
MRI based diffusion and perfusion predictive model to estimate stroke
evolution

Stephen E. Rosea,*, Jonathan B. Chalka,b, Mark P. Griffina, Andrew L. Jankea, Fang Chene,
Geoffrey J. McLachanc, David Peelc, Fernando O. Zelayag, Hugh S. Markush

, Derek K. Jonesf,i, Andrew Simmonsf, Michael O’Sullivanh, Jo M. Jaroszf,
Wendy Strugnelld, David M. Doddrella, James Semplej

aCentre For Magnetic Resonance, University of Queensland, Brisbane, Queensland 4072, Australia
bDepartment of Medicine, University of Queensland, Brisbane, Queensland 4072, Australia

cDepartment of Mathematics, University of Queensland, Brisbane, Queensland 4072, Australia
dDepartment of Radiology, Princess Alexandra Hospital, Brisbane, Australia

eBrain Research Institute, Melbourne, Australia
fNeuroimaging, King’s Healthcare, St George’s Hospital Medical School London, UK

gNeuroimaging Institute of Psychiatry, De Crespigny Park, London, UK
hClinical Neuroscience, St George’s Hospital Medical School London, UK

iDivison of Medical Physics, Leicester Royal Infirmary, Leicester, UK
jGlaxoSmithKline Pharmaceuticals, Addenbrooke’s Centre for Clinical Investigation, Cambridge, UK.

Received 16 March 2001; accepted 4 August 2001

Abstract

In this study we present a novel automated strategy for predicting infarct evolution, based on MR diffusion and perfusion images
acquired in the acute stage of stroke. The validity of this methodology was tested on novel patient data including data acquired from an
independent stroke clinic. Regions-of-interest (ROIs) defining the initial diffusion lesion and tissue with abnormal hemodynamic function
as defined by the mean transit time (MTT) abnormality were automatically extracted from DWI/PI maps. Quantitative measures of cerebral
blood flow (CBF) and volume (CBV) along with ratio measures defined relative to the contralateral hemisphere (raCBF and raCBV) were
calculated for the MTT ROIs. A parametric normal classifier algorithm incorporating these measures was used to predict infarct growth. The
mean raCBF and raCBV values for eventually infarcted MTT tissue were 0.70 � 0.19 and 1.20 � 0.36. For recovered tissue the mean values
were 0.99 � 0.25 and 1.87 � 0.71, respectively. There was a significant difference between these two regions for both measures (p � 0.003
and p � 0.001, respectively). Mean absolute measures of CBF (ml/100g/min) and CBV (ml/100g) for the total infarcted territory were
33.9 � 9.7 and 4.2 � 1.9. For recovered MTT tissue, the mean values were 41.5 � 7.2 and 5.3 � 1.2, respectively. A significant difference
was also found for these regions (p � 0.009 and p � 0.036, respectively). The mean measures of sensitivity, specificity, positive and
negative predictive values for modeling infarct evolution for the validation patient data were 0.72 � 0.05, 0.97 � 0.02, 0.68 � 0.07 and
0.97 � 0.02. We propose that this automated strategy may allow possible guided therapeutic intervention to stroke patients and evaluation
of efficacy of novel stroke compounds in clinical drug trials. © 2001 Elsevier Science Inc. All rights reserved.

Keywords:Acute stroke; Magnetic resonance imaging; Diffusion and perfusion

1. Introduction

In contrast to conventional T2-weighted MRI, diffusion-
weighted (DWI) echoplanar MRI can identify ischemic

brain tissue in acute stroke patients (1–5). The DWI lesion
is normally defined as tissue with a reduced measure of the
apparent diffusion coefficient of water (ADC). Changes in
the effective diffusivity of water occur when there is a
disruption of oxygen-dependent high energy Na-K ATPase
ionic pumps. These ionic pumps regulate cellular ionic
gradients that maintain neuronal integrity [6–8]. Diffusion
tensor imaging (DTI), a form of DWI, can be used to
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identify ischemic brain tissue [9–11]. As DTI allows com-
putation of all elements of the water diffusion tensor, a
measure of infarct volume free from orientational artifacts,
can be obtained.

