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BACKGROUND AND PURPOSE: Diffusion- (DW) and perfusion-weighted (PW) MR imaging
reflect neurophysiologic changes during stroke evolution. We sought to determine parameters
that distinguish regions of brain destined for infarction from those that will survive despite
hypoperfusion.

METHODS: DW and PW images were obtained in 30 patients at 1–12 hours after symptom
onset. Relative cerebral blood volume (rCBV), flow (rCBF), mean transit time (MTT), apparent
diffusion coefficient (ADC), DW image signal intensity, and fractional anisotropy (FA) lesion-
contralateral normal region ratios were obtained in the following regions: 1) infarct core with
hyperintensity on DW image, abnormality on rCBF and MTT images, and follow-up abnor-
mality; 2) infarcted penumbra with normal DW image, abnormal rCBF and MTT images, and
follow-up abnormality; and 3) hypoperfused tissue that remained viable, with normal DW
image, abnormal rCBF and MTT images, and normal follow-up.

RESULTS: rCBF ratios for regions 1, 2, and 3 were 0.32 � 0.11, 0.46 � 0.13, and 0.58 � 0.12,
respectively, and were significantly different. DW image intensity and ADC ratios were signif-
icantly different among all regions, but were more similar than rCBF ratios. rCBV and FA
ratios were not significantly different between regions 2 and 3. No MTT ratios were significantly
different. No region of interest with an rCBF ratio less than 0.36, an rCBV ratio less than 0.53,
an ADC ratio less than 0.85, a DW image intensity ratio greater than 1.23, or an FA ratio
greater than 1.10 remained viable. No region of interest with an rCBF ratio greater than 0.79
infarcted.

CONCLUSIONS: Differences among mean ratios of three regions investigated were greatest
for the rCBF ratio. The rCBF ratio may be the most useful parameter in differentiating viable
tissue that is likely to infarct without intervention, from tissue that will survive despite
hypoperfusion. ADC, DW intensity, FA, and rCBV ratios may provide adjunctive information.

New thrombolytic and neuroprotective therapies are
being developed to treat acute ischemic infarction.
Although these therapies may salvage ischemic but
viable tissue, they are associated with risks such as
intracranial hemorrhage. To use these therapies ap-
propriately, it is important to distinguish between
ischemic tissue that is likely to infarct without inter-

vention and tissue that is ischemic but will survive
despite hypoperfusion.

Relatively new MR imaging techniques are improv-
ing our ability to evaluate acute stroke. Echo-planar
diffusion-weighted (DW) imaging measures the re-
striction of water movement associated with cytotoxic
edema and is sensitive to ischemia within minutes
after onset. The lesion depicted on a DW image is
associated with a decrease in Na�K�-ATPase activity
and energy failure and in most cases, in the absence of
thrombolysis, is thought to represent the irreversible
ischemic core (1–5).

Echo-planar perfusion-weighted (PW) imaging can
demonstrate the altered physiologic state of the cere-
bral vasculature immediately after an occlusive or
partially occlusive event. This physiologic state may
be characterized by parameters of tissue perfusion
such as relative cerebral blood volume (rCBV), rela-
tive cerebral blood flow (rCBF), and mean transit
time (MTT) (5–9).
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With early stroke, there is frequently a region char-
acterized by normal diffusion but abnormal perfusion
that is thought to represent the operational ischemic
penumbra (4, 10–13). Acute infarctions may grow
into part, but not all, of the penumbra defined by PW
MR imaging. The penumbra may be characterized by
tissue that is destined to infarct without intervention
and tissue that is hypoperfused but that will survive
without intervention. Because new thrombolytic and
neuroprotective therapies may salvage tissue charac-
terized by reversible ischemia, but are associated with
potential risks, it is important to characterize these
two regions defined by PW MR imaging.

The purpose of this study was to distinguish be-
tween penumbral tissue that will or will not infarct in
patients treated with conventional therapies, such as
variable amounts of heparin, aspirin, and blood pres-
sure management, without intervention with throm-
bolytic agents. We assessed differences in rCBF,
rCBV, MTT, apparent diffusion coefficient (ADC),
DW image signal intensity, and fractional anisotropy
(FA) in three regions defined with DW and PW
imaging: 1) infarct core, 2) ischemic penumbra that
progressed to infarction, and 3) ischemic penumbra
that did not progress to infarction.

