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PURPOSE: To investigate additional information provided by maps of relative
cerebral blood flow in functional magnetic resonance (MR) imaging of human
hyperacute cerebral ischemic stroke.

MATERIALS AND METHODS: Diffusion-weighted and hemodynamic MR imaging
were performed in 23 patients less than 12 hours after the onset of symptoms. Maps
of relative cerebral blood flow and tracer mean tissue transit time were computed, as
were maps of apparent diffusion and relative cerebral blood volume. Acute lesion
volumes on the maps were compared with follow-up imaging findings.

RESULTS: In 15 of 23 subjects (65%), blood flow maps revealed hemodynamic
abnormalities not visible on blood volume maps. A mismatch between initial blood
flow and diffusion findings predicted growth of infarct more often (12 of 15 subjects
with infarcts that grew) than did a mismatch between initial blood volume and
diffusion findings (eight of 15). However, lesion volumes on blood volume and
diffusion maps correlated better with eventual infarct volumes (r . 0.90) than did
those on blood flow and tracer mean transit time maps (r , 0.6), likely as a result of
threshold effects. In eight patients, blood volume was elevated around the diffusion
abnormality, suggesting a compensatory hemodynamic response.

CONCLUSION: MR imaging can delineate areas of altered blood flow, blood
volume, and water mobility in hyperacute human stroke. Predictive models of tissue
outcome may benefit by including computation of both relative cerebral blood flow
and blood volume.

Stroke remains the third leading cause of death and the major cause of adult disability in
the United States. Intravenously administered recombinant tissue-type plasminogen
activator (rtPA, alteplase; Genentech, South San Francisco, Calif) has been approved by the
U.S. Food and Drug Administration for treatment of hyperacute cerebral ischemia in the
first 3 hours after the onset of symptoms. Findings in studies of intravenous thrombolytic
therapy that allowed later administration demonstrated increased likelihood of death,
likely due to intracranial hemorrhage (1,2). Hemorrhage rates may be especially high in
patients with abnormal CT scans before administration of intravenous thrombolytics (3).
In contrast, data from human positron emission tomography (PET) and magnetic
resonance (MR) imaging studies indicate that the therapeutic window for salvaging some
brain tissue by means of reperfusion may be wider than 3 hours (4–6). A diagnostic tool that
could assess the presence or absence of salvageable brain tissue, as well as the risk of
hemorrhage into injured tissue, might allow therapy to be tailored for individual subjects.

Recent advances in the availability and capability of MR imaging may provide such a
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tool. Methods have been described that
allow MR imaging to provide images or
maps of relative cerebral blood flow and
the mean transit time of a tracer through
the tissue. This is in addition to the
relative cerebral blood volume and the
diffusion-weighted images already in use
in some centers. More accurate markers
could then be used to assess the risks and
benefits of therapeutic interventions. We
hypothesize that the additional informa-
tion provided by images of relative cere-
bral blood flow and tracer mean transit
time might better characterize acute cere-
bral infarction than information from
relative cerebral blood volume maps and
diffusion-weighted images alone. In this
study, we compared lesion volumes on
initial and follow-up MR images in sub-
jects after hyperacute stroke. We sought
to determine whether mismatches be-
tween blood flow and blood volume exist
in human hyperacute stroke. We also
sought to determine if mismatches be-
tween blood flow and diffusion lesions
predicted lesion growth.

MATERIALS AND METHODS

All imaging protocols were approved by
our institutional subcommittee on hu-
man studies. For patients included in this
study, written informed consent was ob-
tained from the patient or family before
MR imaging.

Patient Selection

Patients presenting with acute hemipa-
resis, hemiplegia, or aphasia were evalu-
ated by our service as described previ-
ously (7). Evaluation included x-ray
computed tomography (CT) of the head.
For this study, patients were enrolled
consecutively. Potential subjects were ex-
cluded if the last time they were wit-
nessed to be without symptoms was
greater than 12 hours earlier, if no intrave-
nous access could be obtained, if the
patient’s condition was deemed too un-
stable to allow MR imaging, or if the
patient was enrolled in a clinical trial of a
stroke therapy agent. Patients were ex-
cluded if complete or follow-up studies
were not available. No patients in this
study received tissue plasminogen activa-
tor or intraarterial thrombolytics.

Each patient was subsequently treated
as deemed appropriate. We also included
in this study the nine patients from our
first study (7) who had a diffusion abnor-
mality on their initial imaging study.

