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The purpose of this study was to determine the prognostic accuracy of perfusion computed tomography (CT), performed
at the time of emergency room admission, in acute stroke patients. Accuracy was determined by comparison of perfusion
CT with delayed magnetic resonance (MR) and by monitoring the evolution of each patient’s clinical condition. Twenty-
two acute stroke patients underwent perfusion CT covering four contiguous 10mm slices on admission, as well as delayed
MR, performed after a median interval of 3 days after emergency room admission. Eight were treated with thrombolytic
agents. Infarct size on the admission perfusion CT was compared with that on the delayed diffusion-weighted (DWI)–
MR, chosen as the gold standard. Delayed magnetic resonance angiography and perfusion-weighted MR were used to
detect recanalization. A potential recuperation ratio, defined as PRR � penumbra size/(penumbra size � infarct size) on
the admission perfusion CT, was compared with the evolution in each patient’s clinical condition, defined by the Na-
tional Institutes of Health Stroke Scale (NIHSS). In the 8 cases with arterial recanalization, the size of the cerebral infarct
on the delayed DWI-MR was larger than or equal to that of the infarct on the admission perfusion CT, but smaller than
or equal to that of the ischemic lesion on the admission perfusion CT; and the observed improvement in the NIHSS
correlated with the PRR (correlation coefficient � 0.833). In the 14 cases with persistent arterial occlusion, infarct size
on the delayed DWI-MR correlated with ischemic lesion size on the admission perfusion CT (r � 0.958). In all 22
patients, the admission NIHSS correlated with the size of the ischemic area on the admission perfusion CT (r � 0.627).
Based on these findings, we conclude that perfusion CT allows the accurate prediction of the final infarct size and the
evaluation of clinical prognosis for acute stroke patients at the time of emergency evaluation. It may also provide
information about the extent of the penumbra. Perfusion CT could therefore be a valuable tool in the early management
of acute stroke patients.
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Stroke is the third-leading cause of death in the United
States, after cardiovascular disease and cancer. Each
year in the United States, it affects 730,000 to 760,000
patients, a third of whom will be permanently disabled,
and thus represents the leading cause of disability in
the country.1,2 Thrombolysis has been introduced as a
new therapy for acute stroke,3 but present indications
for intravenous thrombolytic therapy depend on the
time interval since the onset of symptoms (less than 3
hours) and noncontrast cerebral computed tomography
(CT) findings (absence of cerebral hemorrhage and ex-
tent of the cerebral hypodensity).1,3,4 Evaluation of
brain perfusion prior to thrombolysis has been sug-
gested as a possible selection criterion for treatment,

since extensive infarct and little salvageable penumbra
in the territory of an occluded middle cerebral artery
(MCA) seem to be linked to an unfavorable risk-
benefit ratio.4–9 The aim of thrombolysis is to save
ischemic but still-viable cerebral parenchyma.10

Viability of the cerebral parenchyma depends on the
cerebral blood flow (CBF).11–13 Multiple thresholds
describing the progressive inhibition of the electrical
and metabolic activity of neurons have been defined in
various animal species.13–15 Soon after cerebral arterial
occlusion, reversible inhibition or penumbra occurs in
the cerebral parenchyma territory that is usually per-
fused by this artery; then, starting from the center of
the arterial territory, infarct progressively replaces pen-
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umbra at a rate that depends on the degree of collateral
circulation.13–18

An additional major difference between cerebral pen-
umbra and infarct relates to cerebral perfusion autoreg-
ulation. Complex autoregulation processes ensure both
the adjustment of regional cerebral blood flows (rCBF)
to local neuronal activity and CBF stability, despite
changes in systemic arterial pressure. Vascular autoreg-
ulation in the brain causes vascular dilatation when the
systemic pressure falls, thus maintaining a constant
CBF. This vascular dilatation leads, in turn, to an in-
creased regional cerebral blood volume (rCBV), which
some authors equate with penumbra.19–23 In infarcted
cerebral parenchyma, the autoregulation mechanisms
are altered, and both the rCBF and rCBV are usually
decreased.8,9 Penumbra and infarct maps can thus be
inferred from rCBV and rCBF maps and could per-
haps be used as an additional criterion to decide
whether an acute stroke patient should be included in
a thrombolysis protocol, since thrombolysis performed
on patients with extensive cerebral infarct and a limited
penumbra would not only be of little benefit, but also
increase the risk of intracranial bleeding.8–10

Perfusion Computed Tomography Technology
Various imaging techniques are now available to eval-
uate brain perfusion; these include perfusion CT.