Methods

Patient Selection
All patients who presented to the emergency department

with signs and symptoms of acute stroke between January 1995
and December 2000 were reviewed. Inclusion criteria were as
follows: imaging within 12 hours of stroke onset; availability of
conventional MR images and DW and PW image data sets;
abnormalities on rCBF and MTT images at least 20% larger
than the DW image abnormality; proximal vessel occlusion
documented with MR or CT angiography; availability of fol-
low-up cross-sectional images (either CT or MR images); dem-
onstration of an infarction on follow-up images; and triage to
conventional treatments only.

During this time period, approximately 1600 patients pre-
sented to our hospital with acute stroke symptoms. Approxi-
mately 100 underwent DW and PW imaging, as well as fol-
low-up imaging. Of these, 30 were imaged within 12 hours, had
proximal occlusions with rCBF and MTT abnormalities at least
20% larger than the DW abnormality, and underwent conven-
tional treatments only.

Imaging
MR imaging was performed with a 1.5-T whole-body imager

(Signa; GE Medical Systems, Milwaukee, WI) with an echo-
planar retrofit (Advanced NMR Systems, Wilmington, MA)
(15 patients) or with a 1.5-T Signa Echospeed imager (GE
Medical Systems) (15 patients).

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 sin-
gle low-b-value image. The high b value was 1000–1221 s/mm2

and the low b value was 3 s/mm2. Imaging parameters were
6000–7500/100–118 (TR/TE), a field of view (FOV) of 20 � 20
cm, image matrix of 128 � 128 pixels, section thickness of 5 mm
with a 1-mm gap. Three signal averages were obtained to
increase signal-to-noise ratio of the images. Isotropic DW im-
ages were generated off-line on a network workstation (Sparc-
station 20; Sun Microsystems, Milpitas, CA). ADC maps and

FA maps were also generated. This methodology has been
previously described in detail (4, 5).

PW images were acquired with a spin-echo echo-planar
technique during the injection of 0.2 mmol per kilogram of
body weight gadodiamide (Omniscan; Nycomed, Oslo, Nor-
way) or gadopentetate dimeglumine (Magnevist; Berlex Labo-
ratories, Wayne, NJ). Forty-six to 51 single-shot echo-planar
images were obtained in each of 10 sections, in 83 seconds.
Imaging parameters were 1500–1520/65–75 (TR/TE), FOV of
20 � 20 cm, image matrix of 128 � 128 pixels, section thickness
of 5 mm with a 1-mm gap. Parametric maps of vascular phys-
iologic function were synthesized by using an arterial input
deconvolution paradigm. 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 function (AIF) was identified from the middle
cerebral artery on the abnormal side. We have found that in
patients without carotid artery stenosis, images generated by
deconvolution methods do not differ significantly with AIFs
chosen from the ipslilateral compared with the contralateral
middle cerebral artery. However, in patients with carotid artery
stenosis or occlusion, images generated by deconvolution with
the AIF from the ipsilateral middle cerebral artery provide a
better depiction of the final infarct compared with images
generated by deconvolution with the AIF chosen from the
contralateral side. Under this circumstance, images generated
by deconvolution with the AIF chosen from the contralateral
side cause greater overestimation of the final infarct size (14).
Then, for each target voxel, a combination of numerical inte-
gration of its �R2-time curve and deconvolution between the
arterial input and the �R2 curve is performed. This yields
parameters of rCBV, rCBF, and MTT. Details of the theory
and methodology of the perfusion map calculations are de-
scribed in detail elsewhere (4, 5, 15).

Fast spin-echo T2-weighted images were acquired with 4200/
102 (TR/effective TE), FOV of 20 � 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, 140 kVp, 340 mAs, 1-second scanning
time.

Image Analysis
The DW images, calculated ADC maps, FA maps, perfusion

(rCBV, rCBF, MTT) maps, and follow-up T2-weighted or CT
images were transferred to a personal computer for analysis.
Abnormalities on DW and PW images were outlined by using
a commercially available image analysis program (ALICE;
Hayden Image Processing Solutions, Denver, CO). Two re-
search radiologists (J.H., Y.O.) drew outlines with a segmen-
tation tool that suggests contours on the basis of local image
intensity gradients. The contours were edited by an experi-
enced neuroradiologist (P.W.S.).

