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Predicting Cerebral Ischemic Infarct Volume
with Diffusion and Perfusion MR Imaging
Pamela W. Schaefer, George J. Hunter, Julian He, Leena M. Hamberg, A. Gregory Sorensen,
Lee H. Schwamm, Walter J. Koroshetz, and R. Gilberto Gonzalez

BACKGROUND AND PURPOSE: Diffusion and perfusion MR imaging have proved useful in
the assessment of acute stroke. We evaluated the utility of these techniques in detecting acute
ischemic infarction and in predicting final infarct size.
METHODS: Diffusion and hemodynamic images were obtained in 134 patients within a mean
of 12.3 hours of onset of acute ischemic stroke symptoms. We retrospectively reviewed patient
radiology reports to determine the presence or absence of lesion identification on initial
diffusion- (DW) and perfusion-weighted (PW) images. Radiologists were not blinded to the
initial clinical assessment. For determination of sensitivity and specificity, the final discharge
diagnosis was used as the criterion standard. Neurologists were not blinded to the DW or PW
imaging findings. In 81 patients, acute lesions were compared with final infarct volumes.
RESULTS: Sensitivities of DW imaging and cerebral blood volume (CBV), cerebral blood flow
(CBF), and mean transit time (MTT) perfusion parameters were 94%, 74%, 84%, and 84%,
respectively. Specificities of DW imaging, CBV, CBF, and MTT were 96%, 100%, 96%, and 96%,
respectively. Results were similar in 93 patients imaged within 12 hours. In 81 patients with
follow-up, regression analysis yielded r2 ⴝ 0.9, slope ⴝ 1.24 for DW imaging; r2 ⴝ 0.84, slope ⴝ
1 .22 for CBV; r2 ⴝ 0.35, slope ⴝ 0.44 for CBF; and r2 ⴝ 0.22, slope ⴝ 0.32 for MTT, versus
follow-up volume. A DW-CBV mismatch predicted additional lesion growth, whereas DW-CBF
and DW-MTT mismatches did not. Results were similar in 60 patients imaged within 12 hours.
CONCLUSION: Diffusion and hemodynamic images are sensitive and specific for detecting
acute infarction. DW imaging and CBV best predict final infarct volume. DW-CBV mismatch
predicts lesion growth into the CBV abnormality. CBF and MTT help identify additional tissue
with altered perfusion but have lower correlation with final volume.
New thrombolytic and neuroprotective therapies are
being approved and developed for the treatment of
acute ischemic stroke. Although they may salvage
tissue characterized by reversible ischemia, these
therapies are associated with potential risks, such as
development of intracranial hemorrhage. To apply
these therapies appropriately, it is important to distinguish between the amount of tissue that is destined

to infarct and the tissue that is ischemic but may
potentially be salvaged if reperfusion is attempted.
Relatively new MR imaging techniques are improving our ability to evaluate acute stroke. Echo-planar
diffusion-weighted (DW) imaging measures the restriction of water movement associated with cytotoxic
edema and is sensitive to ischemia within minutes
after onset (1–7). Echo-planar perfusion-weighted
(PW) imaging can demonstrate the altered physiologic state of the cerebral vasculature immediately
after an occlusive or partially occlusive event. This
physiologic state may be characterized by parameters
of tissue perfusion such as cerebral blood volume
(CBV), cerebral blood flow (CBF), and mean transit
time (MTT) (8 –13). PW imaging allows assessment of
alterations in perfusion during acute ischemia (14 –24).
DW imaging depicts acute ischemic injury with
high sensitivity (86 –100%) and specificity (88 –100%)
at early time points (25–28). Few reports have addressed the sensitivity and specificity of PW imaging
in the detection of acute ischemic stroke (14, 16).
Furthermore, few reports have compared DW and
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PW imaging in the detection of acute ischemic injury
and in the prediction of final infarct size (14 –17,
20 –22, 29). These studies are characterized by patient
populations of 50 or less and by widely varying results
depending on type of perfusion map analyzed, analysis paradigm used, lesion type, time of imaging with
respect to ictus, and time of follow-up imaging.
The purposes of this study were 1) to determine the
sensitivity and specificity of DW imaging and three
perfusion parameters (CBV, CBF, and MTT) in demonstrating ischemic infarction in a large patient population with many different infarction types, and 2) to
establish the predictive value of DW imaging, CBV,
CBF, and MTT in determining final infarct size in all
patients, as well as in those with a perfusion-diffusion
mismatch.

