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Dynamic CT Perfusion Imaging of
Acute Stroke

Thomas E. Mayer, Gerhard F. Hamann, Jan Baranczyk, Bernhard Rosengarten, Erich Klotz, Martin Wiesmann,
Ulrich Missler, Gernot Schulte-Altedorneburg, and Hartmuth J. Brueckmann

BACKGROUND AND PURPOSE: Because cerebral perfusion imaging for acute stroke is
unavailable in most hospitals, we investigated the feasibility of a method of perfusion scanning
that can be performed rapidly during standard cranial CT. Our aim was to identify the scan-
ning parameters best suited to indicate tissue at risk and to measure a perfusion limit to predict
infarction.

METHODS: Seventy patients who had suffered stroke and had undergone cranial CT 0.5 to
12 hours (median, 3.75 hr) after the onset of symptoms participated in the study. While un-
dergoing conventional CT, each patient received a bolus of iodinated contrast medium. Maps
of time to peak (TTP), cerebral blood volume (CBV), and CBF were calculated from the
resulting dynamically enhanced scans. These perfusion images were compared with follow-up
CT scans or MR images showing the final infarctions.

RESULTS: CBF maps predicted the extent of cerebral infarction with a sensitivity of 93%
and a specificity of 98%. In contrast, CBV maps were less sensitive and TTP maps were less
specific and also showed areas of collateral flow. Infarction occurred in all of the patients with
CBF reduction of more than 70% and in half of the patients with CBF reduction of 40% to
70%.

CONCLUSION: Dynamic CT perfusion imaging safely detects tissue at risk in cases of acute
stroke and is a feasible method for any clinic with a third-generation CT scanner.

Although studies show that the IV administration
of a fibrinolytic drug improves the outcome of
acute stroke (1–3), the therapy itself can cause se-
rious intracerebral hemorrhage. Both the diagnosis
and treatment of acute stroke might be improved if
cerebral perfusion could be measured to identify
the tissue at risk. The extent of ischemia cannot be
assessed by neurologic examination alone. Trans-
cranial duplex sonography (4), digital subtraction
angiography (5), CT angiography (5), xenon-en-
hanced CT (6), positron emission tomography (7,
8), single-photon emission CT (SPECT) (9, 10),
and various MR imaging techniques (11–17) are
useful methods for evaluating acute stroke. How-
ever, these methods have disadvantages and are not
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available in all hospitals. Because almost all pa-
tients with suspected acute stroke should undergo
CT, which is also widely available, to exclude he-
matoma and existing infarcts, essential time can be
gained by also measuring cerebral perfusion during
the initial CT. The aim of our study was threefold:
to investigate whether the use of dynamic CT with
conventional iodinated contrast medium augmented
by software that rapidly provides maps of CBF is
feasible in cases of acute stroke, to determine
which imaging parameters best detect tissue at risk,
and to identify perfusion thresholds for predicting
the development of infarction.

Methods
We conducted a prospective study to determine the value of

CT for measuring cerebral perfusion by use of a bolus of io-
dinated contrast medium in patients with acute stroke. The ini-
tial plain CT and the perfusion maps were compared with the
follow-up CT scans or MR images. Patients were grouped post
hoc according to their National Institutes of Health Stroke
Scores (NIHSS) at admission.

Patients

Candidates for this study were adult patients with obvious
hemispheric symptoms such as hemiparesis, aphasia, or hemi-
anopia of less than 12 hours’ duration, who were consecutively
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admitted to our institutions between 1996 and 1998, and whose
plain cerebral CT scans showed no signs of hematoma. Pa-
tients with brain stem symptoms were excluded. The study
design conformed to the Declaration of Helsinki and all sub-
sequent versions on the participation of humans in studies.
Informed consent was obtained from each patient, if possible.
If the patient was aphasic, he or she was examined according
to the hospital guidelines for emergency treatment and the next
of kin was asked for consent and was asked whether the patient
would be likely to agree to undergoing the procedure.

