
Introduction

Diffusion (DWI) and perfusion-weighted imaging (PWI)
have been advocated for guiding treatment of acute
stroke [1, 2, 3]. It has been hypothesized that the area of
hypoperfusion shown on PWI, minus the area of dense
ischemia or infarct seen onDWI (the ‘‘diffusion/perfusion
mismatch’’ [4]) represents the ‘‘ischemic penumbra’’, a

potentially salvageable region of tissue surrounding the
core infarct in which there is enough blood flow to
survive, but not enough to function [5, 6, 7]. The
ischemic penumbra has been described as the target of
all acute stroke therapies [8]. Thus, a mismatch has been
proposed as a criterion for intra-arterial thrombolysis,
extension of the window for i.v. thrombolysis, or use of
neuroprotective agents [9, 10]. DWI and PWI are also
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Abstract We carried out baseline
and short-term follow-up MRI,
including perfusion-weighted imag-
ing (PWI) and tests of neurologic
and cognitive function on 15 con-
secutive patients with large-vessel
ischemic stroke who showed a
persistent large perfusion-diffusion
mismatch at enrollment up to seven
days after the onset of symptoms. Of
these, ten underwent induced blood
pressure elevation with phenyleph-
rine and oral medications (in eight)
or intravenous fluids (in two) with
the goal of improving perfusion; five
had no such treatment. Significant
functional improvement was defined
by a reduction of 3 or more points
on the NIH stroke scale (NIHSS).
Significant improvement in perfu-
sion was defined by a reduction in
the volume of hypoperfused brain by
30 cc on PWI using time-to-peak
(TTP) maps, without enlargement of
the infarct. There was a strong,
statistically significant association
between improved function and
improved perfusion: six (75%) of

eight patients who improved in
function, but none of the seven who
did not, showed a reduction in vol-
ume of hypoperfused brain. All six
patients who met the perfusion goal,
and only two (22%) of nine who did
not showed significant functional
improvement (Fisher�s exact: P
<0.01). There were no differences
between patients who improved
functionally and those who did not
with respect to age, initial volume of
abnormality on DWI or PWI, initial
NIHSS, or changes on DWI. These
findings indicate that reduction in
volume of hypoperfused brain on
PWI is a marker of response to
treatment to improve perfusion even
in subacute stroke and that partial
reperfusion of regions of salvageable
but dysfunctional tissue is a me-
chanism of improved function asso-
ciated with induced blood pressure
elevation.
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being used to evaluate the effects of intervention in
trials of pharmacological treatment of acute stroke
(<6 h after the onset of symptoms). However, no
studies have as yet demonstrated conclusively that the
imaging techniques effectively identify candidates for
treatment or reliably indicate response to it.

‘‘Ischemic penumbra’’ is used in two ways. One
meaning is the tissue at risk of infarction [11], the other
the brain in which blood flow is diminished to the point
at which function is impaired [8]. These might be mea-
sured by different techniques or correspond to different
thresholds of hypoperfusion. Several studies have shown
that volume of hypoperfused brain measured by using
one PWI parameter, time-to-peak (TTP), correlates with
the degree of dysfunction in acute stroke [12, 13].
However, depending on the threshold, TTP or mean
transit time (MTT) maps, which are closely correlated
[14], may overestimate the area at risk of infarction [15].
These findings are not contradictory, since tissue can be
dysfunctional due to hypoperfusion without being
irrevocably destined to undergo infarction.

For either definition, the time limits of the ischemic
penumbra are unknown. It is often assumed that the
penumbra tissue can survive up to about 36 h without
restoration of perfusion [2]. However, patients with large
vessel stenosis may have prolonged, symptomatic
ischemia without progression to an infarct [16]. Patients
with diffusion/perfusion mismatch up to seven days after
the onset of symptoms have demonstrated improved
function, and a reduced volume of hypoperfused brain
on TTP maps, when blood flow was restored by endar-
terectomy [13] or induced blood-pressure elevation [17].
This indicates that PWI might be useful as a marker of
response to treatment aimed at improving perfusion in
acute or subacute stroke, i.e., up to 1 week after the
onset of symptoms.