Methods
Patient Selection
All patients who presented to the emergency department
with signs and symptoms of acute stroke between October 1994
and August 1998 were reviewed. Inclusion criteria for subsequent analysis were considered in two groups. For the evaluation of sensitivities and specificities, all 134 patients with clinical follow-up and who had undergone DW and PW imaging
were included in the analysis. For the quantitative prediction of
infarction volumes, 81 patients met the inclusion criteria, which
were 1) availability of conventional MR, DW, and PW image
data sets obtained at the time of presentation to the emergency
department; 2) availability of follow-up sectional images with
either CT or MR imaging; and 3) demonstration of an infarction on follow-up images. Twenty patients had been included in
a previous report (17).
Imaging
MR imaging was performed with a 1.5-T whole-body imager
(Signa; GE Medical Systems, Milwaukee, WI) with an echoplanar retrofit (Advanced NMR Systems, Wilmington, MA).
DW images were obtained by using single-shot, echo-planar
imaging with sampling of the entire diffusion tensor. Six high– b
value images corresponding to diffusion measurements in different gradient directions were acquired, followed by a single
low– b value image. The high b value was 1221 mm2/s, and the
low b value was 3 mm2/s. Imaging parameters were 6000/118
(TR/TE), field of view (FOV) of 40 ⫻ 20 cm, image matrix of
256 ⫻ 128 pixels, section thickness of 6 mm with a 1-mm gap,
20 axial sections, and three signal averages. Isotropic DW
images were generated off-line on a network workstation
(Sparcstation 20; Sun Microsystems, Milpitas, CA). Apparent
diffusion coefficient (ADC) maps also were generated and
used to confirm restricted diffusion. This methodology has
been previously described in detail (17, 20).
PW images were acquired with spin-echo (116 patients) or
gradient-echo (18 patients) echo-planar techniques during the
injection of 0.1 mmol (gradient-echo) or 0.2 mmol (spin-echo)
per kilogram of body weight gadodiamide (Omniscan; Nycomed, Oslo, Norway) or gadopentetate dimeglumine (Magnevist; Berlex Laboratories, Wayne, NJ). For the spin-echo
echo-planar technique, 51 single-shot echo-planar images were
obtained in each of 10 sections, in 83 seconds. Imaging parameters were 1500/75, FOV of 40 ⫻ 20 cm, image matrix of 256 ⫻
128 pixels, section thickness of 6 mm with a 1-mm gap. For the
gradient-echo echo-planar technique, 46 single-shot echo-planar images were obtained in each of 11 sections, in 69 seconds.
Imaging parameters were 1500/50, FOV of 40 ⫻ 20 cm, image
matrix of 256 ⫻ 256 pixels, section thickness of 6 mm with a