Perfusion Imaging Methodology

The main principle of our method of perfusion imaging is
based on the analysis of plain and contrast-enhanced CT scans
obtained at different times. Most important is a sharp bolus of
contrast medium resulting from rapid injection (10–20 mL/s).
The software used the maximal slope of the time-density curve
(Perfusion CT software; Siemens, Erlangen, Germany) to mea-
sure cerebral blood perfusion from dynamically enhanced ce-
rebral CT scans, as described previously (18). See appendix
for relevant formulae to calculate the parameters. The param-
eters chosen for evaluating cerebral perfusion were CBF, ce-
rebral blood volume (CBV), and time to peak (TTP).

Our method of calculating CBF is biased by the use of a
contrast bolus that is not compact enough to prevent venous
outflow before the peak of the arterial inflow is reached (it is
not biased by recirculation). This results in a diminution of the
calculated flow. Partial volume effect of the blood reference
cannot be completely excluded. Therefore, our perfusion maps
were used as non-absolute values relative to the unaffected
regions of the brain within the same section in patients with
focal pathologic abnormalities.

Perfusion Imaging Procedure and Follow-up Examinations

Conventional plain CT of 3- or 4-mm-thick basal sections
and 5- or 8-mm-thick supratentorial sections were obtained.
Dynamic contrast-enhanced CT scans were acquired by in-
jecting 50 mL of iodinated contrast medium (300 mg/mL) into
a peripheral vein through a 16-gauge catheter, either manually
or with an angiographic power injector (injection velocity 5
10 mL/s).

Then 10-mm-thick scans with rotation times of 0.75 to
1 seconds were reconstructed every 0.75 to 1.5 seconds by a
30- to 40-second-long scan on a continuously rotating CT
scanner (Somatom Plus S or Somatom Plus 4; Siemens). The
CT scans were transferred via DICOM net (every series, 1–2
min) to a personal computer (Intel Pentium Pro 200 MHz, 128
MB) and perfusion images were calculated in approximately 1
minute.

Because this method allowed only a single section to be
calculated with each contrast bolus, one to three levels were
examined per patient. The first dynamic CT scan for each pa-
tient was obtained at the level of the basal ganglia. If no per-
fusion abnormality was evident on the first perfusion section
or if an estimation of the lesion volume was desired, a second
or even a third scan was obtained rostral or, in patients with
motoric aphasia, caudal to the basal ganglia.

The involved subterritories were determined by native fol-
low-up CT or MR imaging (with T2- and proton density–
weighted turbo spin-echo and diffusion-weighted (b 5 1000)
echo-planar imaging sequences) performed within the 1st week
after stroke onset.

Image Interpretation

Because we used a single-section perfusion technique (one
to three sections), it was not possible to calculate the volume
of the tissue at risk. Therefore, we defined its extent semi-
quantitatively by determining whether early signs of infarction,

perfusion deficits, and definitive infarction occurred in any of
12 arterial subterritories.

Two neuroradiologists evaluated the conventional CT scans
while blind to the parameter images and to the results of the
follow-up examination and evaluated the parameter images
while blind to the follow-up scans. The plain CT scan (baseline
scan) was examined for early CT signs (ECTS) of infarction
(ie, swelling or hypodensity of the gray matter equivalent to a
decrease of 4 to 10 HU) and for hyperdense vessel signs of
thromboembolism of the internal carotid artery (ICA) and of
the middle cerebral artery (MCA) and its branches, which were
visible as dense vessels with approximately 60 HU (19–21).
The perfusion maps were analyzed for decrease in CBF, de-
crease in CBV, and delay in TTP. When the evaluations dif-
fered, the evaluators agreed on a common decision. The CT
scans were analyzed for evidence of cerebral infarct or perfu-
sion changes in six arterial subterritories on both hemispheres
of the brain, according to Ringelstein et al (22), as follows:
the anterior cerebral artery; the deep (lenticulostriatal) territory
of the MCA; the ventral (frontal) territory of the MCA; the
middle (temporal, insular, and central) territory of the MCA;
the posterior (parietal and temporo-occipital) territory of the
MCA; and the posterior cerebral artery.