For each case, outlines of the MTT abnormality were copied
onto the coregistered rCBF images. Outlines of the DW image
and final infarct were placed manually, by visual inspection, on
the unaligned rCBF images. Then, we defined three regions, as
shown in Fig 1: region 1, “infarct core” covering the area that
had hyperintensity on the DW image, rCBF and MTT abnor-
mality, and hyperintensity or hypoattenuation on follow-up
T2-weighted or CT images, respectively; region 2, “penumbra
that progressed to infarction” covering the area that had no
abnormality on DW images, but that was abnormal on rCBF
and MTT images and had hypoattenuation or hyperintensity on
follow-up CT or MR images, respectively; region 3, “hypoper-
fused tissue that remained viable” covering the area that had
rCBF and MTT abnormality but that was normal on DW
images and was normal on follow-up CT or MR images. Re-
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gions with normal diffusion, MTT, and rCBF but with hypoat-
tenuation or hyperintensity on follow-up CT or MR images,
respectively, were not evaluated.

Regions similar in size and shape to those for the core,
penumbra that progressed to infarction, and hypoperfused tis-
sue that remained viable were then obtained in normal con-
tralateral brain on the rCBF images. The mean signal intensity
value of each abnormal region was then divided by the mean

signal intensity value of the corresponding contralateral normal
region to obtain rCBF ratios for each patient. These regions
were then transferred onto the rCBV, MTT, ADC, DW, and
FA images. rCBV, MTT, ADC, and DW image signal intensity
ratios were similarly obtained for each evaluable region in each
patient. FA images were not obtained in the first 15 patients. In
the final 15 patients, FA values were similarly obtained for each
evaluable region in each patient.

FIG 1. 83-year-old woman with aphasia and right-sided weakness imaged initially at 6
hours from stroke onset.

A–G, Images are DW (A), ADC (B), FA (C), rCBF (D), MTT (E), rCBV (F), and 6-day
follow-up T2-weighted. Three regions of interest are shown on the rCBF map in D.
Region 1, “infarct core” covers the area that has hyperintensity on the DW image,
abnormality on rCBF and MTT images, and hyperintensity on follow-up T2-weighted
image. Region 2, “penumbra that infarcts” covers the area that has no abnormality on
DW image, but that is abnormal on rCBF and MTT images and has hyperintensity on
follow-up T2-weighted image. Region 3, “hypoperfused tissue that remains viable,”
covers the area that has abnormality on rCBF and MTT images but that is normal on DW
image and is normal on follow-up T2-weighted image.
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Statistical Analysis
Two-tailed t tests were performed to compare mean patient

lesion ratios between region 1 and region 2, between region 1
and region 3, and between region 2 and region 3 for all diffu-
sion and perfusion parameters. Differences were considered
statistically significant at P less than .05

Results
Thirty patients were eligible for entry into this

study. There were 17 men and 13 women aged 34–95
years (mean age, 66 years). Time from stroke onset to
imaging ranged from 1 to 12 hours (mean, 5.7 hours).
Time from initial imaging to follow-up imaging was
1–17 days (mean, 5.7 days). Patients were treated as
follows. For anticoagulation therapy, 21 patients re-
ceived intravenous heparin alone, two received aspi-
rin alone, two received intravenous heparin combined
with aspirin, and one received subcutaneous heparin
combined with aspirin. Because of the risk of hemor-
rhage, four did not receive anticoagulation therapy.
Nineteen patients received hypertensive therapy.
Three patients with severe swelling received manni-
tol. One patient underwent carotid endarterectomy.
No other revascularization procedures were per-
formed. No patients underwent hemicraniectomy.

Lesion-contralateral normal region ratios for re-
gions 1–3 determined for the three PW and three DW
imaging maps are presented in Table 1. Graphs of
rCBF, rCBV, MTT, ADC, DW image signal intensity,
and FA mean lesion ratios for each patient are pre-
sented in Figure 2, respectively. Regions 1 and 3
could be defined in all 30 patients. Region 2 was
present in 23 patients. For FA analysis, regions 1 and
3 could be defined in 15 patients, and region 2 was
defined in 10 patients.