1-mm gap. Parametric maps of vascular physiologic function
were synthesized by using an arterial input deconvolution paradigm that is described in detail elsewhere (17). In brief, for
each voxel, the time-intensity curve observed during the passage of contrast material is converted to a curve of change in
1/T2 (⌬R2), a parameter related to the concentration of gadolinium present in the voxel. An arterial input curve is identified from the ipsilateral middle cerebral artery. Then, for each
target voxel, a combination of numerical integration of its
⌬R2-time curve and deconvolution between the arterial input
and the ⌬R2 curve is performed. This yields parameters of
CBV, CBF, and MTT. Details of the theory and methodology
of the perfusion map calculations have been previously described in detail (9 –12, 17)
Fast spin-echo T2-weighted images were acquired with 4200/
102 (TR/TE effective), FOV of 20 cm, acquisition matrix of
256 ⫻ 256 pixels, section thickness of 5 mm with a 1-mm gap,
and one signal average.
CT of the head was performed by using a helical scanner
(Advantage; GE Medical Systems, Waukesha, WI), with 5-mm
contiguous axial sections with 140 kVp, 340 mAs, and 1-second
scanning time.
Image analysis
Patient radiology reports were retrospectively reviewed to
determine the presence or absence of lesion identification on
the initial DW and PW images. Radiologist interpretations
were based on neuroimaging findings and initial clinical assessment, without attempt to blind the radiologists to the neurologists’ findings. For determination of sensitivity and specificity,
the final discharge diagnosis was used as the criterion standard.
The final diagnosis was based on initial and follow-up clinical
assessments and neuroimaging studies, without attempt to
blind the neurologists to the DW or PW imaging findings.
Visually identified abnormalities on initial DW and PW
images, as well as the follow-up images, were outlined by using
a commercial image display and analysis program (ALICE;
Hayden Image Processing Solutions, Denver, CO). Section by
section, lesion contours were generated by using a semiautomated method based on threshold values between normal and
abnormal regions and manually corrected by consensus of two
radiologists (J.H. and P.W.S.). This was repeated for all volumes in 20 patients so we could measure intraobserver variability. We used this technique rather than a numeric threshold
technique because we wanted to simulate how these maps are
currently used in clinical practice. Lesion volumes were calculated by summing the individual section lesion areas multiplied
by section separation (ie, section thickness plus intersection gap).
Once the volumes were calculated, the data were subdivided
into categories based on the differences in apparent lesion
volume between DW images and PW parameters. We classified
a finding as a mismatch only when the PW image lesion volume
was more than 20% larger than the DW image lesion volume.
This approach was adopted to minimize errors owing to partial
volume effects and head positioning. We used a similar definition of mismatch in a prior report (17)
Statistical Analysis
In all 134 patients, measures of sensitivity, specificity, and
predictive values were obtained by using the clinically derived
final diagnosis of stroke or no stroke as the criterion standard
for ischemic cerebral infarction. These measures were repeated
in the 90 patients who were imaged initially within 12 hours.
In all 81 patients with follow-up imaging, statistical analysis
of covariance was performed by using a General Linear Model
Paradigm (SAS Institute, Cary, NC). The variables tested were
final volumes of infarction as predicted by DW imaging and
CBV, CBF, and MTT perfusion parameters, arranged into
groups based on age, sex, lesion volume mismatch, time of
imaging with respect to stroke ictus, and type of infarction.
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TABLE: Sensitivity and specificity of DW imaging and perfusion parameters in 134 patients
Final Diagnosis
Technique
DWI
Positive
Negative
CBV
Positive
Negative
CBF
Positive
Negative
MTT
Positive
Negative

Sensitivity
(%)

Specificity
(%)

PPV
(%)

NPV
(%)

FP

FN

1
26

94

96

99

81

1

6

78
28

0
28

74

100

100

50

0

28

89
18

1
26

84

96

99

59

1

18

89
18

1
26

84

96

99

59

1

18

Positive

Negative

101
6

Note.—FN indicates false-negative findings; FP, false-positive findings; NPV, negative predictive value; PPV, positive predictive value.

Subsequently, linear correlations were individually performed
for DW imaging, CBV, CBF, and MTT versus follow-up infarct
volumes, with the intercept fixed at the origin. In addition,
linear correlations were performed for CBV and DW imaging
versus follow-up infarct volume in patients with a DW-CBV
mismatch. Linear correlations were also performed for CBF
and DW imaging versus follow-up infarct volume in patients
with a DW-CBF mismatch. Finally, linear correlations were
performed for MTT and DW imaging versus follow-up infarct
volume in patients with DW-MTT mismatch. Among the 81
patients with follow-up imaging, the linear correlations were
repeated in the 60 patients who were imaged initially within 12
hours.
Intraobserver variability was measured by repeating volume
measurements in 20 patients. For DW imaging, the initial 20
volume measurements were compared with the second 20 volume measurements with use of a two-tailed t test. Subsequently, the difference was obtained for each pair of measurements. The mean and standard deviation of the differences was
obtained. This was repeated for CBV, CBF, MTT, and follow-up volumes.

Results
Of 134 patients eligible for entry into the study, all
had follow-up clinical evaluation and were grouped
on this basis into stroke or non-stroke categories.
There were 82 men and 52 women aged 20 –93 years
(mean age, 65 years). Time from stroke onset to
imaging ranged from 43 minutes to 134 hours, with a
mean of 12.28 hours. Of the 134 patients, 121 were
imaged within 24 hours; 106 patients had a final
clinical diagnosis of stroke. On the basis of MR angiography and lesion location on conventional MR
images, there were 33 proximal embolic infarctions
(four at the top of the internal carotid artery, 24 in the
middle cerebral artery, and five in the posterior cerebral artery), 22 lacunar infarctions, 45 distal embolic
infarctions, and six watershed infarctions; 28 patients
did not have a final clinical diagnosis of stroke. The
sensitivity, specificity, and predictive values of DW
imaging and CBV, CBF, and MTT perfusion parameters in detecting acute infarction are presented in
the Table.
The sensitivities of DW imaging, CBV, CBF, and
MTT to be abnormal in the appropriate vascular