On the basis of preliminary examinations by this method,
10 patients with subacute stroke and 30 patients with symp-
tomatic carotid stenosis (unpublished data) were classified to
have moderate (CBF in the affected territories between 30%
and 60% of CBF in the normal territories) or severe (CBF less
than 30% of normal CBF) changes in CBF. Changes in CBV
were also classified as moderate (CBV in the affected territo-
ries between 50% and 80% of normal) or severe (CBV less
than 50% of normal CBV). The TTP on the affected side was
considered moderately delayed if it lagged by 3 to 6 seconds
and severe if it lagged more than 6 seconds behind the TTP
on the normal side. ECTS and perfusion lesions in each sub-
territory of the initial scans were correlated with definite in-
farcts shown in the first follow-up CT scans or MR images.

Statistical Analysis

Sensitivity, specificity, and positive and negative predictive
values of hyperdense vessel signs, ECTS, a CBF map, a CBV
map, and a TTP map for the prediction of infarcts were cal-
culated with 95% confidence intervals. We hypothesized first
that CT-based CBF maps would predict infarction better than
conventional CT scans, second that CBV maps would be less
sensitive, and third that TTP maps would be less specific. True-
and false-positive findings on the conventional and parameter
scans regarding definite infarct in the follow-up study were
explored by x2 tests. To maintain a global a-level of P , .05
for these three hypotheses, multiple testing was adjusted ac-
cording to Bonferoni-Holm. In addition to the hypotheses, ex-
plorative tests were conducted using x2 tests.

Results
A total of 70 patients (42 male and 28 female

patients), ranging in age from 28 to 85 years (me-
dian, 64 years), met the inclusion criteria. Thirty of
these patients were examined 0.5 to 3 hours after
the onset of symptoms, 18 between 3.5 and 6 hours
after symptom onset, and 22 between 7 and 12 hours
after symptom onset (median, 3.75 hr). The NIHSS
was less than 3 for five patients. A mean of 1.8
sections of dynamic CT scans was obtained per pa-
tient (for each of 23 patients, only one section was
obtained, for each of 36 patients, two sections, and
for each of 11 patients, three sections). No compli-
cations occurred. Perfusion scan quality was rela-
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TABLE 1: An overview of the different diseases in 70 patients with stroke symptoms

Epilepsy

Transient
Ischemic
Attack

Microangiopathic
Lesions

Gyral
Infarct

Large
Infarct

ECTS
CBF
TTP
n

.33
0
0
3

0
.07
.21

14

.17

.17

.33
6

0
.57
.86

7

.65
1
.93

40

Note.—The relative number of findings is indicated together with ECTS in conventional CT, CBF, and TTP maps. Findings in the categories of
epilepsy (of various origin) and transitory ischemic attack were considered false-positive results.

TABLE 2: Sensitivity for predicting infarction in the subterritories
of all patients disregarding microangiopathy

Territory

ACA MCA-v MCA-d MCA-m MCA-p PCA

ECTS
CBF(,60%)

CBV(,80%)

TTP(.3s)

0
.5
.5
.5

.44

.94

.72

.89

.77

.94

.89

.78

.43

.91

.63

.94

.39

.94

.67

.83

.8
1
1
.8

n 2 18 18 35 18 5

Abbreviations.—ACA: anterior cerebral artery; MCA-d: deep (len-
ticulo-striatal) territory of the middle cerebral artery; MCA-v: ventral
(frontal) territory of the MCA; MCA-m: middle (temporal, insular, and
parietal) territory of the MCA; MCA-p: posterior (temporo-occipital)
territory of the MCA; PCA: posterior cerebral artery.

tively poor but was sufficient for evaluation of seven
patients who had decreased heart function, causing
a delayed arrival of the contrast bolus, and for two
patients in whom the CT injector delivered insuffi-
cient contrast bolus. Larger areas of decreased per-
fusion in the brain often appeared on the source CT
scans with the arrival of the contrast medium bolus
as areas of reduced and delayed enhancement. Scan
acquisition, data transmission, and generation of
CBF, CBV, and TTP maps required approximately
5 minutes for each series of scans.