The only FDA-approved intervention for improving
perfusion demonstrated to improve function in acute
stroke is i.v. thrombolysis with tissue plasminogen acti-
vator (tPA). However, benefit from tPA has been dem-
onstrated only when its use was restricted to a 3 h
window after the onset of symptoms. This very narrow
window of opportunity for re-establishing cerebral per-
fusion has limited this intervention to fewer than 5% of
all patients with acute ischemic stroke [17, 18]. It is
plausible that patients who present after 3 h and have
persistently dysfunctional, but salvageable, brain tissue
would benefit from treatment that re-establishes blood
flow to that area. Case reports and small series have
indicated that induced blood pressure elevation is rela-
tively safe and associated with improved function in
acute to subacute stroke [19, 20, 21]. The hypothesized
mechanism is improved blood flow, although direct
evidence for this is lacking. Animal studies using
microelectrodes have demonstrated that within the
ischemic penumbra (defined as an area of tissue where

blood flow interferes with electrical activity of neurons
without cell death), there is a linear relationship between
systemic mean arterial pressure (MAP) and regional
cerebral blood flow [22]. Xenon-133 single-photon
emission tomography studies of human stroke have also
shown that the ischemic penumbra shows impaired
autoregulation, so that raising MAP can restore perfu-
sion [23]. A recent prospective study of induced hyper-
tension in patients with stroke indicated that a response
to treatment was more frequent in patients with large
vessel stenosis than in patients with other causes [21].
Since these patients are also most likely to have persis-
tent penumbral tissue, it is plausible that treatment ef-
fects were due to improved perfusion, although no direct
evidence was provided.

Our aim of this investigation was to demonstrate that
improvements in function achieved with blood pressure
elevation are associated with improvements in regional
perfusion on PWI. We hypothesized that patients who
showed functional gains would show reduced volume of
hypoperfused brain on PWI and that those who showed
no functional response to treatment or had no treatment
to increase blood pressure would show no significant
reduction in hypoperfusion.

Materials and methods

We prospectively studied 15 consecutive patients who met the fol-
lowing criteria: 1. quantifiable, stable or worsening aphasia, hemi-
spatial neglect, and/or hemiparesis; 2. within 7 days from the onset of
stroke symptoms; 3. >20% and >30 cc diffusion/perfusion mis-
match. Exclusion criteria were: 1. a contraindication to MRI; 2.
cardiac ejection fraction<25%; 3. congestive heart failure or cardiac
ischemia; 4. hemorrhage on initial CT; and 5. impaired arousal or
agitation requiring sedation. Informed consent was obtained using a
process and forms approved by the local Institutional ReviewBoard.
In patients with impaired language comprehension due to aphasia or
cognitive deficits, informed assent was provided by identified deci-
sion makers (closest living relative).

Treatment was determined by the attending neurologist. In
eight patients, where there was no rationale for selecting inter-
vention to increase blood pressure or conventional management,
they were randomly assigned (2:1) to induced blood pressure ele-
vation versus conventional management, which included cessation
of antihypertensive medication. Of the remaining seven patients,
five had induced blood pressure elevation because they were dete-
riorating with conventional management; and two had only con-
ventional management because of a relative contraindication to
raising their blood pressure. Intervention was started within 2 h of
the initial MRI (Table 1).

We gave 10 patients (the ‘‘treated’’ patients) treatment to
raise their blood pressure: two received only i.v. saline (200 cc or
more/h) to raise MAP, because of relative contraindications to
phenylephrine (e.g. bradycardia). The other eight treated patients
received i.v. phenylephrine and fluids. We managed five patients
(the ‘‘untreated’’ patients) conventionally, without specific inter-
vention to increase blood pressure. They received maintenance
i.v. normal saline when not taking fluids by mouth. In both treated
and untreated patients, any antihypertensive medication was
discontinued prior to the initiation of the study. All patients re-
ceived aspirin 81–325 mg/day.
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Our purpose was not to evaluate the effects of treatment, but to
assess changes on MR which might provide markers of improve-
ment with specific treatment or conventional management. The
treated and untreated patients were very similar with respect to a
number of features (Table 1): there were no significant differences
between them as regards age, baseline NIHSS, volume of baseline
DWI abnormality or of hypoperfusion on PWI, or diffusion/per-
fusion mismatch (Wilcoxon rank sum test: df13; z=-0.67–).80;
P = 0.21–0.40). All patients had large-vessel stenosis or occlusion,
affecting the middle cerebral artery in six of ten treated and four of
five untreated patients; the remainder had internal carotid artery
stenosis or occlusion, with or without vertebrobasilar disease.
Women accounted for seven of the ten treated and three of the five
untreated patients. Treated and untreated patients underwent the
same tests of neurologic and cognitive function and MRI studies.