MR perfusion imaging (PI) using dynamic suscepti-
bility contrast enables the identification and characteriza-
tion of perfusion deficits both within and importantly in
regions surrounding the ischemic core [12–16]. Pertur-
bations in perfusion can be analyzed from maps of cere-
bral blood flow (CBF), cerebral blood volume (CBV) and
mean transit time of the bolus passage of the contrast
agent (MTT) through an ischemic region. Quantitation of
these perfusion parameters measured with MRI has found
to be consistent with those obtained using PET [17,18].
The mismatch between the abnormalities delineated on
the initial perfusion and diffusion maps acquired in the
acute stage of stroke has previously been reported to
represent the ischemic penumbra [2,13–16,20,21]. The
recently demonstrated reversibility of the diffusion lesion
with thrombolytic therapy has enabled redefinition of the
ischemic penumbra to include both the diffusion–perfu-
sion mismatch and regions of the initial diffusion abnor-
mality [22]. The magnitude of the DWI/PI mismatch has
been shown to correlate with neurologic impairment
scores and infarct size measured on follow-up T2-
weighted MRI [13,14]. However, even though the diffu-
sion lesion normally expands into the surrounding hy-
poperfused penumbra, a model of infarct evolution based
on this simple mismatch parameter alone does not accu-
rately predict the final infarct volume [2,13,20,21]. Never
the less, attempts have been made to model perfusion
parameters in the ischemic penumbra [23] and predict
infarct evolution [24]. To date, previous studies have
relied on the use of subjective measures such as operator
defined regions-of-interest (ROIs) on DWI or PI maps to
predict infarct size. However these methods are time
consuming to implement and there is a limited time
window of opportunity for the administration of throm-
bolytic or neuroprotective therapy [25]. Thus a basic
criterion for a predictive model-based prognostic aid in
the acute stroke clinic is that the method is both rapid and
automated.

In this study we wish to present results from a novel
automated method for predicting infarct evolution. The
method comprises two parts. (i) The calculation of diffusion
and perfusion measures within the MTT region of abnormal
flow and (ii) utilization of these metrics in a parametric
normal classifier algorithm [26] to predict infarct growth.
Although this methodology allows automated measurement
of the diffusion lesion and perfusion mismatch, modeling
diffusion and perfusion measures within the MTT abnor-
mality circumvents any a priori definition of an ischemic
penumbra. The validity of this methodology was tested on
novel patient data including data acquired from an indepen-
dent stroke clinic.

2. Materials and methods

2.1. Patients

Nineteen patients (9 male and 10 female, age 75.6 � 9.1)
with acute focal neurologic symptoms consistent with hemi-
spheric ischemic stroke and radiographic evidence of a
diffusion-perfusion mismatch were recruited into this study.
In this group of patients, the diffusion lesion normally
expands into the surrounding hypoperfused territory [5,16].
Five patients data (13–17) was acquired from an indepen-
dent stroke clinic. Approval to carry out the study was
obtained from the Human Experimental Ethics Committees
of both institutions. The “time of first scan” was defined as
the time elapsed between the initial MRI scans and the last
time the patient was known to be without neurologic deficit.
The mean “time of first scan” was 8.9 (�3.5) hours. Five
patients (9–12,16) were scanned within the six-hour win-
dow where therapeutic intervention is normally contem-
plated. Patients were excluded if they had cerebral hemor-
rhage or some other preexisting nonischemic neurologic
condition that would confound clinical or MR assessment.
Patients enrolled in this study received serial DWI and PI
examinations. For each patient the last MRI scan was used
to determine the final lesion volume. The mean last fol-
low-up examination time was 818 ( � 674) hours. Three
patients (1,10,12) died within seven days of onset of symp-
toms. In these patients, the presence of edema may result in
an overestimation of final lesion volume [21]. Patients who
were treated with recombinant tissue plasminogen activator
or any neuroprotective therapy were excluded from the
study.

2.2. Imaging protocol

In the acute stage, all patients received a DTI and PI
scan. The single shot diffusion scan was always acquired
preceding the perfusion scan. In addition, a MR angio-
graphic (MRA) examination was performed at the initial
time point to fully characterize any perfusion abnormality.
All images were obtained using a 1.5T General Electric
Medical systems (GEMS) Echospeed scanner with a max-
imum gradient strength of 23 mT/m. Due to individual
working practices at each stroke clinic and upgrades of
respective echoplanar imaging (EPI) protocols, three differ-
ent DTI sequences were employed. Conventional fast spin
echo T2-weighted images were acquired at all time points.
The total MRI examination time was within 20 min.

3. Diffusion tensor imaging (DTI)

Diffusion images for patients 1–9,18,19 were acquired
with a spin-echo, echoplanar DTI sequence with the follow-
ing acquisition, 18 axial slice full brain coverage, FOV �
30 cm, TR � 10s, TE � 105 ms, 5 mm slice thickness with
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1 mm gap and 4 b-values per direction (6 gradient direc-
tions). The maximum b-value was 875 s mm�2. The acqui-
sition matrix was 128 � 144 (fractional Ky sampling) with
a resulting image matrix of 256 � 256. Raw images were
corrected for the presence of eddy current-induced warping
artifacts. For patients 10–12, an optimized DTI sequence
was employed [27]. Imaging parameters were 18 axial
slices, FOV � 24 cm, TR � 6s, TE � 122 ms, 5 mm slice
thickness with 1 mm gap and 28 b-values per direction [7
gradient directions, 25 high (b � 1112 s mm�2) and 3 low
b-values (b � 0)]. The acquisition matrix was 96 � 96 and
the reconstruction matrix was 128 � 128. For patients
13–17, the imaging parameters for the DTI sequence were
15 axial slices, FOV � 24 cm, TR � 10s, TE � 120 ms, 5
mm slice thickness with 1.5 mm gap and 28 b-values per
direction [7 gradient directions, 21 high (max 1220 s mm�2)
and 7 low b-values (b � 0)]. The acquisition matrix was
96 � 96 and the reconstruction matrix was 128 � 128.
Isotropic diffusion weighted images were derived from the
trace of the diffusion tensor as reported by Sorensen et al.[3]
Diffusion metrics from these images were used in the nor-
mal classifier algorithm. Apparent diffusion coefficient
(ADC) measures were not used in this study for automated
extraction of lesion volumes or modeling infarct evolution
due to potential problems associated with noise-floor effects
in penumbral regions where there is inherent low signal
intensity.