Conventional MR Imaging

MR imaging was performed with a 1.5-T
MR imaging unit (Signa; GE Medical Sys-
tems, Milwaukee, Wis) with an echo-
planar retrofit (Advanced NMR Systems,
Wilmington, Mass). We made two modifi-
cations to the hyperacute stroke MR pro-
tocol we used earlier (7). In this study,
diffusion-weighted imaging included
measurement of the full diffusion tensor,
and postprocessing included maps of rela-
tive cerebral blood flow and tracer mean
tissue transit time. These changes did not
alter the time required for the examina-
tion; when combined with two-dimen-
sional phase-contrast MR angiography,
our entire protocol required approxi-
mately 30 minutes (about 15 minutes of
imaging time). Follow-up CT or MR imag-
ing studies were performed between 3
and 59 days (median, 6 days).

Diffusion-weighted MR Imaging

With our earlier technique, three or-
thogonal components of the diffusion
tensor were sampled, and the trace and
an isotropic diffusion-weighted image
were computed (7). In this study, we
modified this technique to sample the
entire diffusion tensor. This consists of
acquisition of six high-b-value, single-

shot images at each section, each corre-
sponding to diffusion measurement in a
given direction, followed by acquisition
of a single low-b-value image. The high b
value was 1,221 sec/mm2, and the low b
value was 3 sec/mm2. Imaging parameters
included the following: repetition time, 6
seconds; echo time, 118 msec; matrix,
256 3 128; field of view, 40 3 20 cm;
section thickness, 6 mm; and intersection
gap, 1 mm. The complete seven-image
tensor acquisition required 42 seconds;
we typically acquired three repetitions to
improve the signal-to-noise ratio, which
resulted in a total imaging time of 126
seconds. Generation of isotropic (tensor
trace) diffusion-weighted images occurred
off-line on a network workstation (Sparc-
station 20; Sun Microsystems, Milpitas,
Calif) and required 5–10 minutes for data
transfer and computation.

Hemodynamic Imaging

Hemodynamic imaging was performed
with gradient-echo or spin-echo echo-
planar techniques during the injection of
0.1 (gradient-echo) or 0.2 (spin-echo)
mmol per kilogram of body weight gado-
diamide (Omniscan; Nycomed, Oslo, Nor-
way) or gadopentetate dimeglumine
(Magnevist; Berlex Laboratories, Wayne,

TABLE 1
Patient Demographic Data

Patient/
Age (y)/Sex Presenting Symptom

Time after
Presentation to MR Imaging

Initial
(h)

Follow-up
(d)

1/35/M Left hemiparesis 7.0 5
2/68/M Left hemiparesis 10.0 6*
3/62/M Right hemiparesis and aphasia 7.0 14
4/72/F Left hemiparesis 2.5 5
5/55/M Right hemiparesis 2.0 3
6/85/F Left hemiparesis 5.5 7
7/60/M Left hemiparesis 3.0 11
8/53/M Left hemiparesis and hemineglect 3.0 3*
9/91/F Left hemiparesis 5.0 5*

10/50/M Left hemiparesis 4.5 6*
11/62/F Left hemiparesis 7.5 17
12/79/M Left facial weakness 7.0 4
13/66/M Right hemiplegia and Broca aphasia 2.5 3
14/58/M Dysarthria and right facial weakness 6.0 5
15/72/M Aphasia 6.0 54
16/48/F Right hemiparesis and aphasia 1.5 7
17/69/M Right inferior quadrantanopia and left-sided numbness 10.0 277
18/64/F Left arm and leg weakness 5.5 7
19/78/F Aphasia 4.0 5
20/42/F Right hemiplegia 10.0 59
21/75/M Mutism 4.0 4*
22/79/M Ataxia and vertigo 6.5 7
23/33/M Right hemiplegia and mutism 4.0 17

* Follow-up imaging used for volume calculation was CT rather than MR imaging.
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NJ). This dynamic susceptibility contrast
imaging technique produces images from
which a variety of synthetic maps can be
synthesized (8–11) and typically pro-
duced a maximum signal intensity drop
of 20%–30% on spin-echo echo-planar
images. We obtained either 51 single-shot
echo-planar images in each of 10 sec-
tions, for a total of 510 complete images
acquired in 83 seconds, or 46 single-shot
echo-planar images in each of 11 sections,
for a total of 506 complete images acquired
in 69 seconds. Data were transferred to
workstations for further analysis.