The NIHSS was administered at the start of the study (baseline,
before any intervention) and at 7 am on the third day (follow-up).
Treated patients were tested prior to weaning off phenylephrine.
The tests were administered by a certified research technician
blinded to the hypotheses of the study. Significant improvement in
function was defined as improvement by 3 points. We selected this
level because it was twice the average improvement in scores from
day 1 to day 3 reported in 50 patients with ischemic stroke who
received ‘‘conventional supportive therapy’’ [24].

DWI and PWI were performed at 1.5 tesla, with echo-planar
imaging (EPI) on day 1 of the study (Table 1). The same sequences
were used for short-term follow-up on days 2–6, mean day 3.0).
DWI trace images were obtained using a multislice, isotropic, single-
shot EPI sequence, with bmax 1000 s/mm2: TR 10 000 TE 120 ms.
We also obtained bmin 0 images for generating maps of apparent
diffusion coefficient (ADC) to confirm the acuteness of lesions seen
on DWI. For PWI, we obtained single-shot gradient-echo EPI
images (TR 2000 TE 60 ms with a 20 cc GdDTPA bolus injected

automatically at 5 cc/s followed by 15 cc normal saline at 5 cc/s.
This sequence generated 17 slices with 2 s temporal resolution.

All volumes were measured by a trained technician blinded to the
results of functional testing. Total volumes of hypoperfused brain
were delineated by analysis of TTP maps, displayed on a 20-color
scale in which each color change corresponds to 2.5 s difference in
delay in TTP concentration of tracer in each pixel. Hypoperfusion
was defined as >2.5 s delay compared to the homologous region
in the other cerebral hemisphere. Volumes of brain giving high
signal on DWI and hypoperfusion on PWI, respectively, were
measured by a technician supervised by a neuroradiologist, both
blinded to treatment group and clinical response. The borders of
abnormality on each 5 mm slice of DWI or PWI were traced by
hand using the ‘‘Scion Image’’ program. The areas of abnormality
in cm2 on each slice were summed, and the sum was multiplied by
the slice thickness to determine the volume in cm3.

Improvement in hypoperfusion was defined as a reduction in
volume of hypoperfused tissue of>30 cc, since in our experience this
corresponds to about 30% of the average total volume of hypoper-
fused brain in ischemic stroke due to large vessel stenosis or occlu-
sion.We used an absolute value rather than a percentage because we
thought a 30 cc improvement would be likely to have functional
consequences irrespective of the initial volume of hypoperfusion.

Our protocol for phenylephrine-induced blood pressure eleva-
tion is described elsewhere [25]. MAP is initially increased by
increments of 10% with i.v. phenylephrine, until improvement in
neurologic function is observed or a MAP of 130 mm Hg is
reached. When the goal MAP is reached, phenylephrine is replaced
with oral medication (fludrocortisone, midodrine, and salt tablets)
to maintain it. The oral medication is gradually tapered after dis-
charge, as long as no functional deterioration is observed. In the
two treated patients, in whom blood pressure was elevated with i.v.
fluids (200 cc/h) alone we used the same goals.