4. Perfusion imaging (PI)

Quantitative cerebral blood perfusion maps were ob-
tained utilizing dynamic fast bolus tracking of GdDTPA
(30 mL, Gd-diethylenetriaminepenta acetate “Magnev-
ist,” Schering, Germany) using a spin echo EPI sequence.
The imaging parameters were for patients 1–9,18,19: 10
axial slices, FOV � 30 cm, image matrix � 128 � 128,
TR � 1.85 s, TE � 60 ms, 7 mm slice thickness with 1
mm gap with acquisition of 50 frames per slice. For
patients 10 –12, 13 axial slices were acquired with
FOV � 24 cm, image matrix 128 � 128, TR � 2.51 s,
TE � 60 ms, 7 mm slice thickness with 1 mm gap with
acquisition of 30 frames per slice. The imaging parame-
ters for patients (13–17) were: 9 axial slices, FOV � 24
cm, TR � 1.85 s, TE � 60 ms, 7 mm slice with 2.5 mm
gap with acquisition of 50 frames per slice. Baseline
images were acquired for a period of 10 s, after which the
contrast agent was injected with a Medrad Power Injector
at 5 mL s�1. Quantitative maps of CBF, CBV and MTT
were calculated using the method described by Oster-
gaard et al. [17,28,29] To cover the entire penumbral
territory the perfusion images were acquired with an
increased slice thickness and slice gap compared to the
DTI sequence. The perfusion maps were subsequently
registered and re-sliced to the initially prescribed diffu-
sion images using the methods described below. Ratio

measures of perfusion (raCBF and raCBV) within the
MTT territory were calculated relative to the contralat-
eral hemisphere.

5. Image processing

5.1 Image registration and calculation of diffusion and
perfusion metrics

Apart from the manual definition of a rectangular ROI
around the MCA (via mouse control), an automated al-
gorithm was used to define the optimum arterial input
function prior to calculation of CBF maps. For every
pixel within the described ROI a cubic spline was eval-
uated to model pixel signal as a function of time. The
cubic spline function possessing the largest minima and
the least signal fluctuation was then selected. The corre-
sponding pixel was assigned as the MCA pixel which
best represented the arterial input function. In this study,
CBF maps were generated from arterial input functions
defined from the MCA contralateral to the DWI lesion.
Subsequent ultrasound evaluation of the carotid artery on
the side used for the arterial input function did not reveal
any stenosis greater than 50%. To enable registration of
perfusion maps to diffusion images, raw spin-echo EPI
perfusion images were coregistered to the initial T2-
weighted DWI scan (b � 0) using a 6 parameter rigid
body transformation [30]. A similar transformation was
also used to coregister serial diffusion scans. As FLAIR
images [5] were not acquired in this study, the final lesion
volume was derived after normalization and subtraction
of initial T2-weighted diffusion scans (b � 0) from fol-
low-up DTI scans (b � 0). This enabled a more accurate
delineation of the infarct volume as pixels with hyperin-
tense signal originating from ventricular and sulcal cere-
bral spinal fluid (CSF) were excluded from the T2 lesion
mask. An automated mid-plane algorithm was used to
calculate diffusion and perfusion ratio measures between
the infarcted and contralateral hemispheres. This algo-
rithm comprised flipping the image in the Y plane fol-
lowed by registration of the mirrored image to it’s orig-
inal form with a six parameter rigid body transformation
[30]. The mid-plane was then determined by halving the
resulting rotations and translations. Difference maps
(e.g., dDWI and dMTT) for the ischemic territory were
generated by the subtraction of corresponding voxels in
the contralateral hemisphere. To aid delineation of the
diffusion abnormality on the initial isotropically
weighted diffusion image [3], a composite image was
calculated from the product of the initial diffusion image
and the dDWI map on a pixel-by-pixel basis. A bimodal
t test was then performed on this image to create a binary
diffusion mask. In a similar fashion, a MTT composite
image was calculated by multiplication of the initial MTT
map with the dMTT map and with the initial isotropically
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weighted diffusion image on a pixel-by-pixel basis. This
yielded a MTT mask that was specific only to brain tissue
as defined on the DWI scan. Using the DWI mask as the
initial seed, a three dimensional region-growing tech-
nique [19] was then employed to extract the MTT mask
from the composite MTT map. The task of extracting the
MTT mask was simplified by only interrogating the
hemisphere containing the ischemic lesion. Intermediate
composite maps along with binary diffusion and MTT

masks for a representative patient (subject 5) are given in
Fig. 1. Absolute and ratio perfusion measures between
the infarcted and contralateral hemispheres for three spe-
cific penumbral regions were interrogated. These three
regions were the initial diffusion ROI, the territories
within the MTT mask that went onto infarction and the
tissue that survived the ischemic episode. Differences
between perfusion measures for the three regions were
tested with ANOVA.