Perfusion CT is a modern imaging technique that
allows accurate quantitative assessment of rCBF and
rCBV.24–26 It can be performed on acute stroke pa-
tients, since it involves only the sequential acquisition
of cerebral CT images performed in cine mode during
the intravenous administration of iodinated contrast
material. It is well tolerated and not time-consuming,
and can be integrated into the cerebral CT survey un-
dergone by all stroke patients.24–27 Except for dedi-
cated software, no special equipment is required. Per-
fusion CT data consist of contrast enhancement
profiles obtained in each pixel; these profiles are lin-
early related to the time-concentration curves for the
contrast material. Analysis of these curves is performed
according to the central volume principle, which is re-
ported to give the most accurate results for low injec-
tion rates of iodinated contrast material.28–33 The
rCBV map is calculated from a quantitative estimation
of the partial size averaging effect, which is completely
absent in a reference pixel at the center of the large
superior sagittal venous sinus.34–38 The impulse func-
tion and the related mean transit time (MTT) maps
result from a deconvolution of the parenchymal time-
concentration curves by a reference arterial curve. Fi-
nally, the rCBF value can be calculated from the rCBV
and MTT values for each pixel using the following
simple equation:31,32

rCBF�

rCBV

MTT

Hypotheses
Our purpose was to perform perfusion CT on acute
stroke patients at the time of emergency room admis-
sion; to define rCBV, MTT, and rCBF maps; and to
calculate penumbra and infarct maps according to the
above-described principles. Assuming that thrombolysis
can salvage the penumbra but not the infarct,10 we
tried to answer two questions:

(1) What is the accuracy of admission perfusion CT in
predicting infarcted cerebral areas? We tried to
answer this question by comparing the admis-
sion perfusion CT results with the final size of
the cerebral infarct defined by delayed
diffusion-weighted magnetic resonance (DWI-
MR). DWI-MR does not provide information
on the rCBF, but rather on the functional con-
dition of cerebral neurons (microscopic proton
diffusion, altered, for example, by cytotoxic
edema), and has been shown to be accurate in
the delineation of the nature and size of brain
ischemia and in the quantification of tissue in
the moderate-to-advanced stages of injury.8 In
order to avoid pitfalls related to biphasic phe-
nomena,39,40 DWI-MR performed a few days
after the stroke was chosen as the reference for
the final cerebral infarct size.

(2) What is the potential predictive value of the rela-
tive sizes of the penumbra and infarct in terms of
clinical improvement? Clinical improvement was
evaluated on admission and a median of 1
month later (interquartile range, 0.825–1.625
months) using the National Institutes of Health
Stroke Scale (NIHSS), which has been proven
to provide an accurate assessment of stroke se-
verity.41–43 We hypothesize that, in a patient
with an extensive infarct and a relatively small
penumbra, thrombolysis would salvage little and
clinical improvement would be poor. On the
other hand, in a patient with an extensive pen-
umbra and a small infarct, recanalization of the
occluded cerebral artery would lead to greater
clinical improvement.

Patients and Methods

Patients
Our series consisted of 22 adults (13 men and 9 women;
average age, 63 years; age range, 31–85 years) with an acute
ischemic stroke diagnosed on the basis of clinical and non-
contrast CT data. These patients were prospectively identi-
fied in the Emergency Department of our institution during
the period of March to December 2000. The patients’ char-
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acteristics, the exact location of the ischemic stroke, use of
thrombolysis, and recanalization of the occluded cerebral ar-
tery are summarized in Table 1.

In all 22 patients, noncontrast baseline cerebral CT was
immediately followed by perfusion CT, this being part of the
initial routine survey of acute stroke patients at our institu-
tion. Twelve of the patients also underwent a cerebral and
cervical angio-CT. Eight of the 22 patients were eligible for
intravenous thrombolytic therapy. Thrombolysis was begun
at a median of 3 hours (interquartile range, 2.625–3 hours)
after the stroke onset. No complications, particularly no
hemorrhages, occurred in the 8 thrombolyzed patients; but
15 days after the stroke onset, 1 patient died of septicemia
following pulmonary infection.

After a median of 3 days (interquartile range, 3–4 days;
median [interquartile range], 3 [3–4.75] days for the throm-
bolysis group and 3 [2.25–3] days for the nonthrombolysis
group; p � 0.209) after admission, an MR examination, in-
cluding T2 and DWI series, as well as cerebral and cervical
angio-MR, were performed on each of the 22 patients.

In addition to the admission CT and delayed MR, two
patients underwent a second cerebral CT survey before the
MR. These sequential perfusion CT and MR examinations
demonstrated the evolution of the penumbra over time, with
and without arterial recanalization (Figs 1 and 2).

The time intervals between stroke onset and admission to
the emergency room, perfusion CT, beginning of thrombol-
ysis, and delayed MR were recorded. The permeability of the
cerebral and cervical vessels was assessed from the admission
angio-CT and delayed angio-MR.

In the surviving 21 patients, the NIHSS, Barthel index,

and modified Rankin scale were used to evaluate clinical
condition both at the time of admission and after a median
of 1 month (interquartile range, 0.825-2.625 months) (me-
dian [interquartile range], 1.4 [1.075–2.875] months for the
thrombolysis group and 1 [0.475–1.325] month for the non-
thrombolysis group; p � 0.298). The improvement in the
NIHSS between admission and at a median of 1 month (in-
terquartile range, 0.825–2.625 months) was used to evaluate
clinical improvement.

For the patient who died of septicemia 15 days after
stroke onset, a delayed MR was performed on day 5 and was
included in the comparison with admission perfusion CT.
The patient was assigned delayed Barthel and modified
Rankin indices of 0 and 6, respectively. However, this pa-
tient was not included in the comparison of NIHSS im-
provement, which would have given a negative value (19 on
admission and 42 in the final function outcome analysis).