The mean of all the patients’ rCBF ratios for infarct
core (region 1) was 0.32, for penumbra that infarcted
(region 2) was 0.46, and for hypoperfused tissue that

remained viable (region 3) was 0.58. Each of the
regions was significantly different (P � .001). The
highest mean rCBF ratio in regions 1 and 2 was 0.79.
The lowest mean rCBF ratio in region 3 was 0.36.

The mean of all the patients’ rCBV ratios for in-
farct core (region 1) was 0.56, for penumbra that
infarcted (region 2) was 0.80, and for hypoperfused
tissue that remained viable (region 3) was 0.91. Mean
ratios were significantly lower for region 1 compared
with both regions 2 and 3 (P � .001). Mean ratios for
regions 2 and 3 were not significantly different (P �
.056). The lowest mean rCBV ratio in region 3 was
0.53. Ratios greater than 1.0 were noted in both
penumbral regions (regions 2 and 3): region 2 had a
mean rCBV ratio greater than 1 in four (17%) of 23
patients, and region 3 had a mean rCBV ratio greater
than 1 in 12 patients (40%). Neither stroke onset time
nor rCBF value was significantly different in the re-
gions with a mean rCBV ratio greater than 1.0 com-
pared with regions with a mean rCBV ratio less than
1.0 (P � .05).

The mean of all the patients’ MTT ratios for infarct
core (region 1) was 1.70, for penumbra that infarcted
(region 2) was 1.74, and for hypoperfused tissue that
remained viable (region 3) was 1.65. None of the
regions were significantly different (P � .05).

The mean of all the patients’ ADC ratios for infarct
core (region 1) was 0.63, for penumbra that infarcted
(region 2) was 0.90, and for hypoperfused tissue that
remained viable (region 3) was 0.96. Mean ADC
ratios for all three regions were significantly different.
The P values for region 1 versus region 3 and for
region 1 versus region 2 were both less than .001,
whereas the P value for region 2 versus region 3 was
equal to .018. The lowest mean ADC value seen in
region 3 was 0.85.

The mean of all the patients’ DW image signal
intensity ratios for infarct core (region 1) was 1.84, for
penumbra that infarcted (region 2) was 1.13, and for
penumbra that remained viable (region 3) was 1.08 �
0.07. The respective 13% and 8% elevations of DW
image intensity seen in the two penumbral regions
were below the level of detection of the radiologists
drawing the contours around the infarct core. Mean
DW intensity ratios for all three regions were signif-
icantly different from each other. The P values for
region 1 versus region 3 and for region 1 versus region
2 were both less than .001, whereas the P value for
region 2 versus region 3 was equal to .014. The high-
est mean DW intensity ratio in region 3 was 1.23.

The mean of all the patients’ (n � 15) FA ratios for
infarct core (region 1) was 1.13, for penumbra that
infarcted (region 2) was 1.02, and for penumbra that
remained viable (region 3) was 1.02. The mean ratio
was significantly higher for region 1 compared with
those of both regions 2 and 3 (P � .001 for region 1
vs region 3, P � .02 for region 1 vs region 2). Mean
ratios for regions 2 and 3 were not significantly dif-
ferent (P � .862). No region of interest with a mean
ratio greater 1.10 was normal on follow-up images.

Perfusion and diffusion MR parameter ratios for infarct core (region
1), penumbra that infarcts (region 2), and hypoperfused tissue that
recovers (region 3)

Parameter Region 1 Region 2 Region 3 P Value*

Perfusion
rCBF 0.32 � 0.11 0.46 � 0.13 0.58 � 0.12 �.001

(0.16–0.61) (0.24–0.79) (0.36–0.84)
rCBV 0.56 � 0.21 0.80 � 0.25 0.91 � 0.18 .056

(0.16–0.88) (0.43–1.44) (0.53–1.21)
MTT 1.70 � 0.42 1.74 � 0.42 1.65 � 0.43 .484

(0.93–2.70) (0.89–2.62) (0.65–2.70)
Diffusion

ADC 0.63 � 0.12 0.90 � 0.11 0.96 � 0.05 .018
(0.45–0.93) (0.69–1.12) (0.85–1.06)

DWI 1.84 � 0.41 1.13 � 0.08 1.08 � 0.07 .014
(1.07–2.71) (1.02–1.34) (0.95–1.22)

FA 1.13 � 0.20 1.02 � 0.10 1.02 � 0.06 .862
(0.83–1.64) (0.84–1.18) (0.92–1.10)

Note.—DWI indicates DW image signal intensity. Data are mean
ratios � SD.