To determine cerebral blood flow, we
used the following expression to describe
the concentration of intravascular con-
trast agent within a given volume of
interest (CVOI) as a function of time (t):

CVOI(t) 5 Ft e0

t
Ca(t)R(t 2 t)dt, (1)

where Ft is tissue flow, Ca is the arterial
input function, and R(t) is the vascular
residue function, describing the fraction of
tracer still present in the vascular bed of
the volume of interest at time t after
injection of a unit impulse of tracer in its
feeding vessel. Equation (1) is the central
equation in any approach to determine
flow by using nondiffusible tracers, as it
states that the initial height of the decon-
volved concentration time curve equals
the flow, Ft. However, Equation (1) is not

straightforward to solve for Ft because R(t)
is an unknown function dependent on
local vascular structure.

Determination of cerebral blood flow
from intravascular tracers is a complex
task. Approaches to solve Equation (1)
can be classified into two groups. In a
model-dependent approach, an empiric
analytic expression is chosen to describe
vascular retention (that is, R[t]) of con-
trast agent. In a model-independent ap-
proach, cerebral blood flow and the vascu-
lar retention of tracer are determined by
means of nonparametric deconvolution.

We determined by means of simula-
tions that traditional model-dependent
analytic expressions can yield absolute
flow if the actual underlying residue func-
tion was sufficiently described by the
applied model. Findings in our simula-
tions indicated that this approach still
may yield reasonable relative flow values
if the shape of the residue function is
relatively uniform across the brain even if
the assumed model is not well matched
by the true residue function. However, in
the presence of pathologic and altered
hemodynamics, when the shape of the
residue function may vary spatially, use
of this approach may lead to statistically
significant errors in measurements of rela-
tive flow.

To address this difficulty, we developed
a model-independent approach. In this

approach, nonparametric deconvolution
is performed to determine R(t) and Ft

simultaneously in Equation (1). We inves-
tigated several approaches for performing
nonparametric deconvolution. Approaches
we evaluated were required to be capable
of determining absolute and relative flow
with good accuracy, independent of the
underlying vascular structure and vol-
ume (12), and with raw image signal-to-
noise ratios equivalent to those obtain-
able with current clinical protocols (13).
Thedeconvolutionapproachwe foundmost
useful is singular value decomposition.

Our technique depends on deconvolu-
tion with an arterial input function. Vox-
els that compose this arterial input func-
tion are manually selected by choosing
voxels near the middle cerebral artery
that supplies the unaffected hemisphere.
For each voxel, the time-intensity curve
for the dynamic images is converted first
to a curve of change in T2, or DR2, and
then of concentration versus time. Rela-
tive cerebral blood volume (CBV) is then
computed by means of a numeric integra-
tion technique as described previously
(14–16). From our flow and volume maps,
maps of true mean transit time (MTT) of
the tracer can be computed by means of
the relationship specified by the central
volume theorem: MTT 5 CBV/Ft.

Lesion Volume Measurement

To measure the volume, we used a
simple planimetric technique that is simi-
lar to other approaches (7,17). The vari-
ous images were transferred to a personal
computer (Macintosh; Apple Computer,
Cupertino, Calif), where the abnormality
was outlined by using a commercially
available software package (ALICE; Hayden
Image Processing Solutions, Boulder,
Colo). This software package has a seg-
mentation tool that suggests an initial
contour on the basis of local image inten-
sity gradients. This contour was then
modified to exclude nonanatomic re-
gions (eg, choroid plexus) by a research
assistant (W.A.C.), and the contour was
edited or confirmed by a neuroradiologist
(A.G.S.) by using all the available images.
Lesion volume was then calculated by
multiplying the number of voxels by the
volume of a single voxel. The follow-up
infarct volume was determined by calcu-
lating the lesion volume on the last imag-
ing study available (either CT or MR
imaging) in a similar manner. (We used
CT as the final study only when MR
images were not available; in our experi-
ence, these two volumes are generally
quite similar). We chose this planimetric

TABLE 2
Lesion Volume (in cubic centimeters) on Images

Patient
No.