Imaging Techniques
The perfusion CT examination consisted of two 40-second
series separated by 5 minutes, each series consisting of one
image per second in cine mode during intravenous adminis-
tration of iodinated contrast material. The acquisition pa-
rameters for both series were 80kVp and 100mA.44 For each
series, CT scanning was initiated 7 seconds after injection of
50ml of iohexol (300mg/ml of iodine; Accupaque 300, Ny-
comed, Oslo, Norway) at a rate of 5ml per second into an
antecubital vein using a power injector (CT9000; Libel-
Flarsheim Company, Cincinnati, OH). The delay before the
arrival of the contrast material allowed baseline images with-

Table 1. Characteristics of the 22 Patients with Acute Stroke Who Underwent Both Admission Perfusion CT and Delayed MR

Patient no. Age (yrs) Gender
Location of the Ischemic
Stroke on the DWI-MR Thrombolysis

Recanalization of
the Occluded

Cerebral Artery

1 68 M Superficial posterior left MCA No Yes
2 54 M Left MCA Yes Yes
3(†) 84 F Superficial and deep left MCA Yes Yes
4 51 F Superficial left MCA No Yes
5 51 F Deep posterior right MCA No Yes
6 76 F Superficial anterior right MCA No Yes
7 46 F Posterior right MCA No No
8 78 M Basilar artery Yes Yes
9 71 M Superficial posterior left MCA Yes Yes
10 71 M Posterior left MCA Yes Yes
11 61 M Superficial right MCA Yes No
12 43 F Left MCA No No
13 31 M Anterior right MCA No No
14 50 M Posterior left MCA No Yes
15 (see Fig. 1) 74 F Anterior right MCA No Yes
16 85 F Superficial anterior left MCA No No
17 68 M Superficial left MCA Yes Yes
18 75 M Right MCA Yes No
19 33 M Right MCA No No
20 80 F Right MCA No Yes
21 61 M Posterior right MCA No Yes
22 (see Fig. 2) 83 M Left MCA No No

†Deceased.
CT � computed tomography; DWI-MR � diffusion-weighted magnetic resonance; MCA � middle cerebral artery.
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Figure 1
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Figure 1 (Continued)
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out contast enhancement to be acquired. Multidetector-array
technology (Lightspeed CT unit; General Electrics, Milwau-
kee, WI) allowed the acquisition of data from two adjacent
10mm sections for each series. The two perfusion CT series
thus allowed the acquisition of data for four adjacent 10mm
cerebral CT sections. The four studied cerebral sections were
chosen above the orbits to protect the lenses, passing through
the basal nuclei, then towards the vertex.

The cerebral and cervical angio-CT were performed using
the parameters 120kVp, 240mAs, slice thickness 2.5mm,

slice acquisition interval 2mm, pitch 1.5:1, HS mode, intra-
venous administration of 50ml of iodinated contrast material
at a rate of 3ml per second, and an acquisition delay of 10
seconds. Data acquisition was performed from the origin of
the aortic arch branch vessels to the circle of Willis.

After a median of 3 days (interquartile range, 3–4 days)
(median [interquartile range], 3.5 [3–4.75] days for the
thrombolysis group and 3 [2.25–3] days for the nonthrom-
bolysis group; p � 0.209) after admission, an MR examina-
tion was performed on all 22 patients using a 1.5T MR unit

Fig 1. (Continued) Progression of the infarct over the penumbra in a case of persistent cerebral arterial occlusion. The patient was
a male age 83 years with suspected anterior left sylvian artery stroke. (A) The noncontrast cerebral computed tomography (CT) (first
line) obtained at the time of emergency room admission, 7 hours after stroke onset, showed an old right frontal lesion and slight left
insula ribbon sign, whereas the more sensitive perfusion CT prognostic map (fifth line) identified a deep left middle cerebral artery
(MCA) ischemia, with an infarct (red) component located on the left semioval center and a penumbra (green) lying on the left
internal capsula, insula, and parietal operculum. The mean transit time (MTT) (second line) and regional cerebral blood flow
(rCBF) (third line) were increased and decreased, respectively, in both the infarct and penumbra, whereas the regional cerebral
blood volume (rCBV) (fourth line) was decreased in the infarct and either preserved or increased in the penumbra, due to autoreg-
ulation processes. (B) The admission angio-CT maximum intensity projection (MIP) displayed the occluded left MCA responsible for
the reported cerebral ischemia. No thrombolysis was performed due to the time delay. (C) Worsening of the clinical condition justi-
fied the performance of a second CT 28 hours after the first. The noncontrast cerebral CT (first line) demonstrated a cerebral in-
farct in the exact location reported on the first perfusion CT. The perfusion CT prognostic map (fifth line) disclosed almost com-
plete replacement of the first perfusion CT penumbra (green) by infarct (red). (D) The second angio-CT explained these findings
by persistent occlusion of the left MCA. (E) Six days after admission, diffusion-weighted magnetic resonance (DWI-MR) demon-
strated the cerebral infarct, which closely correlated with that described on the second perfusion CT prognostic map. (F) The persis-
tent occlusion of the left MCA was confirmed by angio-MR.
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(Symphony MR unit; Siemens, Erlangen, Germany). This
included spin-echo T2-weighted series and DWI series
(echoplanar spin-echo, TR � 5,000msec, TE � 100msec,
b � 1,000, 20 5mm thick slices with a 1.5mm gap, matrix
size � 128 � 128). Angio-MR was performed using a time-
of-flight multislab 3-D FLASH technique for cerebral and
cervical vessels. A 3-D FISP technique during the intrave-
nous administration of a bolus of gadolinium was also used
for cervical vessels.