Table 1 Patient characteristics

Age
(years)

Days from
onset to
intial MRI

NIHSS
score

Deficits Volumes of abnormality (cc) on
initial MRI

Treatment

Diffusion-
weighted
imaging
(DWI)

Perfusion-
weighted
imaging
(PWI)

PWI-DWI
mismatch

Patients who improved
65 3 days 15 Left spatial neglect and

hemiplegia
31 284 253 Randomized, treated

42 2 days 18 Aphasia, right hemiplegia 4 51 47 Randomized, treated
64 4 days 11 Aphasia, right hemiparesis 1 40 39 Randomized, treated
57 6 days 4 Aphasia, right hemiparesis 18 196 178 Treated (medical decision)
61 2 days 15 Aphasia, right hemiplegia 28 103 75 Treated (medical decision)
75 8 h 8 Right spatial neglect and

hemiparesis
3 147 144 Randomized, untreated

71 6 h 11 Aphasia, left hemiparesis 2 302 300 Treated (MD decision)
84 5 h 15 Left spatial neglect and

hemiplegia
8 55 47 Randomized, untreated

Patients who did not improve by >2 NIHSS points
85 2 days 3 Aphasia, right hemiparesis 8 61 53 Treated (medical decision)
80 2 days 6 Aphasia, right hemiparesis 13 196 183 Randomized, treated
65 8 h 2 Left hand weakness 6 93 87 Randomized, treated
44 3 days 5 Aphasia, right hemiparesis 13 107 94 Randomized, treated
63 7 days 16 Left spatial neglect and

hemiplegia
3 212 209 Untreated (blood pressure

too high)
59 3 days 11 Left spatial neglect and

hemiparesis
6 146 140 Randomized, untreated

77 7 h 13 Aphasia, right hemiparesis 6 20 14 Randomized, untreated

33



The results of daily tests were used to determine the MAP at
which function improved; untreated patients underwent the same
daily tests. These included any of the following on which the pa-
tient was impaired at day 1: 1. oral naming; 2. comprehension of
spoken words and 3. sentences; 4. line cancellation, 5. copying a
scene; 6. a gap-detection task [13, 25]; and 7. strength of grip
(measured with dynamometer). Different forms of the cognitive
tests, with stimuli matched in level of difficulty, were presented each
day. They were not used as outcome measures.

Patients were divided into those who improved by at least
3 points on the NIHSS by day 3 (‘‘functional gainers’’) and those
who did not (‘‘functional nongainers’’). Between-group compari-
sons in potential factors that might influence recovery (age, initial
volume of DWI or PWI abnormality, initial NIHSS score, and
changes in volume of high signal on DWI, and abnormality on
PWI) were evaluated with the Wilcoxon ranked sum test, because
of the small number of subjects. Fisher�s exact analyses were used
to determine if the functional gainers included a higher proportion
than the functional nongainers of patients who: 1. reached the goal
reduction in the volume of hypoperfused brain by 30 cc; 2. showed
an increase in infarct size of 4 cc (30% of the mean initial infarct
size on DWI); or 3. received treatment. These analyses were used to
determine the imaging and functional characteristics associated
with improvement in function.

Within the groups of treated and untreated patients, changes in
outcome measures (NIHSS, volume of infarct, and volume of
hypoperfused tissue) were evaluated with the nonparametric,
paired Signs test. Differences between treated and untreated
patients with respect to NIHSS score, initial volume and change in
volume of abnormality on DWI and PWI at day 3, were evaluated
with the Wilcoxon ranked sum test.

Results

There were no significant differences between the func-
tional gainers and nongainers in: age (64.9±12.6 vs
67.6±14.2 years); initial NIHSS score (12.1±4.6 vs
8.0±5.4; z=)1.39); initial volume of infarct/densely
ischemic tissue on DWI (11.9±12.2 vs 7.9±3.8 cc);
initial volume of hypoperfused tissue on PWI (147±104
vs 119±70.0 cc; z=)0.29); or increase in volume of
infarct on DWI (6.41±12.8 vs 1.51±5.36 cc; z=)1.0).
Functional gainers showed a larger (but nonsignificant)
increase in DWI abnormality than nongainers, but also
a significantly larger reduction in the volume of hyp-
operfused tissue on PWI (96.1± 64.9 vs 18.1±18.3 c;
z=2.1; P <0.02).

Fisher�s exact analyses confirmed that improvement
in hypoperfusion was the only imaging factor signifi-
cantly associated with improved function. As shown in
Table 2, 75% of the functional gainers showed reper-
fusion by 30 cc, whereas none of the nongainers showed
reperfusion to this degree. All six patients whose volume

of hypoperfused brain decreased by at least 30 cc
reached the functional goal, whereas only two (22%) of
nine patients who failed to reach the goal reduction in
hypoperfusion reached the functional goal (Fisher�s
exact test: P <0.01). In contrast, the proportion of
patients who showed an increase in infarct volume by
4 cc was no different in functional gainers and non-
gainers (Fisher�s exact test; P =0.28). The proportion of
patients who received treatment specifically to increase
blood pressure was not significantly different in func-
tional gainers and nongainers (87.5 vs 42.9%; Fisher�s
exact test: P =0.11).