territory in the setting of a clinical diagnosis of acute
stroke were 94%, 74%, 84%, and 84%, respectively.
The negative predictive values were 81%, 50%, 59%,
and 59%, respectively. On DW images, there were six
false-negative findings (ie, patients with clinical
stroke but without initial imaging evidence of infarction). These included one acute-on-chronic middle
cerebral artery infarction, two pontine lacunar infarctions seen on follow-up DW images, one lateral medullary lacunar infarction that was below the first section on the initial DW images but seen on follow-up
DW images, and two presumed lacunar infarctions
(one basal ganglia and one pontine) that were not
seen on initial or follow-up images, but clinical symptoms persisted in these two patients. False-negative
lesions on the CBV images included 16 small distal
infarctions, 10 lacunar infarctions, and two watershed
infarctions. False-negative lesions on the CBF and
MTT images included 10 distal infarctions, six lacunar
infarctions, and two watershed infarctions.
The specificities of DW imaging, CBV, CBF and
MTT to be abnormal in the appropriate vascular
territory in the setting of a clinical diagnosis of acute
stroke were 96%, 100%, 96%, and 96%, respectively.
The positive predictive values were 99%, 100%, 99%,
and 99%, respectively. One false-positive lesion on
DW images was a punctate lesion consistent with a
distal embolic infarction in a patient in whom the
final clinical diagnosis was transient ischemic attack.
There was also a DW negative case in which both the
CBF and MTT maps demonstrated a hypoperfused
area in the left frontal lobe that did not demonstrate
tissue injury on follow-up studies.
For the 93 patients imaged within 12 hours, measures of sensitivity, specificity, and predictive values
were similar. The sensitivities of DW imaging, CBV,
CBF, and MTT to be abnormal in the appropriate
vascular territory in the setting of a clinical diagnosis
of acute stroke were 92%, 74%, 84%, and 84%, respectively. For each technique, respectively, the negative predictive values were 75%, 49%, 60%, and
60%; specificities, 95%, 95%, 95%, and 95%; and
positive predictive values, 99%, 98%, 98%, and 98%.
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FIG 1. A–D, Scatterplots demonstrate initial lesion volume with each technique versus final lesion volume at follow-up (F-U) in 81
patients.
A, Initial DW imaging versus follow-up: r 2 ⫽ 0.9, slope ⫽ 1 .24 ⫾ 0.08 (95% confidence limits).
B, Initial CBV versus follow-up: r 2 ⫽ 0.84, slope ⫽ 1 .22 ⫾ 0.11.
C, Initial CBF versus follow-up: r 2 ⫽ 0.35, slope ⫽ 0.44 ⫾ 0.09.
D, Initial MTT versus follow-up: r 2 ⫽ 0.22, slope ⫽ 0.32 ⫾ 0.08.
r2 indicates coefficient of determination.

Of the 134 patients reviewed, 81 fulfilled the image
selection criteria for further analysis. There were 51
men and 30 women aged 21–93 years (mean age, 64.7
years). Time from stroke onset to imaging was 0.72–
41.6 hours, with a mean of 7.86 hours; 77 of 81
patients were imaged within 24 hours. Follow-up imaging was available from 1 to 210 days, with a mean of
12.44 days. No patients received intraarterial thrombolytics. One patient received intravenous tissue plasminogen activator, one received intraarterial papaverine, and three received growth factor. All other
patients received conventional treatments such as antithrombotic agents, blood pressure titration, and volume expansion, only. There were 25 proximal embolic
infarctions (17 in the middle cerebral artery stem, one
at the top of the internal carotid artery, two involving
both the distal internal carotid artery and proximal
middle cerebral artery stem, four in the posterior
cerebral artery stem, and one in the superior cerebellar artery stem), 18 lacunar infarctions, and 38 distal
infarctions.
Analysis of covariance demonstrated that DW imaging best predicted final infarct volume and that