Diffusion-
weighted

Cerebral
Blood Volume

Cerebral
Blood Flow

Mean Tissue
Transit Time Follow-up

1 2.5 2.5 2.4 0.5 2.7
2 8.5 28.5* 161.7* 162.5* 18.2*
3 24.5 63.4* 107.6* 117.9* 119.1*
4 9.6 8.2 174.3* 175.3* 18.2*
5 6.2 49.6* 270.4* 257.0* 19.5*
6 13.6 43.1* 168.4* 157.1* 19.1*
7 5.2 1.5 0.9 0.0 0.8
8 174.7 196.5 228.7* 191.9 211.0*
9 200.4 208.5 214.4 312.2* 282.7*

10 30.1 83.5* 216.5* 219.4* 179.7*
11 30.1 24.9 51.0* 32.1 33.8
12 15.6 5.1 4.9 2.6 14.7
13 25.5 10.8 13.5 0.7 105.6*
14 4.4 1.2 0.0 1.2 4.3
15 38.3 20.8 41.3 42.9 12.3
16 7.2 3.5 4.4 2.9 17.0*
17 8.0 1.9 1.9 0.0 1.5
18 1.5 0.0 16.1* 44.5* 2.5*
19 20.8 21.6 75.2* 84.0* 87.0*
20 1.6 1.0 1.8 0.8 1.5
21 12.0 14.8* 15.7* 20.3* 15.5*
22 7.1 12.1* 23.8* 33.1* 14.3*
23 30.8 100.7* 342.5* 431.2* 105.3*

* Measurement is more than 15% larger than the initial abnormality depicted on diffusion-weighted
images.
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method rather than a numeric threshold
method because our earlier results demon-
strated that MR imaging–based tech-
niques are sensitive enough to depict the
roughly two-to-one physiologic gray-
white differences in relative cerebral blood
flow and relative cerebral blood volume.
These gray-white differences would inter-
fere with simple threshold-based volume
calculations, particularly in lesions that
involve both gray and white matter (the
majority of lesions). We also used this
semiautomated technique rather than a
threshold-based technique because it
more nearly simulated how these maps
might be used in clinical practice—that
is, the area thought to be visually abnor-
mal by an interpreter who does not know
the eventual outcome.

When comparisons were made for pos-
sible mismatch between initial and fol-
low-up findings for diffusion-weighted im-
ages, relative cerebral blood flow, relative
cerebral blood volume, or tracer mean tran-
sit time, up to 15% change was allowed
before a difference was considered meaning-
ful. (For example, the lesion on the blood
flow map had to be greater than 1.15 times
the volume of the lesion on the diffusion-
weighted image.) This was to account for
effects of volume averaging and possible
head position changes.

Region-of-Interest Analysis

In each patient, three regions of inter-
est were placed manually: (a) in the cen-
ter of the cerebral blood volume abnor-
mality, (b) in an area of mismatch between
the maps of cerebral blood flow and
cerebral blood volume (high signal inten-
sity on the mean transit time images),
and (c) in the center of the diffusion-
weighted imaging abnormality. The re-
gions of interest were defined as 9-voxel
collections in a single section (typically
3 3 3 voxels). Voxels with signal intensity
insufficient to allow valid determination
of results were avoided.

Statistical Analysis

Lesion volume measurements on the
initial study were correlated with those
on the follow-up study by means of a
Spearman rank correlation coefficient.
Then, for each of the four primary func-
tional MR imaging maps (diffusion-
weighted image, relative cerebral blood
flow, relative cerebral blood volume, and
tracer mean transit time), if there was a
statistically significant correlation be-
tween the initial and follow-up lesion
volume, the two volumes were plotted,
and a linear fit was performed (con-
strained by a forced zero intercept).

In addition, region-of-interest mean sig-
nal intensities from the regions of in-
terest located in the centers of the cere-
bral blood volume abnormality were com-
pared with the mean signal intensi-
ties from the regions of interest located in
the area of mismatch between the lesion
on diffusion-weighted images and the
lesion on blood flow maps. Comparison
was made with a Wilcoxon signed rank test
of the paired values on a patient-by-patient
basis.

RESULTS

The overall CT, conventional MR imag-
ing, diffusion-weighted imaging, hemody-
namic imaging, and follow-up results are
summarized in Tables 1 and 2. In all
patients, the diagnosis of hyperacute cere-
bral ischemia was confirmed at follow-up
imaging. Figure 1 shows images of tracer
mean transit time and relative cerebral
blood flow abnormalities that depicted a
second, distant focus of abnormal blood
flow that proceeded to infarction. Figure
2 shows images of such abnormalities
that did not proceed to infarction. Figure
3 shows images that depict probable spon-
taneous reperfusion.

