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Background: Imaging is used as a surrogate for clini-
cal outcome in early-phase stroke trials. Assessment of
infarct growth earlier than the standard 90 days used for
clinical end points may be equally accurate and more
practical.

Objective: To compare assessment of the effect of rep-
erfusion therapies using 24-hour vs day 90 magnetic reso-
nance imaging.

Design: Infarct volume was assessed on diffusion-
weighted imaging (DWI) at baseline and 24 hours after
stroke onset and on fluid-attenuated inversion recovery
images at day 90. The DWI and fluid-attenuated inver-
sion recovery lesions were manually outlined by 2 inde-
pendent raters, and the volumes were averaged. Inter-
rater consistency was assessed using the median difference
in lesion volume between raters.

Setting: Referral center.

Patients: Imaging data were available for 83 patients;
77 of these patients received thrombolysis.

Main Outcome Measures: Infarct volume at 24 hours
and 90 days.

Results: The 24-hour DWI infarct volume had a strong
linear correlation with day 90 fluid-attenuated inver-
sion recovery infarct volume (r=0.98, 95% confidence
interval, 0.97-0.99). Recanalization had a significant ef-
fect on infarct evolution between baseline and 24 hours
but not between 24 hours and day 90. Infarct growth from
baseline was significantly reduced by recanalization,
whether assessed at 24 hours or day 90. Infarct volume
at either time point predicted functional outcome inde-
pendent of age and baseline stroke severity. Interrater
agreement was better for DWI than fluid-attenuated in-
version recovery (1.4 mL [8%] vs 1.8 mL [17%]; P=.002).

Conclusions: Assessment of final infarct volume using
DWI at 24 hours captures the effect of reperfusion thera-
pies on infarct growth and predicts functional outcome
similarly to imaging at day 90. This has the potential to
reduce loss to follow-up in trials and may add early prog-
nostic information in clinical practice.
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I NFARCT GROWTH CAN BE USED AS

a surrogate marker for clinical
outcome in ischemic stroke
trials.1,2 This provides a mean-
ingful intermediary between pre-

clinical studies, where drug effects are of-
ten assessed on the basis of infarct volume
attenuation, and phase 3 clinical out-
comes. In the Diffusion and Perfusion
Imaging Evaluation for Understanding
Stroke Evolution (DEFUSE) study and the
Echoplanar Imaging Thrombolytic Evalu-
ation Trial (EPITHET), recanalization and
reperfusion have been demonstrated to sig-
nificantly reduce infarct growth.2,3 Al-
though thrombolysis did not signifi-
cantly attenuate infarct growth in the
primary EPITHET analysis, subsequent

analysis using more stringent optimized
perfusion thresholds developed in posi-
tron emission tomography4 and magnetic
resonance imaging5,6 has demonstrated re-
duced growth in patients who received
thrombolysis.7 Traditionally, stroke trial

clinical end points are assessed at 90 days
following stroke. There has been less con-
sensus around the timing of imaging out-
come assessments. However, these have
generally been delayed, eg, 30 days in the
DEFUSE study1 and 90 days in EPITHET.2

However, these were arbitrary choices and
have some distinct disadvantages. By days
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30 to 90, significant atrophy of the infarcted region has
taken place.8-10 This leads to an underestimate of the in-
farct volume relative to the baseline brain topography.

There is also a real risk of loss to imaging follow-up
given the requirement for in-person attendance at 1 to 3
months when the patient may be at home or in a nurs-
ing institution with limited access to transportation. Some
loss to follow-up also occurs due to early mortality. In
the DEFUSE study1 and EPITHET,2 25% of patients were
unable to participate in day 30 or day 90 imaging, re-
spectively (16% died and 9% were unavailable). Assess-
ment of final infarct volume at earlier time points may
therefore be more accurate and yield major practical ad-
vantages.11 Magnetic resonance diffusion-weighted
imaging (DWI) has recently been confirmed as a reli-
able indicator of irreversible infarction.10 A 24-hour scan
is commonly obtained in routine clinical practice to as-
sess for hemorrhagic transformation after thrombolysis.
We therefore examined the potential for 24-hour DWI
to predict day 90 fluid-attenuated inversion recovery
(FLAIR) lesion volumes and clinical outcome data. We
also assessed the interrater variability in manually out-
lined lesion volumes using the 2 modalities.