This study protocol was approved by our review board,
and institutional informed consent guidelines were followed.

Data Processing
The perfusion CT data were transferred to an SG1 Onyx
workstation (Silicon Graphics, Mountain View, CA) and an-
alyzed using perfusion analysis software to create parametric
maps of rCBV, MTT, and rCBF. The penumbra and infarct
maps calculated as follows: An ischemic cerebral area (pen-
umbra � infarct) was defined as including cerebral pixels
with a greater than 34% decrease in rCBF compared with
the corresponding region in the cerebral hemisphere, defined
as healthy on the basis of clinical symptomatology. In this
selected area, 2.5ml per 100g was chosen as the rCBV
threshold, in agreement with published data suggesting that
cerebral parenchyma below this rCBV level is highly likely to
die.13,19,20,49–51 Again, within this selected area, pixels with
rCBV values higher or lower than 2.5ml per 100g were at-
tributed, respectively, to the penumbra or the infarct. The
resultant cerebral penumbra and infarct maps were combined
and graphically displayed as a prognostic map, with the in-
farct shown in red and the penumbra in green (see Figs 1
and 2). Four cerebral sections in the DWI-MR sequence
were selected as corresponding most closely to the chosen
perfusion CT sections. The infarcted cerebral area on the
DWI-MR images was defined as including all pixels above
an intensity threshold, in order to exclude the contralateral
hemisphere and choroidal plexi from the infarcted area, since
the stroke was unilateral in all 22 patients.

Data Analysis
For each patient, the final results included four perfusion CT
penumbra maps, four perfusion CT infarct maps, and four

DWI-MR infarct maps (see Figs 1 and 2). The DWI-MR
sections examined were selected at approximately the same
level as the perfusion CT sections. Analysis of perfusion CT
infarct and penumbra maps was performed in two ways:

(1) The perfusion CT infarct and penumbra maps were
first used to measure the size of the predicted in-
farcted area in cm2. The size of the final infarcted
area was measured on the corresponding sections of
the DWI-MR, regarded as the gold standard for sta-
tistical analysis. Linear regression analysis and bilat-
eral T-tests for matched variables were used to com-
pare infarct sizes on the corresponding sections of the
perfusion CT and DWI-MR. Statistically significant
p values were lower than 0.05.

(2) The perfusion CT penumbra and infarct maps were
used to calculate a potential recuperation ratio (PRR),
using the following equation;

PRR �

penumbra size

penumbra size�infarct size

A PRR was determined for each of the four slices and a
mean PRR calculated for each patient.
Correlations between the admission NIHSS and the size of
the ischemic cerebral area on the admission perfusion CT;
among the infarct sizes on the delayed DWI-MR and the
delayed NIHSS, Barthel index, and modified Rankin score;
and between the NIHSS improvement and the PRR were
evaluated by linear regression analysis, with calculation of
Pearson’s linear correlation coefficients.

Results

Time Delays
The median time from stroke onset to emergency
room admission was 1.875 (interquartile range, 1.5–
4.875) hours (median [interquartile range], 1.5 [1.5–
1.5] hours for the thrombolysis group and 4.5 [2.875–
6] hours for the nonthrombolysis group; p � 0.009),

Fig 2. Recovery of the penumbra in a case of cerebral arterial recanalization. The patient was a female age 74 years with ante-
rior right sylvian artery stroke suspected on the basis of the physical examination 5 hours after symptomatology onset. (A) The
noncontrast cerebral computed tomography (CT) obtained at the same time (first line) demonstrated a subtle corticomedullar
dedifferentiation on the head of the right caudate nucleus, whereas the more sensitive perfusion CT prognostic map (second line)
clearly identified a deep right middle cerebral artery (MCA) ischemia, with an infarct (red) component located on the head of
the right caudate nucleus and a penumbra (green) lying on the right internal capsula and lenticulate nucleus. (B) Admission
angio-CT maximum intensity projection displayed the occluded right MCA responsible for the reported cerebral ischemia. No
thrombolysis was performed due to the time delay. The evolution of the clinical condition was favorable, but a generalized sei-
zure occurred 7 hours after the first CT, which justified the performance of a second CT (C) to rule out a reperfusion hemor-
rhage. The noncontrast cerebral CT (first line) did not display any extension of the ischemic territory depicted in (A). The per-
fusion CT prognostic map (second line) showed limited progression of the infarct (red) over the first perfusion CT penumbra,
whereas the penumbra (green) had mostly resolved. (D) The second angio-CT explained these findings by right MCA recanali-
zation, which occurred some time after the first CT; this time delay allowed for the observed progression of the infarct. Immedi-
ately after recanalization, infarct progression over the penumbra was stopped and the residual penumbra recovered. (E) Three
days after admission, diffusion-weighted magnetic resonance (DWI-MR) demonstrated the residual infarct, which closely corre-
lated with that described on the second perfusion CT prognostic map. (F) Right MCA recanalization was again demonstrated by
delayed angio-MR.