In 20 of the 23 patients, lesion volume

Figure 1. Patient 19. Sensitivity of relative cerebral blood flow and tracer mean transit time to ischemia. A–E and G–K were obtained 3 hours after
the onset of aphasia that occurred during cardiac catheterization. A–F, Upper anatomic section. A, T2-weighted image is normal. B, Diffusion-
weighted image demonstrates hyperintensity in the left frontal lobe (arrow) consistent with the patient’s symptoms. Hemodynamic images
including relative cerebral blood volume (C), relative cerebral blood flow (D), and tracer mean transit time (E) depict a similar, slightly larger
abnormality. F, Follow-up diffusion-weighted image obtained at 5 days depicts infarction. G–L, Lower anatomic section. G, T2-weighted image again
shows no abnormality. H, Diffusion-weighted image depicts an inferior frontal lobe hyperintensity (arrow) consistent with ischemia. Hemodynamic
images show no apparent change in relative cerebral blood volume (I), but a 75% drop in relative cerebral blood flow (J), and a doubling of tracer
mean transit time (K). L, Follow-up diffusion-weighted image also obtained at 5 days depicts a second area of infarct as well as the first (arrows).
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on the follow-up diffusion-weighted im-
age was greater than or equal to that on
the initial image. Among the three re-
maining patients, the initial and fol-
low-up lesion volumes were too small to
allow any definite conclusions in one,
and the follow-up lesion volume was
clearly smaller than the initial lesion vol-
ume in two. In one of the latter patients
(patient 17), initial relative cerebral blood
flow and relative cerebral blood volume
had increased rather than decreased in
the area of abnormality on the diffusion-
weighted images, suggesting early sponta-
neous reperfusion.

Among the 23 patients, the follow-up
lesion volume was smaller than the initial
lesion volume on relative cerebral blood
flow images in 17. The follow-up volume
was more than 15% larger than the initial

volume on diffusion-weighted images in 15.
A mismatch existed between the lesion vol-
ume on the initial diffusion-weighted im-
ages and on the maps of relative cerebral
blood volume in eight, all of whom had
infarct growth. A mismatch existed between
the lesion volume on the initial diffusion-
weighted images and on the maps of rela-
tive cerebral blood flow in 13, 12 of whom
had infarct growth. A mismatch existed
between the lesion volume on the initial
diffusion-weighted images and on the maps
of tracer mean transit time in 12, all of
whom had infarct growth.

Analysis of Spearman rank correlation
coefficients demonstrated high (and sta-
tistically significant) correlation between
follow-up infarct volume and lesion vol-
ume on initial diffusion-weighted im-
ages, maps of relative cerebral blood flow,

relative cerebral blood volume, and tracer
mean transit time (Table 3). In Figure 4,
the relationships between the initial le-
sion volumes and follow-up infarct vol-
umes are plotted. As we reported earlier in
a smaller group of patients (7), these scatter-
plots depict that follow-up infarct volume is
almost always underestimated on initial dif-
fusion-weighted images and relative cere-
bral blood volume maps. In this group of
patients, however, infarct volume was al-
most always overestimated—as visually de-
fined—on initial maps of relative cerebral
blood flow and tracer mean transit time.

Table 4 lists the region-of-interest mea-
surements. In the core of the abnormal-
ity, the mean apparent diffusion coeffi-
cient was 46% of that in the contralateral
hemisphere, and mean relative cerebral
blood volume, relative cerebral blood

Figure 2. Patient 23. Specificity for ischemia of relative cerebral blood volume, relative cerebral blood flow, and tracer mean transit time. A–G were
obtained 4 hours after the onset of right-sided hemiplegia and mutism. A, T2-weighted image shows sulcal effacement (arrows). B, Contrast
material–enhanced T1-weighted image demonstrates contrast in multiple dilated vessels (arrows) in the affected hemisphere, consistent with slow
flow. C, Phase contrast MR angiogram demonstrates absence of flow in the left internal carotid and middle cerebral arteries. Note the prominent
ophthalmic artery (arrows), which directional MR angiography (not shown) depicted as having retrograde flow. D, Diffusion-weighted image
demonstrates hyperintensity (arrows) in the left hemisphere consistent with the patient’s symptoms. Hemodynamic images including relative
cerebral blood volume (E), relative cerebral blood flow (F), and tracer mean transit time (G) depict a larger area of decrease (arrows in E) in F than in
E or G, consistent with occlusion of the middle cerebral artery branch but collateral flow. H, Follow-up T2-weighted image obtained at 7 months
depicts the infarction as smaller than the flow abnormality in F but larger than the diffusion abnormality in D.
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flow, and mean transit time were, respec-
tively, 9%, 26%, and 211% of those in the
contralateral hemisphere. Spearman rank
analysis was performed to determine any
correlation between the apparent diffusion
coefficient, relative cerebral blood flow, rela-
tive cerebral blood volume, or tracer mean
transit time in the core of the lesion, or
between the time from onset of symptoms
to imaging and any of these values. A high
correlation was demonstrated between only
relative cerebral blood volume and relative
cerebral blood flow (P , .001).

