despite a 50% recanalization rate.
These patients had also a significantly larger mean transit time PWI lesion volumes.

There are some limitations to our study. Post-treatment MRI scans were done at different
time-windows in DEFUSE and EPITHET studies, therefore we were not able to define
reperfusion identically for each study population. In addition, reperfusion was ascertained at
a relatively late time-point in EPITHET. The sample size of Malignant profile patients is
small, and particularly small in the subgroup with reperfusion. Due to this limitation, 95%
CI for ORs were very wide. The Malignant profile patients with reperfusion were older than
the patients who did not achieve reperfusion but had identical median baseline NIHSS
scores. Not all patients could be included in the primary analysis because of technically
inadequate PWI scan at either baseline or early follow-up. We used only one ADC threshold
to identify DWI lesions, however the threshold used was optimized in a prior study and
produces volumes that are similar to adjacent thresholds.7 Using other ADC thresholds or
alternative methods for quantifying DWI lesions might yield better results and should be
considered for further study. Other considerations for further research include analyses of
the performance of total PWI plus DWI lesion volume or the union of PWI and DWI lesions
voxels on coregistered maps.

Summary
In conclusion, based on data from the pooled DEFUSE/EPITHET dataset, a baseline
Tmax>8sec PWI lesion greater than 85 mL defines patients who respond unfavorably to
reperfusion; they experienced worse clinical outcomes and higher rates of parenchymal
hematoma with reperfusion. If validated in prospective studies, exclusion of Malignant
profile patients from reperfusion therapies may substantially improve the efficacy and safety
of reperfusion therapies.
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Figure 1.
A receiver operating characteristic curves and areas under the curve (AUC) to identify PWI
(Tmax>8s delay) and DWI volumes as well as their combination that optimally predicted
poor outcomes (mRS 5-6) at 90 days in patients who achieved reperfusion.
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Table 1

Baseline characteristics for all patients in which reperfusion status could be determined (N=111)

Age, mean(SD) 72(15)

Gender, female 56(51%)

Hypertension 69(62%)

Diabetes 29(26%)

Hyperlipidemia 35(32%)

History of Smoking 40(36%)

Atrial Fibrillation 41(37%)

Admission Glucose, mg/dL, mean(SD) 139(51)

SBP baseline, mm Hg, mean(SD) 146(20)

DBP baseline, mm Hg, mean(SD) 76(14)

NIHSS baseline, median(IQR) 14(9-17)

Time to baseline MRI, min mean(SD) 257(51)

Time to treatment, min mean(SD) 301(46)

Evidence of Obstruction on MRA 81(79%)*

Degree of Obstruction, median(IQR) 0(0-1)†

Received tPA 71(64%)

*
not done in 2 and not technically adequate in 7 patients

†
degree of obstruction categories: 0=complete occlusion, 1=partial occlusion, 2=normal
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Table 3

Baseline characteristics for Malignant profile patients: reperfused vs. not reperfused groups.

Reperfused
N=9

Not reperfused
N=18

p-value

Age, median(IQR) 82(80-85) 64(55-74) 0.002*

Gender, female 3(33%) 4(22%) 0.653

Hypertension 6(67%) 13(72%) 1.000

Diabetes 2(22%) 6(33%) 0.676

Hyperlipidemia 2(22%) 5(28%) 1.000

History of Smoking 3(33%) 10(56%) 0.420

Atrial Fibrillation 3(33%) 6(33%) 1.000

Admission Glucose, mg/dL, median(IQR) 129(108-142) 138(114-222) 0.425

SBP baseline, mm Hg, median(IQR) 165(125-179) 140(135-154) 0.381

DBP baseline, mm Hg, median(IQR) 81(67-89) 78(63-90) 0.757

NIHSS baseline, median(IQR) 18(12-22) 17(14-20) 0.699

Time to baseline MRI, min median(IQR) 245(205-261) 225(188-280) 0.746

Time to treatment, min median(IQR) 290(197-310) 276(240-340) 0.777

Evidence of Obstruction on MRA 6(100%)† 16(100%)‡ 1.000

Degree of Obstruction, median(IQR)§ 0(0-0) 0(0-0) 0.912

Received tPA 7(78%) 6(33%) 0.046*

*
significant at α<0.05

†
not technically adequate in 3 patients

‡
not technically adequate in 2 patients

§
degree of obstruction categories: 0=complete occlusion, 1=partial occlusion, 2=normal
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Table 4

Univariate and multivariate predictors of poor outcome (90-day mRS=5-6 vs. mRS<5) based on baseline
characteristics and dichotomized DWI and Tmax>8sec baseline lesion volumes

Variables Univariate analysis with all
patients

Multivariate analysis with all patients having technically
adequate baseline DWI and PWI

(N=174) (N=161)

p p OR(95%CI)

Age <0.001 0.001 1.48(1.17-1.88)*

Systolic BP 0.070

Baseline NIHSS <0.001 0.010 1.13(1.03-1.24)*

Time to treatment 0.049

Evidence of Obstruction on MRA1 0.004

Degree of obstruction MRA1 0.004

DWI baseline volume >80 mL 0.001

Tmax>8sec baseline volume >85 mL <0.001 <0.001 8.9(2.9-27.5)

*
odds ratios (OR) are estimated for 5 years increase of age and 1 score increase of NIHSS.
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