Numbers in parentheses are the range.
* P values are for the comparison between region 2 and region 3.
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FIG 2. Box and whisker plots of mean values of lesion-contralateral normal region ratios in all patients. The line through the center of
each box represents the median value. The box ends represent the 1st and 3rd quartiles. The end points of each graph represent the
smallest and largest values.

A, rCBF ratios.
B, rCBV ratios.
C, MTT ratios.
D, ADC ratios.
E, DW image signal intensity ratios.
F, FA ratios.
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Discussion

We found that rCBF was the most useful parame-
ter in distinguishing hypoperfused tissue that pro-
gressed to infarction from hypoperfused tissue that
remained viable in the operationally defined ischemic
penumbra in patients not treated with thrombolysis.
No penumbral region of interest with a mean rCBF
less than 0.36 was normal at follow-up, and no pen-
umbral tissue with a mean rCBF greater than 0.79 was
abnormal at follow-up. Although the mean rCBV,
DW image intensity, ADC, and FA ratios for hy-
poperfused tissue that progressed to infarction and
hypoperfused tissue that remained viable have more
overlap, they provide adjunctive information. No
measured penumbral tissue with a mean rCBV ratio
less than 0.53, a mean DW image intensity ratio
greater than 1.23, a mean ADC ratio less than 0.85, or
a mean FA ratio greater than 1.10 was normal on
follow-up images.

Our results for rCBF ratios of 0.32 for core, 0.46 for
operational penumbra that infarcted, and 0.58 for
operational penumbra that remained viable are in
agreement with results of prior human MR studies. In
studies with similar designs and smaller patient num-
bers or later time points, reported rCBF ratios for
core were 0.12–0.26, for penumbra that infarcted
were 0.35–0.42, and for hypoperfused tissue that re-
mained viable were 0.62 – 0.66 (13, 16, 17). Grandin
et al (18), using the MTT abnormality alone to define
the penumbra, reported higher rCBF ratios of 0.44,
0.56, and 0.78 for core, penumbra that infarcted, and
hypoperfused tissue that recovered, respectively.

Our data compare well with the results of a number
of single photon emission CT (SPECT) hemodynamic
studies in humans that have addressed CBF rates in
infarct core and penumbral tissue. Liu et al (17)
demonstrated rCBF ratios of 0.27, 0.69, and 0.87 for
infarct core, region of infarct growth, and hypoper-
fused tissue that recovered, respectively. Hatazawa et
al (19) and Shimosegawa et al (20), in studies of
patients imaged within 6 hours, demonstrated rCBF
ratios of 0.39 and 0.48, respectively, for all tissue that
progressed to infarction and 0.69 and 0.75, respec-
tively, for tissue with an initial SPECT abnormality
that remained viable. The rCBF values obtained from
SPECT imaging may be higher in the penumbral
regions compared with those values obtained with
other modalities because as Liu et al suggested, it has
been demonstrated that technetium-99m ethyl cys-
teinate dimer has moderate cerebral extraction rates
in cortex with high flow rates (contralateral normal
brain) and high cerebral extraction rates with low flow
rates (ischemic tissue).

Furthermore, our MR data are in agreement with
results of positron emission tomography (PET) he-
modynamic studies in humans. The normal average
CBF in human parenchyma varies depending on age
and location in gray matter versus white matter. Re-
ported mean normal values for gray and white matter
are 26.4–50 mL/100 g/min (21, 22). Considering these
values, our ratios translate to 8.5–16.2 mL/100 g/min

for core, 11.9–22.5 mL/100 g/min for penumbra that
progressed to infarction, and 15.2–28.8 mL/100 g/min
for hypoperfused tissue that remained viable. Powers
et al (23) demonstrated a minimum CBF of 15 mL/
100 g/min for viable tissue and a minimum CBF of 19
mL/100 g/min for functioning tissue in humans. Mar-
chal et al (22) demonstrated that tissue with a cere-
bral metabolic rate of oxygen greater than 1.4 mL/100
g/min that infarcted, had a CBF range of 10 to 27
mL/100 g/min. Furlan et al (24) demonstrated mean
CBF values of 6.92 mL/100 g/min for tissue with high
oxygen extraction fraction (OEF) that was irreversibly
damaged, 11.4 mL/100 g/min for tissue with high OEF
that progressed to infarction (infarcted penumbra)
but that had overlap values with tissue characterized
by high OEF that did not progress to infarction (non-
infarcted penumbra), and 18.11 mL/100 g/min for
oligemic tissue with high OEF that had no overlap
with infarcted penumbra values and recovered.