Fig. 1. Images representing automated extraction of the diffusion lesion and MTT ROI. From top left to top right, (A) the isotropically weighted diffusion image,
(B) the corresponding registered MTT map and (C) the composite MTT map derived from the product of the initial diffusion image, MTT map and difference MTT
map. The bottom images represent (D) the binary image of the composite MTT map, (E) the binary diffusion mask (green regions are artifacts removed from the
mask) and (F) the binary MTT mask (red) extracted after initial seeding from the diffusion mask and application of the 3D region growing algorithm.
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6. Parametric normal classifiers

Parametric normal classifiers [26] were employed to pre-
dict the spatial location and size of the final lesion from
diffusion and perfusion images acquired in the acute stage
of stroke. Each pixel in the model was classified into two
groups: those corresponding to the final T2 lesion, which are
defined as infarcted, and those representing tissue that has
survived the ischemic event. For the purpose of illustration,
a model employing a parameter vector x-containing the
diffusion and MTT pixel intensities was defined (see Fig. 2).
Representative frequency histograms were produced where
the isotropically weighted diffusion pixel intensity (arbi-
trary units) is plotted versus MTT measures for all pixels
outside (histogram A, pixels color coded blue) and within
the final lesion volume (histogram B, pixels color coded
red). In 2(C), each histogram bin is classified into one of the
two groups in accordance with the frequencies in histo-
grams A and B. Mathematically, each group can be modeled
by a normal distribution ( fi) with a mean parameter vector
(�i) containing d parameters, covariance matrix (¥i) and
prior probability ( pi) determined from the training data set
using the following equation,[26]

fi� x� �
pi

�2��d/ 2��i�1/ 2 exp��
1

2
� x � �i�

T�i
�1� x � �i��

(1)

The histograms A and B given in Fig. 2, were modeled by
the normal distributions in histograms D and E, respec-
tively. The model classifies each new pixel in accordance
with the relative heights of the two group allocation func-
tions:

g� x� � arg max
i

fi� x� (2)

2(F) shows the resultant classification function. New pixels
that fall within the red region would be allocated as destined
to infarct, while those in the blue would be assigned as
penumbral tissue that would survive the ischemic event.
This methodology was employed using an eight-parameter
vector (DWI, raDWI, CBF, raCBF, CBV, raCBV, MTT and
raMTT) for all pixels within the MTT mask. Probability
distributions were initially calculated from the data of ten
patients (subjects 1–10). To validate the method, the model
was then applied to seven novel patients (11–17). Each
patient in the training data cohort was then considered
individually. A model was determined from the remaining

Fig. 2. The mechanics of the mixture model algorithm. Representative histograms plotting the isotropically weighted diffusion pixel intensity (arbitrary units)
versus MTT measures were produced. From top left to top right, the histograms for all penumbral pixels which correspond to tissue which survived the
ischemic event (A) and those within the final infarcted lesion volume (B) for a given patient are presented. The combined intensity profile for the two tissue
types is given in (C). Bottom, left to right, (D) and (E) contain the normal functions modeling the frequency distributions of A and B, and (F) shows the
resultant classification function.
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nine patients and applied to the individual patient. The
efficiency of prediction was given by measures of sensitiv-
ity, specificity, positive predictive value and negative pre-
dictive value [35].

7. Results

Patient demographic and imaging data are given in Table
1. Mean volumes of the automatically extracted diffusion
lesion and MTT mask measured at the initial time point
were 17.4 � 21.7 and 69.0 � 65.3 mL respectively. The
mean follow-up final lesion volume measured from the T2
weighted DTI scan (b � 0) was 64.6 � 59.5 mL. Perfusion
measures derived from the automatically extracted masks
are listed in Table 2. The mean raCBF and raCBV values for
the ROI defined by the corresponding initial DWI lesion
were 0.54 � 0.19 and 1.02 � 0.30. The mean raCBF and
raCBV values for the entire infarcted territory within the
MTT mask were 0.70 � 0.19 and 1.20 � 0.36. For recov-
ered tissue within the MTT mask, the mean raCBF and
raCBV values were 0.99 � 0.25 and 1.87 � 0.71 respec-
tively. There was a significant difference between the initial
diffusion ROI and recovered MTT territory for both of these

perfusion measures (both p � 0.0001). Comparison of the
mean raCBF and raCBV values for tissue within the in-
farcted and recovered MTT masked territory also revealed
significant differences between the two regions. The level of
significance for the two measures were p � 0.003 and p �
0.001, respectively. As expected, the MTT territory that
survived infarction exhibited the largest raCBF values.