‹
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while the median time from stroke onset to perfusion
CT scanning was 3.25 (2–6) hours (median [inter-
quartile range], 2 [2–2] hours for the thrombolysis
group and 6 [3.25–8] hours for the nonthrombolysis

group; p � 0.010). The perfusion CT examinations
were well tolerated by all 22 patients and added only
10 minutes to the time required for the admission ce-
rebral CT survey.

Figure 2
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Figure 2 (Continued)
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Arterial Recanalization or Persistent
Arterial Occlusion
In the 8 patients who underwent admission angio-CT,
the procedure demonstrated an occluded cerebral ar-
tery. The delayed angio-MR, performed on all 22 pa-
tients, allowed evaluation of potential recanalization of
the occluded cerebral artery, which occurred either
spontaneously or as a result of thrombolytic therapy
(Table 2). In 8 patients (2 patients in the thrombolysis
group and 6 in the nonthrombolysis group), angio-MR
demonstrated persistence of arterial occlusion. Of the 8

patients with an occluded artery on the admission
angio-CT, 5 showed recanalization on the delayed
angio-MR, whereas 3 showed persistent occlusion.

Correlation between Admission Perfusion Computed
Tomography and Delayed Diffusion-Weighted
Magnetic Resonance Results
In patients with a persistent occluded cerebral artery on
the delayed angio-MR (Figs 1 and 3), the mean size of
the ischemic lesion (infarct � penumbra) on the ad-
mission perfusion CT was 37.8 � 15.5 cm2 (mean �

Fig 3. Relationship between ischemic lesion
sizes on the perfusion computed tomogra-
phy (CT) performed at the time of emer-
gency room admission and delayed
diffusion-weighted magnetic resonance
(DWI-MR) in acute stroke patients with-
out arterial recanalization. In patients
with persistent arterial occlusion, the size
of the cerebral infarct on the delayed
DWI-MR strongly correlated (DWI-MRin-
farct � 3.659 � 0.861 � perfusion CTin-
farct � penumbra; r � 0.958, p �

0.001) and showed no statistically signifi-
cant difference (p � 0.332) with the size
of the total ischemic area on the admission
perfusion CT. In these patients, the pen-
umbra defined on the admission perfusion
CT gradually evolved towards infarct,
with the entire cerebral ischemic area
gradually becoming infarct, due to the
prolongation of the arterial occlusion, thus
explaining the observed distribution.

Table 2. Overview of NIHSS Evolution Over a Median of 1 Month (Interquartile Range, 0.825–1.625 Months) and of the
Potential Recuperation Ratio in 22 Patients

Arterial Recanalization
Status Thrombolysis No Thrombolysis

Arterial recanalization 5 patients 8 patients
(� 1 death)
Time to hospital admission � 1.5

(1.125–1.5) hoursa
Time to hospital admission � 3.75

(2.25–4.875) hoursa

Time to thrombolysis � 3 (2.75–3) hoursa

PRR � 81% � 16%b PRR � 71% � 11%b

NIHSS improvement � 74% � 20%b NIHSS improvement � 62% � 20%b

No arterial recanalization 2 patients 6 patients
Time to hospital admission � 2 (2–2) hoursa Time to hospital admission � 6 (4–7.5) hoursa

Time to thrombolysis � 2.725
(2.625–2.825) hoursa

PRR � 69% � 15%b PRR � 60% � 12%b

NIHSS improvement � 55% � 19%b NIHSS improvement � 42% � 12%b

aTime delays are expressed as the median and interquartile range.
bPercentages are expressed as the mean � standard deviation.
PRR � potential recuperation ratio; NIHSS � clinical condition of patients, measured with the National Institutes of Health Stroke Scale.
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standard deviation), whereas the mean size of the in-
farct on the delayed DWI-MR series was 39.7 � 17.3
cm2. No significant difference was seen between these
significantly correlated values (DWI-MRinfarct �

3.659 � 0.861 � perfusion CTinfarct � penumbra; cor-
relation coefficient � 0.958; p � 0.001).

In all patients with a recanalized cerebral artery on
the delayed angio-MR (Figs 2 and 4), the cerebral in-
farct on the delayed DWI-MR (mean � standard de-
viation, 21.3 � 18.6 cm2) was larger than or the same
size as the infarct on the admission perfusion CT
(12.0 � 11.1 cm2), but smaller than or the same size
as the ischemic lesion on the admission perfusion CT
(41.3 � 12.7 cm2). Infarct size on the delayed
DWI-MR was, on average, 22.6% of the range defined
by the admission perfusion CT. Infarct sizes on the
admission perfusion CT and on the delayed DWI-MR
were significantly correlated (DWI-MRinfarct �

�0.568 � 0.753 � perfusion CTinfarct; r � 0.926; p �

0.001).
In patients with either arterial recanalization or per-

sistent occlusion, the shape of the infarct or infarct-
penumbra areas was similar on perfusion CT and
DWI-MR images, as demonstrated in Figures 1 and 2.