The variability in CBF ratios likely results from a
number of different factors. Most important, the data
obtained represents only a single time point in a
dynamic process. One major factor is variability in
timing of tissue reperfusion. Jones et al (25) demon-
strated in monkeys that both severity and duration of
CBF reduction up to 4 hours define an infarction
threshold. The threshold for tissue infarction with
reperfusion at 2–3 hours was 10–12 mL/100 g/min,
whereas the threshold for tissue infarction with per-
manent occlusion was 17–18 mL/100 g/min. Ueda et
al (26), in a study of patients treated with thrombol-
ysis, demonstrated that duration of ischemia affected
the threshold for tissue viability for up to 5 hours.
Another factor is that normal average CBF in human
parenchyma varies greatly, depending on age and
location in gray matter versus white matter (10, 21,
22, 24, 27). Other factors include variability in meth-
odologies, variability in initial and follow-up imaging
times, and variability in postischemic tissue responses.

We found that rCBV was much less useful in dis-
tinguishing between the two regions of the opera-
tional ischemic penumbra as compared with rCBF.
Low mean rCBV, however, did correspond with in-
farction on follow-up images (no region of interest
with a mean rCBV ratio less than 0.53 was normal on
follow-up images), and our mean rCBV ratios did rise
in a step-wise manner (0.56, 0.80, and 0.91 for core,
infarcted penumbra, and hypoperfused tissue that re-
mained viable, respectively). However, the mean
rCBV ratios for penumbra that progressed to infarc-
tion and hypoperfused tissue that remained viable
were not statistically significantly different. Further-
more, we were unable to determine whether elevated
rCBV was indicative of penumbral tissue infarction or
tissue viability. Both regions 2 and 3 included individ-
ual mean rCBV ratios of greater than 1.0. In fact, the
highest individual mean rCBV ratio in region 2 was
higher than all mean rCBV ratios in region 3. Re-
ported ratios for the three regions are highly variable
and range from 0.25 to 0.89 for core, 0.69 to 1.44 for
penumbra that progresses to infarction, and 0.94 to
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1.29 for hypoperfused tissue that remains viable (13,
16–19).

The occasional finding of elevated rCBV in the
ischemic penumbra is in accordance with PET studies
demonstrating that in the early stages of ischemia,
decreased cerebral perfusion pressure produces vaso-
dilatation and an increase in the CBV that maintains
constant CBF and OEF (28). With further decreases
in cerebral perfusion pressure, the compensatory va-
sodilatation reaches a maximum and CBF begins to
fall. As the CBF falls, the CBV initially continues to
rise but then falls as capillary beds collapse and the
OEF reaches its maximum. Further declines in CBF
and CBV result in disruption of energy metabolism,
and ischemic injury occurs. As rCBV � rCBF x MTT,
elevated rCBV ratios can be observed over a rela-
tively wide range of CBF values if met by a rise in
MTT. The fact that regions with elevated rCBV may
go on to infarction combined with the fact that ab-
normal regions on DW images usually have depressed
rCBV suggests that the stage of normal or elevated
rCBV is not necessarily sustainable over time and
may represent a very unstable situation.

Although MTT ratios were elevated in all three
regions, we were unable to demonstrate statistically
significant differences in the MTT values among any
of the three regions and considered this variable the
least useful in differentiating regions that infarcted
from regions that were normal at follow-up. This
finding is in agreement with results of a number of
previous reports (13, 17). However, Grandin et al (18)
found that hypoperfused tissue that recovered did
have an MTT that was significantly lower than that of
penumbra that progressed to infarction and that of
infarct core. Rohl et al (16) also reported significantly
different MTT values among all three regions, with
more prolonged MTT being associated with more
severe ischemia. The authors suggested that this cor-
related with the fact that MTT is inversely related to
perfusion pressure.