For absolute perfusion measures, the mean CBF (ml/
100g/min) and CBV (ml/100g) values for the corresponding
initial DWI lesion were 26.6 � 8.3 and 3.4 � 1.2. The mean
CBF and CBV values for the total infarcted territory were
33.9 � 9.7and 4.2 � 1.9. For recovered tissue within the
MTT mask, the mean CBF and CBV values were 41.5 � 7.2
and 5.3 � 1.2, respectively. For normal tissue, defined as
tissue within the MTT mask reflected onto the contralateral
hemisphere, the CBF and CBV values were 58.6 � 14.7
(ml/100g/min) and 4.2 � 1.4 (ml/100g/min), respectively.
These values correlate to previously reported perfusion
measures [32]. There was a significant difference between
the initial diffusion ROI and recovered tissue within the
MTT mask for both absolute perfusion measures (p �
0.0001). A significant difference was also found for the
CBF and CBV values in the infarcted and recovered MTT
regions, p � 0.009 and p � 0.036 respectively. The signif-

Table 1
Summary of imaging results

Patient
Arterial
territory

Time of
first scan
(hrs)

Acute volumes (ml)

Follow-up
T2 (hrs)

Predicted
volume
(ml)

Measure of Accuracy

DWI MTT Mismatch Sensitivity Specificity

Positive
predictive
value

Negative
predictive
value

1 MCA�PCA 12 45.0 77.9 32.9 70.0 (111) 74.5 0.76 0.97 0.71 0.98
2 MCA_sv 13 6.3 14.7 8.4 11.5 (1290) 13.7 0.85 0.99 0.71 0.99
3 MCA_sv 13 13.0 15.6 2.6 14.9 (910) 15.4 0.66 0.99 0.64 0.99
4 MCA_sv 8 8.2 46.5 38.3 36.1 (749) 48.4 0.75 0.96 0.56 0.98
5 MCA_sv 11 10.8 28.9 18.1 27.8 (827) 28.8 0.75 0.98 0.74 0.98
6 MCA 13 9.5 48.5 39.0 56.9 (2160) 47.5 0.59 0.98 0.71 0.96
7 MCA_sv 12 3.3 34.6 31.3 23.1 (182) 37.7 0.83 0.94 0.51 0.99
8 MCA_sv 12 4.1 8.8 4.7 8.5 (2688) 8.2 0.69 0.99 0.80 0.99
9 MCA_sv 6 2.1 8.3 6.2 7.6 (1176) 8.2 0.80 0.99 0.74 0.99

10 MCA 2 2.7 169.5 166.8 167.1 (96) 168.8 0.69 0.95 0.69 0.95
11 MCA 4 70.9 168.9 98.0 148.9 (724) 163.4 0.80 0.95 0.73 0.97
12 MCA 3 25.7 142.7 117.0 134.2 (96) 137.9 0.66 0.94 0.64 0.94
13 MCA 7 75.9 146.0 70.1 146.2 (806) 137.8 0.69 0.95 0.73 0.94
14 MCA_sv 9 0.4 6.4 4.0 5.0 (678) 4.4 0.68 0.99 0.79 0.99
15 PCA 11 7.9 23.8 15.9 20.6 (691) 22.7 0.73 0.98 0.66 0.99
16 PCA 6 8.2 20.9 12.7 16.9 (720) 18.6 0.72 0.99 0.65 0.99
17 MCA 10 19.3 60.2 40.9 42.2 (738) 55.8 0.76 0.98 0.58 0.99
18* MCA 10 13.6 210.0 196.4 117.8 (745) 199.4 0.71 0.88 0.42 0.96
19* MCA 7 3.5 79.2 75.7 171.6 (151) 82.8 0.24 0.95 0.50 0.87

mean (1–10) 0.74 0.97 0.68 0.98
SD 0.08 0.02 0.09 0.01

mean (12–17) 0.72 0.97 0.68 0.97
SD 0.05 0.02 0.07 0.02

mean (12–19) 0.65 0.96 0.63 0.96
SD 0.17 0.04 0.12 0.04

mean (9–12, 16) 0.73 0.96 0.69 0.97
SD 0.06 0.02 0.05 0.02

* Serial MRA examinations revealed progressive occlusion of the MCA. MVA-sv denotes small vessel occlusion in the MCA territory.
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icance level for the difference in CBF values for normal and
recovered tissue was p � 0.0001. In contrast, the cerebral
blood volume was increased in this important penumbral
territory (p � 0.011). Hypervolemia in the ischemic pen-
umbra, measured using MR dynamic bolus tracking has
previously been reported [16,21,31].

Measures of efficiency of the predictive model are given
in Table 1. We found that an 8 dimensional model utilizing
the metrics raDWI, DWI, raMTT, MTT, raCBF, CBF,
raCBV and CBV gave optimal predictive efficiency. Inde-
pendent use of only ratio or absolute diffusion and perfusion
values, significantly reduced the measures of sensitivity and
positive predictive value. The mean measures of sensitivity,
specificity, positive predictive value and negative predictive
value for the training data sets (patients 1–10) were 0.74 �
0.08, 0.97 � 0.02, 0.68 � 0.09 and 0.98 � 0.01, respec-
tively. For the validation data sets (patients 11–17) the
values were 0.72 � 0.05, 0.97 � 0.02, 0.68 � 0.07 and
0.97 � 0.02, respectively. The measures of predictive effi-
ciency including results for both subjects (18,19) who pre-
sented with progressive occlusion of the MCA, found on
serial MRA examinations, were 0.65 � 0.17, 0.96 � 0.04,
0.63 � 0.12 and 0.96 � 0.04, respectively. The measures of
predictive efficiency for the five subjects (9–12,16) scanned
within six hours of onset of symptoms were 0.73 � 0.06,
0.96 � 0.02, 0.69 � 0.05 and 0.97 � 0.02, repectively.