CBV alone of the other perfusion parameters significantly improved the DW imaging prediction of final
infarct volume.
Scatterplots of final infarct volumes against initial
DW imaging, CBV, CBF, and MTT volumes for all 81
patients are shown in Fig 1. They include the slopes
and coefficients of determination (r2) from regression
analyses, with intercept fixed at the origin. The DW
images had the highest correlation to a linear fit. Of
the perfusion parameters, CBV had the highest correlation to a linear fit.
Scatterplots (not shown) of final infarct volumes
against initial DW imaging, CBV, CBF, and MTT
volumes for 60 patients imaged within 12 hours demonstrated similar results: for DW imaging versus follow-up infarct volume, r2 ⫽ 0.91, slope ⫽ 1.21; for CBV
versus follow-up, r2 ⫽ 0.84, slope ⫽ 1.16; for CBF versus
follow-up, r2 ⫽ 0.39, slope ⫽ 0.41; and for MTT, r2 ⫽
0.26, slope ⫽ 0.29.
Fig 2 shows scatterplots of final infarct volumes
against initial DW imaging, CBV, CBF, and MTT
volumes for all patients with follow-up images demonstrating infarction and a perfusion lesion more
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FIG 2. A–F, Scatterplots show initial lesion volume versus final infarct volume in patients with a perfusion-diffusion mismatch (perfusion
lesion more than 20% larger than the diffusion lesion).
A and B, DW-CBV mismatch group: For DW imaging versus follow-up, the regression line was significantly different from the line of
identity (P ⬍ .001). For CBV versus follow-up, the regression line was not significantly different from the line of identity (P ⫽ .18).
C and D, DW-CBF mismatch group: For DW imaging versus follow-up and for CBF versus follow-up, the line of regression was
significantly different from the line of identity (P ⬍ .001).
E and F, DW-MTT mismatch group: For DW imaging versus follow-up and for MTT versus follow-up, the line of regression was
significantly different from the line of identity (P ⬍ .001). r 2 indicates coefficient of determination.

than 20% larger than the diffusion lesion (perfusiondiffusion mismatch). All patients with a DW-CBV
mismatch also had a DW-MTT mismatch.
Scatterplots (not shown) of final infarct volumes
against initial DW imaging, CBV, CBF, and MTT
volumes for the patients with a diffusion-perfusion
mismatch who were imaged within 12 hours demonstrated similar results. There were 11 patients in the

DW-CBV mismatch group: for regression of DW
imaging against follow-up volume, slope ⫽ 1.43, r2 ⫽
0.77; for CBV against follow-up volume, slope ⫽ 1.02,
r2 ⫽ 0.49. There were 30 patients in the DW-CBF
mismatch group: for regression of DW imaging
against follow-up volume, slope ⫽ 1.08, r2 ⫽ 0.90; for
CBF against follow-up volume, slope ⫽ 0.36, r2 ⫽
0.34. There were 34 patients in the DW-MTT mis-
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FIG 3.
A, Axial DW image demonstrates an infarct involving the left basal ganglia, insula, and subinsular region.
B, CBV map shows the lesion is larger
than the initial DW imaging abnormality; it
also involves the left frontal and parietal
opercula.
C and D, CBF (C) and MTT (D) abnormalities involve most of the left middle
cerebral artery distribution.
E, Follow-up (F/u) T2-weighted image 10
days later demonstrates a lesion similar in
size to that of the initial CBV abnormality (B).

match group: for regression of DW imaging against
follow-up volume, slope ⫽ 1.10, r2 ⫽ 0.84; for MTT
against follow-up volume, slope ⫽ 0.24, r2 ⫽ 0.19.
Intraobserver variability analysis in 20 cases revealed the following: for DW imaging, initial mean
volume ⫽ 44.829 cm3, second mean volume ⫽ 44.558
cm3, mean (⫾ SD) difference ⫽ 0.271 ⫾ 0.672 cm3; for
CBV, initial mean volume ⫽ 45.029 cm3, second mean
volume ⫽ 45.433 cm3, mean difference ⫽ – 0.405 ⫾
5.310 cm3; for CBF, initial mean volume ⫽ 132.659 cm3,
second mean volume ⫽ 127.996 cm3, mean difference ⫽
4.663 ⫾ 13.178 cm3; for MTT, initial mean volume ⫽
161.556 cm3, second mean volume ⫽ 159.131 cm3, and
mean difference ⫽ 2.425 ⫾ 5.744 cm3; and for final
infarct volume, initial mean volume ⫽ 61.120 cm3, second mean volume ⫽ 60.386 cm3, mean difference ⫽
0.734 ⫾ 1.977 cm3. The initial 20 volume measurements
were not significantly different from the second 20 volume measurements (P ⬎ .05) for DW imaging, CBV,
CBF, MTT, or final infarct volume.
Fig 3 demonstrates images of a patient with a proximal left middle cerebral artery embolus. The CBV,
CBF, and MTT lesion volumes were more than 20%
larger than the DW imaging lesion volume. As predicted from our data, the final infarct volume was
larger than the initial DW imaging lesion volume,