METHODS

Multimodal magnetic resonance images (1.5 T) were obtained in
consecutive patients with ischemic stroke at 2 institutions either
as part of standard institutional thrombolysis imaging protocols
oraspartof imaging-basedclinical trials.12 Studieswereapproved
by institutional review boards at both centers, and informed con-
sent was obtained from all participants. All patients with imaging
at 24 hours and 90 days after stroke onset were selected for this
analysis, and baseline scans were also analyzed where available.
Two stroke neurologists (B.C.V.C. and H.T.H.T., with �5 years
of experience) independently outlined infarct regions of interest
(ROIs) for each time point. For DWI, the B1000 trace-weighted
image was used and the maximal visual extent of the acute infarct
was manually outlined. The FLAIR ROIs were drawn with refer-
ence to DWI (to maximize detection of small FLAIR lesions) and
baselineT2hyperintensities (todistinguishpreexisting leukoara-
iosisandinfarcts).Whenpresent,hemorrhagictransformationwas
included in the infarct ROI on both 24-hour and day 90 images.
Avisual inspectionof the24-hourandday90scanswasperformed
to check for infarct growth beyond 24 hours that might not be de-
tectedbyvolumetricanalysisduetoconfoundingatrophyeffects.10

Arterialpatencywasassessedusingtime-of-flightmagneticreso-
nance angiography at baseline (where available) and at 24 hours
andwasgraded independentlyby2strokeneurologists (B.C.V.C.
andM.W.P.,with�10yearsofexperience),whothenreachedcon-
sensus using an adapted Thrombolysis in Myocardial Infarction
classification13: 0 indicates completeocclusion;1, severe stenosis;
2,mildtomoderatestenosis;and3,normalarterialcaliber.Recana-
lization was defined as an increase of 2 or more Thrombolysis in
Myocardial Infarctiongrades.Arterialpatencyat24hourswasde-
fined as Thrombolysis in Myocardial Infarction 2 or 3 flow grade.
Infarct growth from baseline to 24 hours and day 90 was assessed
usingbothabsoluteandrelativemeasurements.Clinicaloutcome
was assessed using the modified Rankin Scale at 90 days.

Statistical analysis was performed using PASW version 18
statistical software (SPSS Inc, Chicago, Illinois). Interrater re-
liability for DWI vs FLAIR modalities was assessed using the
median difference in lesion volume between raters along with
Pearson correlation coefficient (r) and Bland-Altman plot. The
lesion volumes created by the 2 raters were then averaged, and

the relationship between infarct volume on 24-hour DWI and
day 90 FLAIR was assessed using Pearson r and the Lin con-
cordance coefficient (�c).14 Linear regression on baseline, 24-
hour, and day 90 infarct volumes was performed using data
transformed to the fifth root to approximate a normal distri-
bution (as judged by skewness, kurtosis, and visual inspec-
tion), and the distribution of residuals was checked. Vessel sta-
tus was entered as a cofactor.

RESULTS

Imaging data were available for 83 patients, of whom 77
received intravenous thrombolysis (clinical characteris-
tics are shown in the Table). The mean (SD) infarct vol-
ume was 36.7 (42.8) mL on 24-hour DWI. The DWI in-
farct volume at 24 hours had strong linear correlation
with the day 90 FLAIR infarct volume (r=0.98; 95%
confidence interval [CI], 0.97-0.99; Lin �c= 0.937)
(Figure 1A). The variance (r2) indicates that 96% of the
variability in day 90 lesion volume is accounted for by
the 24-hour DWI volume. The correlation of baseline DWI
infarct volume to day 90 FLAIR infarct volume (assess-
able in 40 patients) was significantly lower (r=0.93; 95%
CI, 0.87-0.96; Lin �c=0.850) (Figure 1B).

Recanalization at 24 hours was assessable in 51 pa-
tients, of whom 24 (47%) had recanalization (baseline ar-
terial imaging was lacking in 32 patients with no occlu-
sionat follow-up).Arterialpatencyat24hourswasassessable
in all 83 patients, of whom 56 (67%) had patent major in-
tracranial arteries. Linear regression analysis was per-
formed after transformation of the data to approximate a
normaldistribution.Recanalization(P=.008)orarterialpat-
ency at 24 hours (P=.001) were significant cofactors with
baseline infarct volume in determining 24-hour infarct vol-
ume (Figure 1C). In contrast, vessel status was not a sig-
nificant cofactor with 24-hour infarct volume in predict-
ing day 90 infarct volume (recanalization, P=.28; arterial
patency at 24 hours, P=.28) (Figure 1D). Arterial patency
at 24 hours was also associated with significantly reduced