Although some untreated patients improved (some of
whom showed spontaneous increases in blood pressure),
and some treated patients did not, the treated patients
did show greater functional gains overall than untreated
patients who received conventional management: their
mean NIHSS score improved from 9.3 before treatment
to 4.8 on day 3 of treatment (Signs test: P <0.001).
Treated patients also showed a significant reduction in
the mean volume of hypoperfused tissue from pretreat-
ment (147 cc) to immediate follow-up PWI (58.3 cc;
P < 0.001), consistent with at least partial reperfusion
of the initially hypoperfused territory. Pretreatment and
follow-up images are shown in Fig. 1.

In contrast, untreated patients showed no difference
in mean NIHSS scores between days 1 and 3 (12 vs
11.8; Signs test: P =0.5); the mean change was 0.6
(worse), range )4 to +4 points. They also showed no
significant change, from baseline to immediate follow-
up, in mean volume of hypoperfused brain on PWI
(105 vs 94; df 4; P =0.19). Only patient 11 showed a
visually apparent decrease in the volume of hypoper-
fused tissue, but also had hemorrhagic conversion of
the infarct (Fig. 2).

Treated patients had significantly better (lower) mean
NIHSS scores on day 3 than untreated patients (4.8 vs
11.8; Wilcoxon rank sum test: z=2.3; df 13; P <0.01),
although there was no difference in scores on day 1.
They also showed significantly more improvement
than the untreated patients (mean change )4.5 vs 0.6;
z= )2.3; df 13; P =0.01). They showed significantly
greater reduction in volume of hypoperfused territory
between day 1 and immediate follow-up PWI (mean
88.9 vs 11.2 cc; z=)2.2; df 13; P =0.01). There was no
difference between the groups in change in high signal on
DWI from days 1 to 3: the mean increase was
3.2±8.1 cc in treated and 11.0±21 cc in the untreated

Table 2 Number of patients achieving each goal

Improvement in NIHSS score of 3 points Reduction of 30 cc in volume of hypoperfused brain

Achieved Not achieved

Achieved 6 (all treated) 2 (1 treated, 1 untreated)
Not achieved 0 7 (3 treated, 4 untreated)
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patients (z=0.31; df 13; P =0.38), although there was a
trend toward smaller increases in the treated patients.

In most patients, baseline imaging showed relatively
small subcortical areas of high signal on DWI and large
cortical abnormalities on PWI (Figs 1, 2). This was
probably due to the fact that we selected patients with
substantial diffusion/perfusion mismatch (who all had
large-vessel intracranial stenoses). At short-term follow-
up, there was no extension of the high signal on DWI
cortical regions that appeared to be reperfused on PWI.

Cortical regions that failed to show reperfusion did
sometimes evolve on DWI (patients 5, 11 and 12); in
these cases, persistently hypoperfused regions indicated
by PWI probably progressed to infarcts.

Discussion

We demonstrated an association between improved
perfusion of peri-infarct regions and improved function
in patients with induced blood pressure elevation.
Patients who showed reduction in the volume of hyp-
operfused tissue (often following induced blood pressure

Fig. 1 Diffusion (DWI) and perfusion (PWI) weighted imaging
before (top two rows) and during intervention (lower two rows) to
raise blood pressure, in the 10 treated patients
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elevation) showed significant improvement on the
NIHSS, whereas those who did not show reperfusion
generally did not show functional gains. This provides
support for the hypothesis that the observed effects of
induced hypertension in treating acute stroke (reported
in several studies) are due to reperfusion of previously
hypoperfused but viable tissue.

Although our results do not provide evidence that PWI
and DWI can identify optimal candidates for blood
pressure elevation, they are consistent with the hypothesis
that the diffusion/perfusion mismatch represents func-
tionally salvageable tissue, or ischemic penumbra [3, 12].