similar to the initial CBV lesion volume and much
smaller than the initial CBF or MTT lesion volumes.
Fig 4 compares the percentage of diffusion-perfusion mismatches in proximal embolic versus nonproximal (distal or lacunar) infarctions in the 81 patients with follow-up imaging. There were 25
proximal occlusions (17 middle cerebral artery stem,
one internal carotid artery, two internal carotid artery
and middle cerebral artery stem, four posterior cerebral artery stem, and one superior cerebellar artery
stem) and 56 nonproximal occlusions (18 lacunar and
38 distal embolic). For proximal occlusions, 28% of
patients had a DW-CBV mismatch; 72%, a DW-CBF
mismatch; and 80%, a DW-MTT mismatch. For distal
occlusions, 11% of patients had a DW-CBV mismatch; 38%, a DW-CBF mismatch; and 41%, a DWMTT mismatch.

Discussion
Our results demonstrate that early DW imaging is
highly effective in detecting acute ischemic infarction
and in predicting final ischemic cerebral infarct volume. In specific circumstances, PW imaging provides
additional predictive power. Of the calculated MR
hemodynamic parameters, CBV maps appeared su-
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FIG 4.
Percentage of patients with diffusion-perfusion mismatches for proximal (black bars) and nonproximal (white bars)
infarctions.