Table 4 also demonstrates that mean
relative cerebral blood flow and mean
relative cerebral blood volume are lower,
and tracer mean transit time is higher, in
the core than in the periphery, as might
be expected. However, in eight patients,
the initial relative cerebral blood volume
was above 1.0 in the periphery, suggest-
ing an increase in local capillary volume.
The mean relative cerebral blood volume
and mean relative cerebral blood flow in
the periphery were higher in these eight
patients than in the 15 other patients.

DISCUSSION

Our results confirm those of earlier re-
ports that with functional MR imaging
cerebral ischemia can be sensitively de-
tected and to some degree characterized
(18–20). Our results also suggest that ini-
tial diffusion-weighted images underesti-
mate follow-up infarct volume in un-
treated patients (6,21). Our data also
confirm the mismatch between blood

volume and blood flow depicted with
PET and indicate that this mismatch can
be measured with MR imaging. Our data
extend previous results by demonstrating
that (a) relative cerebral blood flow can
be measured routinely with MR imaging;
(b) the cerebral hemodynamic abnormali-
ties associated with hyperacute cerebral
ischemia include changes in both blood
volume and blood flow; and (c) measure-
ment of relative cerebral blood flow may

Figure 3. Patient 17. Spontaneous reperfusion. A–F were obtained 10 hours after the onset of a right-sided quadrantanopia and left-sided numbness.
Diffusion-weighted image (A) and trace apparent diffusion coefficient map (B) depict abnormal water mobility in the left occipital lobe (arrow in A). C, Echo-
planar T2-weighted image was also subtly abnormal (conventional T2-weighted images [not shown] were degraded by motion artifact). Hemodynamic images
including relative cerebral blood volume (D), relative cerebral blood flow (E), and tracer mean transit time (F) depict increased blood flow and blood volume
(arrow) in the area of diffusion abnormality, suggesting spontaneous reperfusion prior to initial imaging. G, Follow-up image obtained at 9 months
shows infarction (arrow) with focal low relative cerebral blood volume (not shown). The ability to document such spontaneous reperfusion may help
identify patients no longer in need of chemical or mechanical thrombolysis. Such patients can thereby avoid the risks associated with thrombolytic
therapy.

TABLE 3
Correlation Values between Lesion Volumes

Type of
Image or Map

Cerebral
Blood Volume

Cerebral
Blood Flow

Tracer Mean
Transit Time Follow-up

Diffusion-weighted 0.9212 0.4394* 0.4683† 0.8535
Cerebral blood volume 0.7106 0.7274 0.9047
Cerebral blood flow 0.9726 0.5705
Tracer mean transit time 0.6050

Note.—P 5 .0001 (Spearman rank correlation coefficient).
* P 5 .002.
† P 5 .01.
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be more powerful when combined with
other measurements, such as diffusion-
weighted imaging, rather than when used
alone.

Figures 1–3 depict how the addition of
perfusion information can rationalize the
interpretation of the diffusion-weighted
imaging findings. In Figure 1, the tracer
mean transit time abnormality clearly
points out an area at risk that had only
25% of normal relative cerebral blood
flow and proceeded to infarction. In Fig-
ure 2, the tracer mean transit time is
abnormal, but the cerebral blood volume
depicts collateral flow, and the cerebral
blood flow abnormality is only mild.
Figure 3 shows increased initial relative
cerebral blood volume and blood flow,
which suggests spontaneous reperfusion
of the once ischemic focus. This range of
findings supports the variability of cere-
bral ischemia in humans. Assessment of
such variability will likely be useful in
tailoring thrombolytic and other thera-
pies for specific patients. For example,
one testable hypothesis suggested by these
data is that thrombolytic therapy does

not offer any benefit in patients with
completely matched abnormalities on dif-
fusion-weighted images and cerebral
blood flow maps obtained at presenta-
tion.