Our ADC ratios of 0.63, 0.90, and 0.96 are similar
to previously reported values of 0.56–0.80 for core,
0.89–0.94 for penumbra that infarcts, and 0.93 – 0.99
for hypoperfused tissue that remains viable (13, 16,
29). Although mean ADC ratios for regions 2 and 3
were significantly different, there was greater overlap
between values compared with rCBF ratios. However,
no region of interest with a mean ADC ratio of less
than 0.85 was normal on follow-up images. This value
is similar to threshold values reported in animal ex-
periments. Hoehn-Berlage et al (30) and Olah et al
(31) both demonstrated a threshold ADC ratio of
0.77 for energy failure in rats subject to middle cere-
bral artery occlusion. Hoehn-Berlage et al, in a sep-
arate experiment (32), demonstrated good agreement
between tissue with an initial ADC ratio of less than
0.80 and histologic infarction.

Our mean DW image signal intensity ratio for in-
farct core (1.84) was similar to the ratio of 1.9 re-
ported at 1 day by Lansberg et al (33). Mean DW
image intensity ratios in both regions 2 (1.13) and 3
(1.08) were similar, and although they were statisti-

cally significantly different, there was greater overlap
between values compared with rCBF ratios. However,
no region of interest with a DW image intensity ratio
greater than 1.23 remained viable. This value may be
close to a DW image intensity threshold ratio for
tissue viability. Minematsu et al (34), in a rat model of
cerebral ischemia, reported a DW image intensity
ratio of 1.186 in tissue that initially had an abnormal-
ity on DW images after transient middle cerebral
artery occlusion for 1 hour but did not progress to
infarction. The DW image intensity ratio was 1.397 in
tissue that did progress to infarction.

Mean FA ratios were not significantly different
from unity in either penumbral region. However, no
tissue with a mean FA ratio of greater than 1.10 was
normal on follow-up images. In the setting of acute
stroke, FA corresponds with time of stroke onset. In
general, FA is elevated in the hyperacute and early
acute stages, progressively decreases over time, and
becomes reduced at 12–24 hours (35, 36). Elevated
FA in the hyperacute stage is thought to represent
shift of water from the extracellular space to the
intracellular space, with cell membranes remaining
intact. The degree of FA elevation may be important
in differentiating tissue destined to infarct from tissue
that may remain viable.

The limitations of our study relate to the observa-
tional study design. Although our patients received
conventional treatments only, there was heterogene-
ity in their treatment regimens. For example, they
received variable amounts of heparin, aspirin, and
blood pressure management. Routine clinical man-
agement including decisions on timing of imaging
studies was not altered for the purposes of this inves-
tigation. Thus, time of initial and follow-up imaging
was variable, and follow-up imaging was with CT or
MR imaging. Edema enlarging the volume of the
infarct may also make it difficult to know whether
stroke injury has spread into previously normal tissue
or simply compressed and distorted it. Furthermore,
the initial abnormality on DW images may overesti-
mate the ischemic core. Kidwell et al (37) demon-
strated that the final infarct may be smaller than the
initial DW imaging abnormality in patients treated
with thrombolysis. Finally, we compared heteroge-
neous regions of tissue rather than voxels of tissue. It
is unclear how accurate our ratios will be to predict
tissue viability in smaller tissue samples.

Conclusion
Of all perfusion and diffusion parameters evalu-

ated, rCBF demonstrated the most difference be-
tween penumbral tissue that progressed to infarction
and hypoperfused tissue that remained viable in the
absence of thrombolysis. No penumbral region of
interest with a mean rCBF less than 0.36 was normal
at follow-up and no penumbral tissue with a mean
rCBF greater than 0.79 was abnormal at follow-up.
Although the mean rCBV, DW image intensity,
ADC, and FA ratios for penumbra that progressed to
infarction and hypoperfused tissue that remained vi-
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able have more overlap, they provide adjunctive in-
formation. No penumbral region of interest with a
mean rCBV ratio less than 0.53, an ADC ratio less
than 0.85, a DW image intensity ratio greater than
1.23, or a FA ratio greater than 1.10 was normal at
follow-up. This information may be useful in identi-
fying tissue that may be salvaged but is likely to infarct
without intervention and may be useful in the selec-
tion of patients for thrombolytic or neuroprotective
therapy.
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