Follow-up examinations were performed within
the 1st week, with a median of 2 days, for 61 pa-
tients and after several weeks for two patients, re-
spectively. Six of the patients with transient ische-
mic attack and one of the patients diagnosed to
have epilepsy did not undergo scanning after the
initial procedure because of complete resolution of
symptoms on the same day. Sixty-one follow-up
CT examinations and 31 MR imaging examinations
were done.

Four patients underwent fibrinolysis with tissue
plasminogen activator within 3 hours. Two patients
with no visible perfusion deficit developed micro-
angiopathic lesions, and two patients with large
perfusion deficits developed infarction within these
areas.

Patients without Ischemia
The results of perfusion CT for three patients

with acute stroke symptoms (NIHSS $ 3) showed
no evidence of cerebral ischemia. Further evalua-
tion led to diagnosis of seizures secondary to gli-
osis in one patient, astrocytoma in one, and radia-
tion injury in one. The results of conventional CT
were abnormal for all three patients; an ECTS of
infarction was suspected in one case. Specificity
and positive predictive values of the conventional
and perfusion CT were determined for all 70 pa-
tients. Table 1 provides an overview of the findings
for the different pathologic abnormalities.

Transient Ischemic Attack and Migraine
The clinical symptoms resolved within 24 hours

in 14 of the 67 patients with cerebral ischemia. In
13 of these 14 patients, the symptoms were because
of a transient ischemic attack (initial NIHSS , 3

for two patients). The 14th patient had amnestic
aphasia and showed mild hypoperfusion (CBF in
the left temporo-occipital MCA territory was 60%
of that on the normal side). Clinically diagnosed to
have migraine, this patient did not develop an in-
farct (initial NIHSS , 3). Eleven of the patients
with transient ischemic attacks had no abnormali-
ties revealed by perfusion images, two patients
showed moderate TTP delay (in one subterritory
and in the whole carotid territory, respectively),
and none developed an infarct.

Microangiopathy and Lacunar Infarcts
Among the 53 patients for whom cerebral in-

farction was confirmed by follow-up studies, six
had microangiopathic or lacunar infarcts (, 1.5 cm
in diameter). It was difficult to differentiate these
small ischemias from artifacts in the white matter
by perfusion scanning, and a lesion in the internal
capsule was suspected based on only two of the six
patients’ TTP maps, one of the six patients’ CBV
maps, and one of the six patients’ CBF maps.

Infarctions Greater than 1.5 cm
The macroangiopathic infarcts in 47 patients

had a hemodynamic origin (low flow due to ca-
rotid stenosis) in three cases and were territorial
in 44, including seven smaller gyral infarcts. The
initial NIHSS was less than 3 for two of these
patients. Ninety-six territories were involved, most
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FIG 1. Two perfusion sections in a case
of left MCA occlusion. Three hours before undergoing the ex-
amination, this 61-year-old woman experienced acute right
hemiplegia and global aphasia during coronary angiography.

A, Early conventional CT scans appear normal, with no signs
of swelling or discrete cortical hypodensity.

B, CBF maps show flow reduction in nearly the whole cortical
territory of the left MCA. Temporal (B2), severe; parietal (B1),
moderate to severe. Note that there is a mismatch with the
ECTS (color code: red, blood vessels; green, normal cortex;
blue, normal white matter; violet, low flow area).