This variability in initial insult is also
seen by comparing initial and follow-up
lesion volumes: No one predictor is suffi-
cient to determine infarct size, not even
relative cerebral blood flow. When a mis-
match (between the lesion volume on
initial blood flow maps and initial diffu-
sion-weighted images) was observed, the
infarct enlarged on the follow-up images
in 12 of 13 patients, but the degree of
future infarction was not accurately pre-
dicted by using our visual planimetric
approach. Rather, it is likely that the
combination of relative cerebral blood
flow, relative cerebral blood volume, tracer
mean transit time, apparent diffusion co-
efficient, and T2 (and perhaps other mark-
ers) into an appropriate tissue character-
ization model will allow distinction of
tissue that is definitely infarcted, that is at
high risk for future infarction, and that is
at low risk. We speculate that part of this

variability between initial and follow-up
findings is due to the inconsistent dura-
tion and sequence of pathophysiologic
events that can occur after initial isch-
emia as a result of differences in both
local and systemic vascular physiology
(22). It seems unlikely that imaging find-
ings at 6 hours will be able to predict
some types of future changes such as
spontaneous reperfusion, migration of the
embolus distally, or systemic hypoten-
sion. As a result, the role of MR imaging
may be to indicate what is likely in the
immediate rather than distant future.

Such variability in lesion volume on
initial and follow-up relative cerebral
blood flow maps also indicates that any
measurement of cerebral blood flow
alone—with MR imaging, PET, or xenon-
enhanced CT—may not be as helpful as
the coupling of measurements of relative
cerebral blood flow with markers of the
tissue response to the low cerebral blood
flow. In effect, such metabolic markers
might help integrate the severity of the
decrease in relative cerebral blood flow
and its duration. Diffusion-weighted im-
aging, though still incompletely under-
stood, provides a rapid and simple map
of metabolic state, possibly including
changes due to severe adenosine triphos-
phate depletion in the brain. PET could
also provide such information with oxygen
extraction or other metabolic markers.

Our data indicate that MR imaging can
elucidate some of the early pathophysi-
ologic events in cerebral ischemia. The
elevation of relative cerebral blood vol-
ume around the ischemic (abnormal dif-
fusion) zone is consistent with findings
in animal studies that show a compensa-
tory vasodilation in reduced perfusion
pressure in an attempt to maintain oxy-
gen delivery. We speculate that vasodila-
tion of leptomeningeal collateral vessels
may delay additional cortical damage in
patients with injury in the poorly collater-
alized basal ganglia regions.

The low correlation between lesion vol-
ume on initial and follow-up maps of
relative cerebral blood flow or tracer mean
transit time might be due to our manual
segmentation approach. It is possible that
predictive capability might improve when
improved segmentation approaches are
applied to a single physiologic parameter
such as relative cerebral blood flow. Rela-
tive cerebral blood volume and blood
flow images demonstrate the expected
gray-white ratios, as documented in our
earlier work (13), and therefore can ob-
scure subtle findings, particularly those at
the gray-white junctions. Given such gray-
white differences, a single value of rela-

Figure 4. Scatterplots of initial versus follow-up lesion volume demonstrate that cerebral blood
volume (CBV) has the highest correlation (r) to a linear fit and the slope closest to 1.0. CBF 5
cerebral blood flow, Diffusion 5 diffision-weighted image, MTT 5 mean transit time.

Volume 210 • Number 2 Hyperacute Stroke: Simultaneous MR Measurements • 525



tive cerebral blood flow is unlikely to be a
suitable threshold for both gray and white
matter ischemia. The planimetric tech-
nique used in this study is less than ideal,
but it is useful in the face of such differ-
ences.

Tracer mean transit time images are
straightforward to interpret visually be-
cause of the lack of gray-white differences
in normal brain (which is evidence of the
normal coupling of relative cerebral blood
flow and blood volume). In our day-to-
day practice, we have found that the
maps of tracer mean transit time are
highly sensitive to this flow-volume un-
coupling; however, if they depict an ab-
normality, it must be confirmed as in an
ischemic range on the maps of relative
cerebral blood flow before it can be con-
sidered a marker of ischemia rather than
of oligemia.

Finally, our results are useful in the
ongoing effort to better model relative
cerebral blood flow with MR imaging.
There are theoretic reasons why measure-
ment of relative cerebral blood flow with

an intravascular tracer is challenging. In
particular, we were interested in determin-
ing whether the mathematic assump-
tions in our approach about the relation-
ship between flow and volume in normal
brain would preclude assessment of abnor-
mal brain. Also, note that the tracer mean
transit time we report here is derived
from measurements of flow, not from the
width of the bolus. Use of non–flow esti-
mates of mean transit time may lead to
inaccuracies (23).