Diffusion and perfusion maps together with predicted
infarct territories for two representative patients are given in

Figs. 3 and 4. These images show an arbitrary mid-stroke
slice for patients belonging to the training data cohort (Pa-
tient 10, Fig. 3) and validation data set (Patient 17, Fig. 4),
respectively. The extracted MTT masks are colored blue
with the corresponding predicted infarct territory colored
red. For Patient 10, 2 h after onset of symptoms (Fig. 3), the
MRA shows an occlusion of the left MCA along with a
small, poorly defined diffusion lesion in deep white matter
of the MCA territory with a corresponding large MTT
abnormality. The MTT map revealed areas of reduced CBF
and increased CBV. Although there is some evidence of
edema on the follow-up T2 weighted image, there is a close
correlation between the predicted lesion size and the T2
defined infarct volume. In this hyperacute case the model
correctly predicted that the infarct would grow into the
entire hypoperfused territory even though the MTT region
contained predominantly hypervolemic tissue. In compari-
son, the images of Patient 17 shown in Fig. 4, acquired 10 h
after onset of symptoms, reveal a well-defined DWI lesion
resulting from occlusion of the left MCA. The large MTT
abnormality shows regions of reduced CBF and a hetero-
geneous pattern of both reduced and elevated CBV. In this
case, where data were acquired 10 h after onset of symp-
toms, the model correctly predicted infarct evolution into
the MTT territory. As can be seen in Table 1, the volume of
the extracted MTT masks for patients in this study corre-
lated with the final lesion volume (r � 0.88). The mean
MTT mask and final lesion volumes were 69 � 65.3 and

Table 2
Summary of perfusion imaging results

Patient

raCBF CBF (ml/100g/min) raCBV CBV (ml/100g)

Initial
DWI
lesion

Infarcted
tissue

Recovered
tissue

Initial
DWI
lesion

Infarcted
tissue

Recovered
tissue

Normal
tissue

Initial
DWI
lesion

Infarcted
tissue

Recovered
tissue

Initial
DWI
lesion

Infarcted
tissue

Recovered
tissue

Normal
tissue

1 0.45 0.64 1.36 22.7 27.4 43.9 59.5 0.79 0.84 2.03 2.1 2.2 4.9 3.7
2 0.78 0.73 1.30 20.8 21.8 34.2 39.1 1.34 1.07 1.74 2.6 2.5 3.6 3.2
3 0.63 0.77 1.03 26.3 34.2 44.9 49.2 0.89 0.88 1.31 2.5 2.8 4.4 3.7
4 0.43 0.68 0.88 20.2 34.5 42.3 55.9 1.29 1.89 2.24 3.5 5.6 6.8 3.3
5 0.41 0.62 1.23 33.3 43.0 46.0 83.2 0.94 1.07 1.75 4.6 5.0 6.3 5.6
6 0.73 0.99 1.10 26.5 32.2 30.2 39.6 1.42 1.77 2.80 4.9 6.1 6.1 3.9
7 0.64 0.77 0.95 39.2 52.9 48.2 76.6 1.29 1.63 1.73 5.5 8.0 6.3 5.4
8 0.69 0.87 1.15 33.5 38.0 47.5 53.0 1.11 1.21 1.42 3.7 3.6 3.9 3.7
9 0.79 0.84 0.92 23.9 27.2 32.0 38.2 1.38 1.37 1.31 3.0 3.5 2.8 3.0

10 0.39 0.71 0.71 28.6 35.3 34.3 59.0 0.72 1.51 1.54 3.3 4.3 4.2 3.2
11 0.33 0.48 0.94 18.7 24.7 48.6 58.0 0.67 0.86 1.79 2.5 3.1 6.8 4.0
12 0.26 0.60 0.81 13.9 23.1 33.2 51.8 0.58 1.12 1.78 2.4 3.7 5.8 4.0
13 0.23 0.34 0.56 16.2 24.1 38.1 79.0 0.46 0.57 1.38 1.9 2.6 6.1 5.1
14 0.58 0.67 0.73 34.7 49.8 45.8 79.8 0.78 1.07 1.06 5.9 9.0 6.8 8.6
15 0.56 0.46 0.64 24.4 26.3 40.1 71.4 0.91 0.75 1.07 2.7 3.2 5.5 6.0
16 0.45 0.64 1.35 15.9 25.8 31.8 39.3 0.91 1.02 4.15 2.4 2.8 4.2 2.8
17 0.39 0.49 0.81 26.3 32.8 54.7 71.5 1.31 1.41 2.48 2.7 3.1 6.1 2.5
18 0.80 1.00 1.18 43.1 39.8 44.4 49.5 1.36 1.57 2.07 4.9 4.5 4.9 3.5
19 0.79 1.05 1.25 37.2 50.9 48.8 59.3 1.16 1.24 1.94 3.6 4.4 5.5 4.0
mean 0.54 0.70 0.99 26.6 33.9 41.5 58.6 1.02 1.20 1.87 3.4 4.2 5.3 4.2
SD 0.19 0.19 0.25 8.3 9.7 7.2 14.7 0.30 0.36 0.71 1.2 1.9 1.2 1.4