Correlation between Perfusion Computed Tomography
Results and Clinical Condition
The admission NIHSS increased with the initial size of
the combined infarct and penumbra areas on the ad-
mission perfusion CT (admissionNIHSS � 5.953 �

0.222 � perfusion CTinfarct � penumbra; r � 0.627;

p � 0.002) (Fig 5). However, there was no significant
correlation between the size of the final cerebral infarct,
as defined on the delayed DWI-MR, and the delayed
NIHSS (r � 0.587; p � 0.054), Barthel index (r �

0.302; p � 0.171), or modified Rankin score (r �

0.538; p � 0.114).
Finally, the PRR was distributed as follows (see Ta-

ble 2): In 6 patients in whom thrombolysis was not
performed and the delayed angio-MR revealed a per-
sistent occluded cerebral artery, the NIHSS improve-
ment was 42 � 12% (mean � standard deviation) and
the PRR 60 � 12%. In 8 patients in whom throm-
bolysis was not performed and arterial recanalization
was diagnosed on the delayed angio-MR, the NIHSS
improvement was 62 � 20% and the PRR 71 � 11%.
In 5 patients in whom thrombolysis was performed
and resulted in recanalization, the NIHSS improve-
ment was 74 � 20% and the PRR 81 � 16%. In 2
patients in whom thrombolysis was performed but did
not result in arterial recanalization, the NIHSS im-
provement was 55 � 19% and the PRR amounted to
69 � 15%.

Of the patients who underwent thrombolysis, a
lower but nonsignificant NIHSS improvement of 55%
� 19% was seen in those with a persistent occluded
cerebral artery compared with those with recanalization
(74% � 20%) (p � 0.354). This was associated with
a lower but nonsignificant PRR (p � 0.297).

In patients with recanalization of the occluded cere-
bral artery, either spontaneous or consecutive to
thrombolysis, there was a strong correlation between

Fig 4. Correlation between ischemic lesion
sizes on the admission perfusion computed
tomography (CT) and delayed diffusion-
weighted magnetic resonance (DWI-MR)
in acute stroke patients with arterial re-
canalization. In all patients with a re-
canalized cerebral artery on the delayed
angio-MR, the size of the final cerebral
infarct defined on the delayed DWI-MR
was larger than or the same size as the
infarct on the admission perfusion CT,
but smaller than or the same size as the
ischemic lesion on the admission perfusion
CT. This was probably related to the evo-
lution of the infarct over the penumbra as
defined on the admission perfusion CT
until arterial recanalization occured, fol-
lowed by recovery of the remaining pen-
umbra. } Infarct on admission perfusion-
CT; infarct on delayed DWI-MR; Œ

infarct � penumbra on admission
perfusion-CT.
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the PRR and the improvement in the NIHSS evalu-
ated on admission and after a median of 1 month (in-
traquartile range, 0.825–1.625 months) (NIHSS im-

provement � 0.108 � 0.863 � perfusion CTPRR; r �

0.833; p � 0.001; Fig 6).
In patients with a persistent occluded cerebral artery,

Fig 5. Correlation between the clinical
condition of patients at the time of emer-
gency room admission, measured with the
National Institutes of Health Stroke Scale
(NIHSS), and combined infarct-penumbra
size on the admission perfusion computed
tomography (CT) (r � 0.627, p �

0.002). The admission NIHSS increased
concomitantly with the initial size of the
combined infarct and penumbra areas on
the admission perfusion CT (admission-

NIHSS � 5.953 � 0.222 � perfusion-CT

infarct � penumbra); the more extensive
the initial ischemic cerebral area, the
worse the clinical condition, especially on
admission. At later clinical time points,
neural repair and neuroplasticity allowed
various degrees of improvement to occur in
different patients, explaining the poorer
correlation between the size of the cerebral
infarct by delayed diffusion-weighted mag-
netic resonance (DWI-MR) and the clini-
cal scores.

Fig 6. Correlation between the potential
recuperation ratio (PRR) and improvement
in clinical condition measured with the
National Institutes of Health Stroke Scale
(NIHSS) in acute stroke patients with
arterial recanalization. In patients with
recanalization of the occluded cerebral
artery, there was a strong correlation be-
tween the PRR and improvement in the
NIHSS evaluated on admission and after
a median delay of 1 (interquartile range,
0.825–2.625 months) (NIHSS improve-
ment � 0.108 � 0.863 � perfusion CT-

PRR; r � 0.833, p � 0.001). In these
patients, recanalization, whether spontane-
ous or after thrombolysis, allowed the pen-
umbra to be salvaged, with subsequent
proportional improvement in the patients’
clinical condition.
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the NIHSS improvement was globally poorer (45 �

15%; mean � standard deviation) than in the recana-
lization group (67 � 20%) (p � 0.059), and the PRR
significantly lower (60 � 12% vs 71 � 11%; p �

0.005). In the persistent occlusion group, there was no
correlation between NIHSS improvement and PRR
(NIHSS improvement � 0.769 � 0.106 � perfusion CT-

PRR; r � 0.111; p � 0.859).