perior to CBF and MTT maps in predicting final
infarct volume. CBV maps are most informative in
cases of a DW-CBV mismatch, which most commonly
occur with proximal cerebral arterial occlusions.
DW imaging was highly sensitive (94%) and specific (96%) in the large patient population that we
studied. These values are consistent with reported
sensitivities of 88 –100% and reported specificities of
86 –100% (25–28). In our patient population, lesions
missed on DW images generally fell into two categories: 1) deep gray nuclei and brain-stem lacunes that
are seen as punctate lesions on follow-up images or
are presumed on the basis of persistent clinical deficits, and 2) ischemic but viable lesions, with hypoperfusion and normal DW images and ADC maps, that
progress to infarction. These observations are similar
to those of Ay et al (30). False-positive lesions are
rare. A false-positive lesion on DW images occurred
in one patient who had a transient ischemic attack
with a tiny lesion that was hyperintense on DW and
T2-weighted images, consistent with a tiny distal embolus that was clinically silent. Nearly 50% of patients
with transient ischemic attacks are known to have
small hyperintense lesions on DW images in the appropriate vascular territory (31). False-positive lesions have been reported with cerebral abscess (with
restricted diffusion on the basis of viscosity) and tumor (with restricted diffusion on the basis of attenuated cell packing) (26). When these lesions are
viewed in combination with other routine T1- and
T2-weighted MR images, they should be easily differentiated from acute infarctions. A false-positive lesion also was reported in a patient with a subacute
infarction; the lesion proved to be hyperintense on
DW images secondary to an increase in the T2 signal
intensity (25). This “T2 shine through” effect can
easily be resolved by interpreting the DW images in
combination with ADC maps, which do not have a T2
component. Acute ischemic lesions with restricted
diffusion are hypointense on ADC maps.
We found that, in general, PW images are less
sensitive than DW images in the detection of acute
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stroke. Lesions missed on PW images included lesions
with small abnormalities on DW images that were not
detected because of the lower resolution of PW images, and lesions with early reperfusion. Our results
agree with those of Ueda et al (16) that CBF and
MTT maps are more sensitive than CBV maps but
less specific.
The role of PW imaging in conjunction with DW
imaging is being elucidated. The most important clinical effect may result from defining an ischemic penumbra, a region that is ischemic but still viable and
may progress to infarction. Consequently, investigation has focused on strokes with a diffusion-perfusion
mismatch. One clear observation is that proximal occlusions are far more likely to result in a diffusionperfusion mismatch than are distal or lacunar infarctions. Operationally, in the absence of thrombolysis,
the diffusion abnormality is thought to represent the
ischemic core and the region characterized by normal
diffusion, but abnormal perfusion may represent the
ischemic penumbra. Definition of the penumbra is
complicated because there are multiple hemodynamic parameters that may be calculated from the
perfusion MR imaging data. Previously, it has not
been clear which hemodynamic maps (eg, CBF, CBV,
and MTT) are most informative in predicting final
infarct volume. The data presented are in agreement
with previously published reports (14 –17, 19, 21, 22,
29) and provide insights into this issue (Fig 2).
In all patients in this study, of all parameters measured (DW imaging, CBV, CBF and MTT), DW
imaging correlated most highly with final infarct volume, with an r2 of 0.90 in all patients and 0.91 in those
patients imaged within 12 hours. This is within the
range of previously reported values of 0.69 – 0.98 (15,
17, 19, 22). Predicted lesion growth was 24% in all
patients and 21% in those patients imaged within 12
hours. Reported lesion growth ranges from 32% to
144% (14, 15, 17, 19, 21, 22). This variability likely
results from variability in timing of reperfusion, blood
pressure, collateral perfusion and postischemic tissue
responses, as well as initial and follow-up imaging
times. Some patients in the literature were imaged at
even earlier time points when less initial lesion
growth would have occurred. Also, our mean follow-up time of 12 days was later than that of some
other studies. At 12 days, resolution of edema but not
tissue atrophy would have occurred.
Of the perfusion parameters, overall, CBV correlated best with final infarct volume and had a very
high correlation, with an r2 of 0.84, in all patients as
well as in those imaged within 12 hours. This is similar
to previously reported values ranging from 0.79 to
0.81 (17, 29). Predicted lesion growth from the initial
CBV abnormality to the final infarct size was 22% in
all patients and 16% in those patients imaged within
12 hours. This is similar to the 27% predicted lesion
growth reported by Sorensen et al (17) in a smaller
series. In the study by Ueda et al (16), lesions decreased in size from the initial CBV abnormality.
Their follow-up images were obtained at 8.9 months,
a time point at which atrophy of the infarcted tissue
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would have occurred. Overall, CBF and MTT demonstrated very poor correlations with final infarct
volume (r2 of 0.35 in all patients and 0.39 in patients
imaged in less than 12 hours for CBF and r2 of 0.22 in
all patients and 0.26 in patients imaged in less than 12
hours for MTT). These findings are similar to reported values of r2 of 0.3– 0.67 for CBF and r2 of
0.3– 0.69 for MTT (14, 17, 21, 29). Furthermore both
CBF and MTT greatly overestimated final infarct
size. Predicted final infarct size was 44% for all patients and 41% for patients imaged within 12 hours of
the initial CBF abnormality, and 32% for all patients
and 29% for patients imaged within 12 hours of the
initial MTT abnormality.
When there is a DW-CBV, DW-CBF, or DW-MTT
mismatch, DW imaging continued to correlate highly
with final infarct volume (r2 of 0.77, 0.88, 0.84, respectively, for all patients and r2 of 0.77, 0.90, 0.85 for
patients imaged within 12 hours) and correlated better with final infarct volume than did the respective
perfusion parameter. Of the perfusion parameters, in
these patients, CBV appeared superior to CBF and
MTT in predicting final infarct volume. A DW-CBV
mismatch was found in 16% of all patients studied
and in 18% of those patients who presented within 12