Note: Infarcted tissue represents brain tissue within the MTT mask that went onto infarction and recovered tissue represents tissue within the MTT mask
that survived the ischemic event.
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64.6 � 59.5 mL. This correlation demonstrates that for this
group of subjects the extracted masks correctly identified
tissue with an altered hemodynamic function. The compu-
tational time, including calculation and registration of DWI
and PI maps and modeling of infarct evolution was less than
10 min using a Silicon Graphics Octane workstation.

8. Discussion

In this study, we have introduced a strategy to automat-
ically extract masks of the diffusion lesion and regions of
abnormal hemodynamic function defined on MTT maps
acquired in the acute stage of stroke. This methodology
allows rapid assessment of diffusion, CBF, CBV and MTT
measures within the MTT mask, including the diffusion–
perfusion mismatch and estimation of infarct evolution us-
ing predictive modeling techniques. Recent studies have
redefined the relationships between the ischemic penumbra
and diffusion and perfusion abnormalities seen on MR im-
aging [22]. The predictive modeling strategy reported in this

study does not depend upon the identification of an ischemic
penumbra. This methodology may prove useful for patient
assessment prior to possible therapeutic intervention and
importantly in the analysis of data from large clinical stroke
trials.

Surprisingly few studies have been published in the lit-
erature reporting MR-derived perfusion measures within the
penumbral territory in humans [16,23,31–33,39]. Many of
these studies have relied on the use of manually defined
ROIs on perfusion images and therefore contain additional
information from non-brain tissue from ventricular or sulcal
regions. Our data extends previous results by (i) utilizing
voxel based perfusion analyses from only brain tissue and
(ii) including absolute measures of blood flow and blood
volume in the MTT territory from both infarcted tissue and
tissue which survived the ischemic event.

In the territory of the MTT mask, we found a significant
decrease in raCBF (0.70 � 0.19) and CBF (33.9 � 9.7
mL/100g/min) in tissue that went onto infarction compared
with tissue which survived the ischemic event (0.99 � 0.25
and 41.5 � 7.2 mL/100g/min, respectively). The raCBF

Fig. 3. Diffusion and perfusion images acquired for a representative patient from the training data sets (Patient 10), two hours after onset of symptoms. Top,
left to right, (A) the DWI scan showing a poorly defined diffusion lesion in the deep white matter in the left hemisphere, (B) the MRA showing occlusion
of the left MCA, (C) the MTT map with the extracted MTT mask given in blue and (D) the composite MTT map. Bottom left to right, (E) CBF, (F) CBV,
(G) the follow-up T2-weighted scan (b � 0) with predicted lesion colored red and (H) the final lesion volume derived by subtraction of the initial T2 image
from the follow-up scan.
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values calculated in our study are very similar to those
reported from SPECT studies [34] namely, 0.48 � 0.10 and
0.75 � 0.10 for the ischemic core and penumbra respec-
tively. Quantitative CBF measures in the the initial DWI
lesion and diffusion-perfusion mismatch territory of 34.4 �
22.4 and 50.2 � 17.5 (ml/100g/min) have been reported in
stroke patients [33]. Although these values are similar to
those measured in our study, no distinction was made in that
study between tissue that survived or went onto infarction in
the MTT territory. In the group of patients investigated in
this current study, quantitative measures of CBF were re-
duced in all regions of the MTT territory compared with
normal tissue on the contralateral side. This included tissue
within the MTT mask that recovered or eventually pro-
gressed to infarction. An analogous result has been reported
previously [33]. In five of the nineteen patients there was
increased CBF in the diffusion–perfusion mismatch region

which progressed to infarction, as defined on the follow-up
T2 weighted scan (patients 6,7 10,14 and 19). In our inves-
tigation, this observation was not apparent in contralateral
ratio measures. This finding highlights an advantage of
measuring absolute rather than ratio perfusion measures
within the MTT ROI. The accuracy of ratio measures relies
on a number of factors. These include (i) symmetrical brain
morphology, (ii) the bilateral absence of pathologic pro-
cesses such as white matter disease, and (iii) head position-
ing in the scanner so that the brain appears symmetrical in
the sagittal plane. Although the underlying pathophysiolog-
ical reason for this observation is unclear, a possible mech-
anism may involve collateral flow to leptomeningeal vessels
already undergoing vasodilation due to an altered hemody-
namic function or a process involving increased flow via anas-
tamotic vessels to a hypoperfused region. The finding of in-
creased penumbral blood flow has been reported by others