Table. Clinical Characteristics of 83 Patients

Characteristic Value

Age, mean (SD), y 69 (10)
Men, No. (%) 44 (53)
Hypertension, No. (%) 42 (51)
Diabetes, No. (%) 9 (11)
Smoking, No. (%) 21 (25)
Dyslipidemia, No. (%) 30 (36)
Atrial fibrillation, No. (%) 27 (33)
Baseline NIHSS score, median (IQR) 14 (9-17)
Received tPA, No. (%) 77 (93)
Time to treatment, mean (SD), min 163 (47)
Time to 24-h MRI, median (IQR), h 25.9 (22.8-26.8)
Time to 90-d MRI, median (IQR), d 91 (88-96)
Baseline DWI volume, mean (SD), mLa 19.7 (28.7)
24-h DWI volume, mean (SD), mL 36.7 (42.8)
90-d FLAIR volume, mean (SD), mL 26.0 (37.2)

Abbreviations: DWI, diffusion-weighted imaging; FLAIR, fluid-attenuated
inversion recovery; IQR, interquartile range; MRI, magnetic resonance
imaging; NIHSS, National Institutes of Health Stroke Scale; tPA, tissue
plasminogen activator.

aThe sample size was 40 patients.
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absolute (P=.04) and relative (P=.003) infarct growth from
baseline to 24 hours (n=40).

Infarct growth occurred between baseline and 24 hours
(mean 15 mL absolute, 224% relative with 11 of 40 in-
farcts [28%] growing �50%). In contrast, infarct volume
at day 90 was consistently smaller than at 24 hours (mean
[SD] volume reduction, 11 [8.3] mL; paired Wilcoxon
P� .001) (Figure 1A). To reduce the risk that infarct at-
rophy had masked true growth in the territory of infarc-
tion subsequent to 24 hours, each patient’s 24-hour and
day 90 images were visually reviewed side by side. No ana-
tomical regions thatwereunaffectedat24hourswere found
to have been incorporated into the infarct at day 90.

Infarct volumes at 24 hours and 90 days were simi-
larly predictive of functional outcome (day 90 modified
Rankin Scale score, assessable in all 83 patients) in or-
dinal logistic regression. For the 24-hour DWI volume,
the odds ratio for a good outcome was 0.78 (95% CI, 0.70-
0.87; P� .001) per 10-mL increase in infarct volume; for
the 90-day FLAIR volume, the odds ratio was 0.73 (95%
CI, 0.64-0.83; P� .001) per 10-mL increase in infarct vol-
ume. This was independent of age and baseline Na-
tional Institutes of Health Stroke Scale (NIHSS) score but

not 24-hour NIHSS score. Infarct growth at 24 hours also
predicted functional outcome in multivariate ordinal lo-
gistic regression with age and baseline NIHSS score (odds
ratio=0.6 per 10-mL growth; 95% CI, 0.42-0.85; P=.005)
similarly to growth at day 90 (odds ratio=0.58 per 10-mL
growth; 95% CI, 0.38-0.87; P=.008).

Interrater reliability was high for both DWI ROIs (Lin
�c=0.998)andFLAIRROIs(Lin�c=0.982).ThemedianROI
volume discrepancy between raters was smaller for DWI
thanforFLAIR(1.4mL[8%]vs1.8mL[17%], respectively;
P=.002), and the Bland-Altman limits of agreement were
narrower forDWI(−5.6 to4.1mL)(Figure2A)compared
with FLAIR (−10.2 to 6.4 mL) (Figure 2B). Preexisting in-
farcts and leukoaraiosis can create difficulties in accurately
outlining FLAIR lesions (Figure3) and may underlie the
reduced interrater agreement compared with DWI.

COMMENT

Infarct volume at 24 hours is strongly correlated with that
at 90 days. Although an increase in infarct volume is con-
sistently reported beyond 24 hours (usually peaking
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Figure 1. Scatterplots showing infarct volumes and the effect of vessel occlusion. A, The 24-hour diffusion-weighted imaging (DWI) and day 90 fluid-attenuated
inversion recovery (FLAIR) infarct volume (n=83; r=0.98) with a regression line (solid) and a line of unity (dashed). Note that all day 90 infarct volumes are below the
dashed line (ie, smaller than 24-hour DWI volume). B, Baseline DWI and day 90 infarct volume (n=40; r=0.93). Baseline and 24-hour infarct volume (C) and 24-hour
and day 90 infarct volume (D) (transformed by the fifth root and stratified by arterial occlusion at 24 hours) with regression lines demonstrating that vessel occlusion at
24 hours is associated with significantly increased infarct volume from baseline to 24 hours (P=.001) but does not affect 24-hour to day 90 volume changes (P=.28).
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around day 3-5),8,9 our data are consistent with this being
largely due to edema rather than expansion of the in-
farcted territory. The highly predictable relationship be-
tween 24-hour and day 90 infarct volumes indicated by
r2=0.96 combined with the lack of visually apparent ex-
pansion in infarct topography suggest that the indi-
vidual patient variability in infarct evolution occurs pre-
dominantly in the first 24 hours after stroke onset.
Furthermore, the modifying effect of recanalization on
infarct growth ceased to be significant beyond 24 hours,
indicating that the treatment effect of reperfusion thera-
pies is well captured at this time point.