Discussion

Perfusion CT examinations are not time-consuming,
since they can be integrated into the cerebral CT sur-
vey performed on every stroke patient, and are well tol-
erated.24 In most hospitals, CT units are available 24
hours a day, 7 days a week. The intravenous adminis-
tration of nonionic iodinated contrast material in-
volved is easily performed, even in acute stroke pa-
tients.45

The radiation dose in a perfusion CT study is equiv-
alent to that in a standard cerebral CT examination.
For the acquisition of four adjacent 10mm sections at
80kVp, the measured normalized and weighted CT
dose index (nCTDIw) amounts to 0.112mGy/mAs.
For a perfusion CT protocol of 40 successive slices per-
formed in cine mode at 100mA and with the geometry
of radiation delivery on the Lightspeed CT unit (dose
efficiency of 86%), the radiation dose amounts to
368mGy. To estimate the stochastic effect of the radi-
ation, these doses must be distributed over the entire
brain. Since a 40mm thickness (4 � 10mm sections) is
approximately equal to one-fifth of the whole cerebral
size, the absorbed dose to the brain is 77mGy. Using a
weighting factor of 0.0023mSv/(mGy � cm) for the
brain, the cerebral effective dose is 3.4mSv, which is
quite similar to the dose level for a standard cerebral
CT examination (2.5mSv).44,46,47

Perfusion CT examination with data analysis accord-
ing to the central volume principle48 allows accurate
quantitative assessment of both the rCBF and the
rCBV24 as well as definition of the cerebral infarct and
penumbra, as described above. Our proposed method
for the calculation of cerebral penumbra and infarct
maps from the rCBF and rCBV maps provided by per-
fusion CT data analysis relies on (1) the reported rCBF
threshold of ischemia and (2) preserved (penumbra) or
altered (infarct) autoregulatory mechanisms. In the
penumbra, the rCBV is greater than 2.5ml per 100g,
whereas in the infarcted area it is less. In agreement
with the values most frequently reported in the litera-
ture,13,19,20,49–51 we arbitrarily chose a relative rCBF
cutoff of 34% and an absolute rCBV cutoff of 2.5ml
per 100g as indicative of ischemic brain and of cerebral
parenchyma highly likely to die, respectively.

Although the MTT is affected at an earlier stage by
cerebral ischemia, it is less specific and we therefore
chose an rCBF threshold, rather than an MTT thresh-

old, to determine the total ischemic area (infarct and
penumbra). Indeed, soon after the onset of ischemia,
the MTT is prolonged and the rCBV is increased as a
result of cerebral vascular autoregulation. If both in-
crease by the same proportion, the rCBF, which is
equal to the rCBV divided by the MTT, is unchanged,
and thus there is no real cerebral parenchymal damage.

Correlation between Admission Perfusion Computed
Tomography and Delayed Diffusion-Weighted
Magnetic Resonance Results
In terms of the comparison between admission perfu-
sion CT and delayed DWI-MR, our results underscore
the excellent prognostic value of admission perfusion
CT as regards the final size of the cerebral infarct, de-
fined by reference DWI-MR sequences. As explained
above, DWI-MR has been shown to accurately delin-
eate the cerebral infarct.5,8,52 In order to avoid pitfalls
related to biphasic phenomena,39,40 we chose to use
the DWI-MR results obtained at a median of 3 days
(interquartile range, 3–4 days) after stroke as a refer-
ence.

Eight of the 22 acute stroke patients showed persis-
tent arterial occlusion, and in 2 of them thrombolytic
therapy was unsuccessful. In these patients with persis-
tent arterial occlusion, the penumbra defined on the
admission perfusion CT gradually evolved towards in-
farct; due to prolongation of the arterial occlusion, the
entire cerebral ischemic area became infarcted with
time (see Fig 2). Thus, the size of the combined cere-
bral infarct and penumbra on the admission perfusion
CT and the size of the cerebral infarct on the delayed
MR were closely correlated and not statistically differ-
ent (see Fig 4).

Fourteen of our 22 acute stroke patients showed re-
canalization of the occluded cerebral artery; 6 of them
had received thrombolytic therapy, while recanalization
was spontaneous in the other 8 patients. In patients
with recanalization of the occluded cerebral artery (see
Fig 3), the cerebral infarct on the delayed DWI-MR
was larger than or the same size as the infarct on the
admission perfusion CT, but smaller than or the same
size as the ischemic lesion on the admission perfusion
CT. More precisely, its average was located at 22.6%
of the range defined by the sizes of the cerebral infarct
and ischemia on the admission perfusion CT. This was
probably due to the gradual replacement of the pen-
umbra by infarct (particularly marked in Patient 13;
see Fig 4) until arterial recanalization, followed by re-
covery of the remaining penumbra (see Fig 1). Signif-
icant correlation was identified between the infarct
sizes on the admission perfusion CT and on the de-
layed DWI-MR, in agreement with a previous report
of patients with documented recanalization during
intra-arterial thrombolysis.53

Two objections could be raised to our study proto-
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col. First, the four examined cerebral slices were not
exactly the same in the perfusion CT and DWI-MR, as
there was an interval of several days between the two
examinations. However, for each patient, we performed
an averaging of the ischemic areas calculated on four
adjacent slices, thus decreasing the inaccuracy due to
the same slices not being used. Second, the precise mo-
ment of recanalization of the occluded cerebral artery
could not be accurately determined from the admission
perfusion CT and delayed DWI-MR. However, it was
impossible to repeat the imaging examinations of all
the acute stroke patients, the exceptions being those
cases in which clinical evolution made it mandatory
(see Figs 1 and 2).