hours. The correlation of the CBV abnormality with
the final infarct was statistically significant, with a
slope of 0.99 and r2 of 0.55 for all patients and a slope
of 1.02 and r2 of 0.49 for patients imaged within 12
hours. The predicted lesion growth from DW imaging
to final infarct was 63% in all patients and 43% in
patients imaged within 12 hours. These data indicate
that when a DW-CBV mismatch exists, infarcts grow
to the size of the CBV abnormality. Thus, patients
with a DW-CBV mismatch are predicted to have the
most lesion growth and may benefit most from any
perfusion-altering therapies such as hypertension,
thrombolysis, neuroprotective agents, angioplasty,
and hypothermia.
While diffusion-perfusion mismatches were more
commonly observed with CBF and MTT maps, the
predictive power of these maps was poor and inferior
to the predictive power of CBV maps. In fact, with a
mismatch defined as a perfusion lesion more than
20% larger than the diffusion lesion, in patients with
a DW-CBF or DW-MTT mismatch, predicted lesion
growth from DW imaging to final infarct remained at
approximately 20%. It was not larger than predicted
growth in all patients. Thus, it appears that at the time
points addressed in this study, CBF and MTT are
sensitive to hemodynamic changes, but such changes
may not be injurious. Further quantification of CBF
and MTT may improve their ability to discriminate
between critically ischemic regions and regions of
minor hemodynamic change.
The PW imaging observations are best interpreted
with reference to positron emission tomography
(PET) hemodynamic stroke studies (32). These studies have demonstrated that in the early stages of
ischemia, decreased cerebral perfusion pressure produces vasodilatation and an increase in CBV, which
maintains constant CBF and oxygen extraction frac-
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tion. With further reduction of cerebral perfusion
pressure, the compensatory vasodilatation reaches a
maximum. After this, the CBF begins to fall, but there
is compensatory increase in the oxygen extraction
fraction. With continued decreases in cerebral perfusion pressure and CBF, the CBV begins to decrease
due to collapse of capillary beds, and the oxygen
extraction fraction reaches its maximum. Once the
oxygen extraction is maximal, further declines in CBF
and CBV result in disruption of cellular function, and
clinical symptoms develop.
Considering the findings from PET, we speculate
that the high correlation between CBV and final
infarct volume is best explained in the following manner. When the CBV is abnormal, the CBF is usually
below the threshold for tissue viability and there is
usually an associated DW imaging abnormality. In
fact, we observed no cases in which there was a CBV
abnormality but normal DW images. Likewise, except
for small lesions below the resolution of CBV maps,
we did not observe abnormal DW images but normal
CBV. When there is a DW-CBV mismatch, the CBF
in the mismatched region is likely close to the threshold for tissue viability and the infarct usually grows
into this CBV area at risk. Likewise, these physiologic
changes suggest why CBF and MTT are more sensitive than CBV, less specific than CBV, and poor
indicators of final infarct size. In the setting of normal
or elevated CBV, MTT and CBF may be abnormal
but CBF is well above the threshold for tissue infarction. The tissue may progress to infarction, but if
collateralization is present and/or early reperfusion
occurs, then the blood flow may be restored and there
may be no permanent tissue damage. This could also
explain why DW- CBF and DW-MTT mismatches are
more common than DW-CBV mismatches.
Despite significant correlations between DW and
PW imaging, precise prediction of final infarct volume in individual cases remains elusive. This is because stroke is very heterogeneous and multifactorial.
Stroke evolution depends on factors such as duration
of ischemia, degree of ischemia, presence of prior
ischemia, timing of spontaneous recanalization, distal
migration of emboli, integrity of the circle of Willis
and leptomeningeal collateral vessels, and systemic
hemodynamic factors. Our data demonstrate that infarct growth sometimes does not occur in the setting
of a DW-CBV mismatch and sometimes does occur
despite the absence of a mismatch. Furthermore,
whereas the DW imaging abnormality is thought to
represent the ischemic core, a number of animal studies have demonstrated abnormal regions on DW images that did not progress to infarction (33–36). In
addition, rare cases of reversibility on DW images
have been reported in humans who received conventional stroke therapy (37). Furthermore, humans
treated with intravenous or intraarterial tissue plasminogen activator may have regions of reversibility on
DW images (38). Also, Ueda et al (16) reported four
patients with ADC hypointensity with restricted
diffusion who did not have infarctions on follow-up
images.
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The limitations of our study relate to the observational study design. Routine clinical management including decisions on timing of imaging studies was not
altered for the purposes of this investigation. Thus,
time of initial and follow-up imaging was variable,
and follow-up imaging was with CT or MR imaging.
Futhermore, in this study, we did not address the role
of DW and PW imaging in patient triage, treatment,
or management nor did we address the influence of
these factors on lesion growth. Nevertheless, our conclusions with respect to the principal findings should
be robust because all patients underwent initial imaging by means of the four methods (DW imaging,
CBV, CBF, and MTT) that we evaluated. It is unlikely that the design would bias one method over the
other.

Conclusion
In a large patient population with a wide variety of
infarction types, we have demonstrated that DW imaging is highly sensitive in the detection of acute
ischemic stroke and is more sensitive than CBV, CBF,
or MTT images. DW imaging findings correlate
highly with final infarct volume even if there is a
DW-CBV, DW-CBF, or DW-MTT mismatch. CBV
also correlates highly with final infarct volume. When
there is a DW-CBV mismatch, predicted lesion
growth is 63% and to the size of the CBV abnormality. In all other patients, even those with a DW-CBF
or DW-MTT mismatch, predicted lesion growth is
approximately 20%. While CBF and MTT maps identify altered hemodynamics, predicted lesion growth in
patients with a DW-CBF or DW-MTT mismatch is
not statistically significantly larger than that in all
patients.
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