The proportion of patients with favorable clinical out-
come has been shown to reduce with increasing final in-
farct volume and with increasing infarct growth.2,3,15,16 In
this study, the well-established effects of recanalization on
reducing infarct growth and the relationship of infarct vol-
ume to clinical outcome remained significant when as-
sessed at 24 hours. Infarct growth assessed at 24 hours was
also similarly predictive of functional outcome compared
with measurement at day 90. These effects were indepen-
dent of baseline clinical predictors of outcome (age and
NIHSS score). As reported elsewhere,15 the effect was not,
however, independent of the 24-hour NIHSS score.

Assessing infarct volume using 24-hour DWI also ap-
pears to be more reproducible. This may relate to pre-
existing leukoaraiosis and infarcts complicating the in-
terpretation of day 90 FLAIR images (Figure 3). The
significant reduction in infarct volume between 24 hours
and day 90 due to atrophy may also lead to the disap-
pearance of small scattered DWI lesions because of a com-
bination of greater conspicuity on DWI and possibly dis-
appearance into interslice gaps. Additionally, DWI has
the advantage of being a fast technique, less susceptible
to motion degradation and therefore easier to obtain in
ill or uncooperative patients.

A limitation of this study is that the vast majority of
patients received tissue plasminogen activator. This could
potentially have truncated the temporal course of in-
farct growth by inducing reperfusion. However, only a
fraction of tissue plasminogen activator–treated pa-
tients do, in fact, have complete reperfusion.17 In this
study, 27 patients (33%) had a persistent major vessel
occlusion at 24 hours. The relationship between 24-
hour DWI and day 90 FLAIR was not significantly dif-
ferent in these patients, although a small effect of recana-
lization cannot be excluded. This needs to be balanced
against the very strong effect of recanalization observed
in baseline to 24-hour infarct growth and the disadvan-
tages of loss to follow-up incurred by delaying final in-
farct assessment. Our findings may be less applicable to
the use of infarct growth as a surrogate for neuroprotec-
tion trials. If the postulated mechanism of action is pre-
vention of secondary injury (eg, anti-inflammatory or an-
tioxidant), the time course of infarct growth attenuation
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Figure 2. Bland-Altman plots with 95% prediction intervals for interrater
agreement, showing 24-hour diffusion-weighted imaging (DWI) infarct volumes
(A) and day 90 fluid-attenuated inversion recovery (FLAIR) infarct volumes (B).
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Figure 3. Comparison of 24-hour diffusion-weighted imaging (DWI) and day
90 fluid-attenuated inversion recovery (FLAIR) lesion delineation. Examples
illustrate the greater difficulty in outlining FLAIR infarcts, especially in the
presence of preexisting white matter disease (A) or infarction (B).
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might differ and warrant a slightly later assessment. Given
the confounding effect of infarct atrophy to day 90, we
cannot exclude that minor infarct growth may have oc-
curred after 24 hours. However, the visual checking pro-
cedure and very high r2 for the 24-hour to day 90 cor-
relation gives reassurance that no major effect was missed.
Another limitation of infarct growth as a surrogate for
clinical outcome is variable eloquence of the affected brain
region. This is difficult to quantitate but remains an im-
portant area for future investigation.

Using DWI at 24 hours is an attractive choice for as-
sessing the surrogate end points of final infarct volume and
infarct growth. The advantages of earlier assessment in ex-
pediting trials and reducing bias due to loss to follow-up
may outweigh the effects of undetected minor infarct
growth beyond 24 hours. Our data also indicate that rou-
tine 24-hour multimodal magnetic resonance imaging af-
ter thrombolysis, in addition to information on hemor-
rhagic transformation, provides useful prognostic
information. This may be helpful in clinical practice when
considering treatment direction and in discussing the likely
prognosis.
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