Our technique has some limitations,
but it appears to be suitable for imaging
of hyperacute stroke. One such limitation
is that all intravascular tracer methods
require delivery of the tracer to allow
measurements, and therefore relative ce-
rebral blood volume may in fact be much
larger than that measured with our ap-
proach simply because no tracer is reach-
ing dilated but nonperfused blood ves-
sels. However, if tracer cannot reach a
portion of brain tissue, it is unlikely that
freshly oxygenated blood could reach this
same tissue. Furthermore, this shortcom-

ing would only obscure the flow-volume
mismatch, and our images document that
we are still able to identify flow-volume
mismatches with regularity. Another limi-
tation with our technique is that delays
in arrival of contrast material may be
interpreted as decreases in flow, and there-
fore collateral flow may not be adequately
represented. More mathematic work is
needed to further improve this technique
for ongoing use in the evaluation of
human hyperacute cerebral ischemia. We
also plan validation of findings with this
technique by comparing our approach
with other technologies such as PET.

In conclusion, measurement of relative
cerebral blood flow with MR imaging is
possible in patients after hyperacute stroke
and provides additional diagnostic infor-
mation. Relative cerebral blood flow and
tracer mean transit time imaging are as
feasible in the same routine clinical set-
ting as are diffusion-weighted and rela-
tive cerebral blood volume imaging, and
the findings appear to be useful predic-
tive indicators when used in concert with

TABLE 4
Core and Peripheral Mean Region-of-Interest Values, Relative to Contralateral Hemisphere

Patient
No.

Core Peripheral

Apparent
Diffusion Coefficient

Relative
Cerebral

Blood Volume

Relative
Cerebral

Blood Flow
Tracer Mean
Transit Time

Relative
Cerebral

Blood Volume

Relative
Cerebral

Blood Flow
Tracer Mean
Transit Time

1 0.67 0.42 0.21 2.50 0.35 0.13 3.02
2 0.33 0.59 0.44 1.39 0.42 0.06 9.16
3* 0.05 0.18 0.09 2.19 1.09 0.58 1.90
4* 0.56 0.16 0.18 0.88 1.20 0.55 2.31
5 0.31 0.44 0.38 1.21 0.83 0.34 2.49
6* 0.47 0.08 0.06 1.54 5.17 2.48 2.07
7 0.60 0.44 0.26 2.78 0.75 0.40 1.90
8 0.44 0.13 0.06 2.81 0.60 0.30 1.98
9 0.45 0.07 0.08 0.87 0.51 0.17 2.97

10 0.52 0.27 0.11 2.45 0.90 0.28 3.21
11 0.18 0.21 0.10 2.30 0.82 0.29 2.86
12 0.35 0.12 0.08 1.71 0.25 0.13 2.14
13 0.48 0.32 0.42 0.73 0.34 0.18 1.98
14* 0.78 0.30 0.50 0.61 5.37 2.23 2.38
15 0.36 0.35 0.43 0.98 0.81 0.46 1.75
16 0.51 0.16 0.14 1.15 0.61 0.31 1.95
17* 0.37 1.43 1.33 1.13 1.71 1.47 1.18
18* 0.63 0.82 0.36 2.28 2.19 0.77 2.80
19 0.37 0.10 0.08 1.30 0.86 0.38 2.30
20 0.63 0.40 0.31 1.53 0.45 0.20 2.11
21* 0.58 0.12 0.15 0.85 1.03 0.59 1.73
22 0.32 0.23 0.31 0.78 0.71 0.38 1.90
23* 0.50 0.24 0.15 1.67 1.45 0.44 3.33

Mean 0.45 0.33 0.27 1.55 1.24 0.57 2.58
SD 0.16 0.30 0.27 0.70 1.35 0.63 1.53

Mean* 0.49 0.42 0.35 1.39 2.40 1.14 2.21
SD* 0.22 0.47 0.42 0.63 1.81 0.82 0.66

Note.—Lesions localized on diffusion-weighted images; regions of interest may not be placed identically on core images because coregistration was not
performed. However, each triplet of hemodynamic variable values comes from the same region of interest, either core or periphery.

* Includes only those subjects with peripheral relative cerebral blood volume $ 1.0. Differences in mean peripheral relative cerebral blood volume and
relative cerebral blood flow, P , .001.
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other functional MR imaging findings.
The mismatch between abnormalities in
apparent diffusion coefficient (which in-
dicate metabolically injured brain) and
hemodynamic abnormalities (which indi-
cate abnormal tissue perfusion) can be
visualized. With further study, these tools
may be able to yield information about
the time-dependent probability of a spe-
cific therapy being able to limit infarct
size in individual patients after ischemic
stroke.
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