Heiss [26] defined the ‘‘ischemic penumbra’’ as a region of
tissue receiving blood flow above the threshold for loss of
morphological integrity and below the threshold for
functional integrity. These thresholds of regional cerebral
flow (rCBF) have been identified using blood flow studies
with xenon-133 [27] or technetium 99m compounds
[28, 29], or positron-emission tomography (PET) [7, 30].
The suggestion that the diffusion/perfusionmismatch can
also define the extent and site of the ischemic penumbra
receives preliminary support by our finding of a strong
correspondence between reversal of hypoperfusion in
penumbral regions identified on PWI and DWI, and
partial resolution of the clinical deficit.

Fig. 1 (Contd.)
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Other investigators have operationally defined the
ischemic penumbra on DWI as the region of mismatch
between the initial lesion and the infarct 1–3 days later
[11, 15]. It was found that measures of relative cerebral
blood flow (rCBF), rather than MTT or TTP maps,
calculated from initial PWI, best predicted extension of
the infarct. However, assuming that some patients rep-
erfused spontaneously, the regions of diminished rCBF
apparently corresponded to the region of tissue that
progressed to infarction, irrespective of reperfusion.
Thus, rCBF calculated from PWI may be a better esti-
mate of the region destined to die, rather than of the

entire region of potentially salvageable tissue. It has also
been argued that MTT maps, while excellent indicators
of abnormal cerebral perfusion, may include areas of
‘‘benign oligemia.’’ While this is likely to be true in some
cases (especially in patients with extracranial carotid
artery stenosis), our study provides evidence that a
>2.5 s delay in TTP on the symptomatic side was an
excellent indicator of dysfunctional tissue. Diffusion/
perfusion mismatch defined in this way corresponded to
both reversible clinical deficits and salvageable tissue.

While it has been argued that PWI and DWI have a
potentially important role in assessing the need for
intervention (e.g., thrombolysis) in acute stroke, the role
of these studies in the subacute period has not been
addressed [10, 11, 31, 32]. This paper indicates that PWI

Fig. 2 DWI and PWI at baseline (day 1) (top two rows) and
immediate follow-up (days 2–10) (lower two rows) in the five
untreated patients
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may be useful in delineating blood pressure-sensitive
perfusion deficits even in subacute stroke. Our results
suggest that reperfusion may be effective in patients
with acute or subacute ischemic stroke up to 7 days or
more after the onset of symptoms if there is a still
a substantial area of salvageable tissue identified by
diffusion/perfusion mismatch that corresponds to the
clinical deficit. Thus, these imaging techniques may
enable extension of the window of opportunity for
intervention from the currently accepted 3–6 h to several
days, and may be useful in monitoring the need for
ongoing intervention.

Our results are consistent with observations from
PET [33, 34, 35] studies demonstrating persistently
ischemic tissue surrounding the infarct for many hours
or even days after stroke, which can progress to infarc-
tion or recover if blood flow is restored. PET studies
demonstrate that patients who showed a large area of
hypoperfusion with increased oxygen extraction fraction
(OEF) 5–18 h after stroke had an outcome ranging from
death to full recovery, whereas all patients with early
reperfusion (before 5 h) recovered [36, 37].

Our results are also consistent with PET studies
showing that regions of hypoperfusion are associatedwith

ischemic symptoms [38] and with worsening symptoms
with drops in systemic blood pressure (e.g., orthostatic
transient ischemic attacks) [34]. These findings have led to
the conclusion that the finding of persistently hypoper-
fused regions (particularly with increased OEF) should
warrant consideration of endarterectomy in cases of car-
otid stenosis, extracranial-intracranial bypass, or at least
strict avoidance of systemic hypotension [7]. Although
OEF, measured with PET, may be a more quantitative
measure of penumbral tissue, PWI is much more rapid
and logistically more accessible in the setting of acute
stroke. Serial images over several days can be obtained,
without the concern of ionizing radiation. Our results
indicate that PWImight therefore be particularly useful in
monitoring, as well as selecting, intervention. The risks
and benefits of pharmacological blood pressure elevation,
relative to conventional management, warrant investiga-
tion with larger numbers of patients in randomized,
controlled trials.
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