Finally, our choice of cerebral DWI-MR as the ref-
erence for the final infarct size is justified by reports of
its accuracy in the delineation of the nature and size of
brain ischemia and the quantification of tissue in
moderate-to-advanced stages of injury.5,8,52,54–57 We
decided to use delayed DWI-MR in order to avoid
controversy related to biphasic phenomena, which were
reported during the early phase after stroke.39,40 We
did not evaluate the use of perfusion MR, which only
allows semiquantitative assessment of rCBF,58 prevent-
ing the use of thresholds.

Correlation between Perfusion Computed Tomography
Results and Patients’ Clinical Condition
In the first part of the study, we demonstrated a cor-
relation between the ischemic cerebral areas estimated
by two imaging techniques, the reference method
(DWI-MR) and the method to be validated (perfusion-
CT). In the second part, we wished to evaluate the
clinical relevance of perfusion CT examinations per-
formed on admission in acute stroke patients. Three
clinical scores, the NIHSS, Barthel index, and modi-
fied Rankin scale, all proven to give an assessments of
clinical condition,41–42 were used. In addition, we ex-
amined the evolution of the NIHSS between admission
and a median of 1 month (interquartile range, 0.825–
1.625 months) later.

A good correlation was found between the admission
NIHSS and the initial size of the combined cerebral
infarct and penumbra defined on the admission perfu-
sion CT (see Fig 5), while a poor correlation was
found between the delayed DWI-MR size of the cere-
bral infarct and the various clinical scores. The most
likely explanation for this poorer correlation between
DWI-MR lesion size and delayed clinical score is that
the results of an MR examination on day 3 (interquar-
tile range, 3–4 days) were compared with the clinical
scores at a median of 1 month (interquartile range,
0.825–1.625 months), rather than with the clinical
scores on day 3, neural repair and neuroplasticity al-
lowing variable amounts of improvement in different
patients at the later clinical time points.

Finally, we evaluated a new parameter, PRR, which
is the ratio of the size of the penumbra to the size of
the penumbra plus infarct, as a means of predicting
improvement in the NIHSS between admission and af-
ter a median of 1 month (interquartile range, 0.825–
1.625 months) (see Table 2 and Fig 6).

In 14 patients, thrombolysis was not performed. In
8 of these, spontaneous fragmentation of the thrombus
with recanalization of the occluded cerebral artery oc-
curred, as demonstrated by the delayed angio-MR,
while in 6 no arterial recanalization occurred. In the
latter group, clinical evolution was not as good, re-
flected by the lower NIHSS improvement and PRR.

Thrombolysis was performed on 8 patients, allowing
recanalization of the arterial thrombus and salvaging
the penumbra in 6,10 this being reflected by the high
NIHSS improvement of 74 � 20% (mean � standard
deviation). In the remaining 2 patients, thrombolysis
was unsuccessful, as reflected by the NIHSS improve-
ment of only 55 � 19% and the lower PRR of 69 �

15%.
In patients with recanalization of the occluded cere-

bral artery, whether spontaneous or with thrombolysis,
there was a strong correlation between the PRR and
the improvement in the NIHSS evaluated on admis-
sion and after a median of 1 month (interquartile
range, 0.875–1.625 months) (see Fig 6). In these pa-
tients, recanalization allowed the penumbra to be sal-
vaged, with a subsequent and proportional improve-
ment in clinical condition.

In patients with a persistent occluded cerebral artery,
the cerebral infarct gradually evolved over the penum-
bra and finally completely replaced it, as reflected by a
globally poorer NIHSS improvement. Since the PRR is
calculated from the sizes of the penumbra and infarct
on admission, it is significant when the penumbra re-
covers (as with arterial recanalization) and allows clin-
ical improvement. On the other hand, it showed no
correlation with NIHSS improvement in the persistent
occlusion group.

Since the PRR is computed based on the admission
imaging survey, it should be independent of whether
arterial recanalization occurs or not. Our data showing
a substantially lower PRR in the persistent occlusion
group suggests that infarcts were more mature in this
group. This could be among the reasons why patients
without arterial recanalization did not improve and
showed globally poorer NIHSS improvement.

Conclusions

Perfusion CT examinations were performed on four
adjacent 10mm cerebral sections in 22 patients with
acute stroke in the cerebral artery territory. This pro-
cedure allowed accurate prediction of the final cerebral
infarct size in acute stroke patients at the time of emer-
gency evaluation and provided information about the
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extent of the penumbra. The relationship between the
perfusion CT abnormality and the final infarct size was
shown to vary in a predictable fashion, depending
upon whether arterial recanalization occurred. Perfu-
sion CT accuracy was demonstrated by comparison
with the results of delayed DWI-MR examinations.

Perfusion CT results correlate with the patients’ clin-
ical condition, the admission NIHSS being directly re-
lated to the size of the ischemic cerebral area on the
admission perfusion CT. On the other hand, the de-
layed clinical scores are strongly influenced by neural
repair and neuroplasticity, which allow various extents
of improvement in different patients. Perfusion CT can
be used to estimate a PRR, which is an indicator of the
maturity of arterial occlusion and cerebral infarct and
which correlates with evolution of the NIHSS in pa-
tients with arterial recanalization.

Even if these conclusions need to be confirmed in
larger series, this article shows perfusion CT examina-
tion to be a valuable tool in the early evaluation of
acute stroke patients and possibly in the selection of
the therapeutic strategy.

We thank Mrs M Rousselle and Mr T Barkas for their help in
editing this manuscript.
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