Fig. 4. Diffusion and perfusion images acquired for a representative patient from the validation data sets (Patient 17), ten hours after onset of symptoms. Top
left to right, (A) the DWI scan showing a diffusion lesion in the left MCA territory (diffusion mask colored orange), (B) the MRA showing occlusion of the
left MCA, and (C) the MTT map with extracted MTT mask given in blue. Bottom left to right, (D) CBF, (E) CBV and (G) the follow-up T2-weighted scan
(b � 0) with predicted lesion colored red.
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using both ratio measures [16] and quantitative arterial spin
labeling methods [33]. The diffusion–perfusion mismatch re-
gions with increased CBF correlated with tissue exhibiting
enhanced CBV. Such a correlation gives evidence of a possible
mechanism involving vasodilation of collateral leptomeningeal
vessels [16]. This highlights the fact that within the MTT
territory, tissue that survives the ischemic event is not always
restricted to regions with increased cerebral blood flow.

Patients in our study exhibited a heterogeneous pattern of
both reduced and elevated cerebral blood volume measures
within the MTT mask. Penumbral tissue with increased
measures of CBV have been reported in other studies [16,
22,31]. Elevated CBV measures have been shown not to
result from a breakdown of the blood-brain barrier and
leakage of Gd-DTPA [31] but to vasodilation of leptomen-
ingeal vessels in response to an altered hemodynamic state
to maintain cerebral perfusion pressure [36]. Due to the
diverse nature of CBV values in the MTT mask in the
present study, predicting infarct evolution utilizing thresh-
old levels of this metric may have limited use. In humans,
the modeling of stoke evolution is a complex problem
because of the limited information that can be obtained in
vivo regarding some of the important underlying mecha-
nisms believed to be involved with neuronal death. Thus we
are using diffusion and perfusion imaging as surrogate
markers to model and predict complex pathophysiological
processes such as apoptosis, that occur following an isch-
emic episode [37,38]. However, given these constraints we
have demonstrated that diffusion and perfusion measures
acquired in the acute phase of stroke can be used to model
infarct evolution. Although the time of first scan after onset
of symptoms was 8.9 � 3.5 h we found that exclusion of the
diffusion metrics did not reduce the model’s predictive
power. The measures of sensitivity, specificity, positive
predictive value and negative predictive value for the vali-
dation data sets derived using only the perfusion metrics
were 0.72 � 0.05, 0.97 � 0.02, 0.67 � 0.07 and 0.97 �
0.02, respectively. Furthermore, for the five patients (9–
12,16) who were scanned within the six hour window after
onset of symptoms the measures of predictive efficiency
were of similar magnitude, namely 0.73 � 0.06, 0.96 �
0.02, 0.69 � 0.05 and 0.97 � 0.02, respectively. This
suggests that this methodology may be suitable for hyper-
acute stroke patients (�6 h after onset of symptoms) which
present with large diffusion- perfusion mismatches. With
this strategy, we assume that the MTT mask represents the
boundary for possible infarct evolution. It is possible with
this methodology for the predicted lesion to be slightly
larger than the calculated MTT mask. Such a result can be
seen in three patient’s data (see Table 1, patients 4,7,19).
This anomaly can arise when the diffusion mask is not
spatially congruent with the MTT mask, i.e., a portion of the
diffusion mask lays outside of the MTT masked region. This
problem can occur when registration of the diffusion and
perfusion images is compromised because of head move-
ment or the presence of artifacts within the diffusion image.

In this study, we routinely used the contralateral MCA to
define the arterial input function for the calculation of per-
fusion maps. In using this vessel we assume that there is
little or no concurrent carotid stenosis or occlusion that may
affect the accuracy of resulting perfusion maps. Two pa-
tients (5,10) possessed moderate contralateral stenoic ca-
rotid arteries (50–75%) and one (19) had significant occlu-
sion (80–90%). Although the predictive model was accurate
for both patients (5,10), further work is required to fully
determine the correlation between concurrent carotid steno-
sis and model efficiency. In addition, a larger subject cohort
may also enable identification of distinctive angiographic
and perfusion characteristics that allow recognition of acute
stroke patients who present with progressive occlusion of
the MCA. Such patients with dynamically evolving lesions
are a future challenge for predicting infarct growth.

In conclusion, we have endeavored to introduce a strat-
egy to automatically extract diffusion and MTT masks from
diffusion and perfusion images acquired in the acute phase
of stroke. In contrast to manually drawn ROIs, the automat-
ically extracted perfusion masks used in this study contain
hemodynamic information from only brain tissue and thus
may better characterize measures of CBF and CBV within
the MTT territory. For this reason we have purposely avoided
comparing results derived from manually traced ROIs. Fur-
thermore, we have shown that diffusion and perfusion mea-
sures defined by these masks can be modeled to predict stroke
evolution. Clearly this model needs to be applied to a much
larger data set to prove validity of the strategy.
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