C, CBV maps also show ischemia, although less clearly in
the central parietal region because of decreased contrast (color
code: red, blood vessels; green, normal cortex; blue, normal
white matter; violet, low flow area).

D, TTP concentration of contrast enhancement maps show
time delay in the cortical territory of the left MCA and artifact in
areas where no peak is discernible (color code: blue, seg-
mented blood vessels, normal cortex; dark green, normal white
matter; light green, yellow, and red, low flow area).

E, Follow-up CT scan, obtained 1 day after stroke, shows
infarction in the former ischemic portion of the cortical territory
of the MCA. Temporal (B2), complete; central/parietal (B1),
patchy.
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FIG 2. Three perfusion sec-
tions. Occlusion of a left MCA
branch and of the ipsilateral
ICA. This 62-year-old man
was admitted with right hemi-
paresis and aphasia 8 hours
after the onset of symptoms.
The color-coding is similar to
that used in Figure 1.

A, Early conventional CT
scans appear normal, al-
though retrospectively, a dis-
crete hypodense area can be
seen in the cortex (A2).

B, CBF maps show severe
flow reduction in the fronto-
opercular territory of the left
MCA.

C, CBV maps show the is-
chemic region to be less pro-
nounced and indicate a 10%
increase in blood volume in
the surrounding cortex, which
compensated for the reduced
flow velocity in the territory of
the left carotid artery.

D, TTP concentration of
contrast enhancement maps
show time delay not only in
the ischemic zone but also in
the territories of the entire left
MCA and anterior cerebral ar-
tery due to occlusion of the
ICA, as revealed by sonog-
raphy. Acute left carotid artery
occlusion might have led to
embolization in a frontal
branch of the MCA.

E, Follow-up CT scans, ob-
tained 3 days after stroke,
show a small infarct repre-
senting the former ischemic
area of the frontal cortical ter-
ritory of the MCA (red
arrowheads).
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TABLE 3: Results of conventional and perfusion imaging in cases of subsequently confirmed infarction .1.5 cm in maximum diameter

A. 70 Patients HDVS* ECTS CBF(,60%) CBV(,80%) TTP(.3s)

Sensitivity
95% confidence

.36
.23–.52

.55
.40–.70

.94
.82–.99

.89
.77–.96

.91
.80–.98

Specificity
95% confidence

.70
.47–.87

.96
.78–1

.87
.66–.97

.91
.72–.99

.61
.39–.80

Positive predictive value
95% confidence

.71
.49–.87

.96
.81–1

.94
.82–.99

.95
.85–.99

.83
.70–.92

Negative predictive value
95% confidence

.35
.21–.50

.51
.35–.67

.87
.66–.97

.81
.61–.93

.78
.52–.94

B. 840 Vascular
Territories ECTS CBF(,60%) CBV(,80%) TTP(.3s)

Sensitivity
95% confidence

.50
.40–.60

.93
.86–.97

.72
.62–.81

.91
.83–.96

Specificity
95% confidence

1.
.99–1

.98
.97–.99

.99
.98–1

.93
.91–.95

Positive predictive value
95% confidence

.98
.89–1

.86
.78–.92

.93
.85–.98

.62
.53–.70

Negative predictive value
95% confidence

.93
.92–.95

.99
.98–1

.96
.95–.98

.99
.96–.99

* HDVS, hyperdense vessel sign.

often (35 times) the middle cortical area of the
MCA (Table 2).

Of the seven gyral infarcts, six were detected on
TTP maps, four on CBF maps, and three on CBV
maps. The 40 large territorial and hemodynamic
infarcts (.10 mL) were all diagnosed based on pa-
tients’ CBF maps (sensitivity of 100%).

Tables 2 and 3 show the relationships between
moderately pronounced perfusion parameters and
cerebral infarction greater than 1.5 cm in diameter.
If only severe perfusion changes were considered,
sensitivity decreased while specificity became
100% for the CBF and CBV maps.

Hyperdense vessel signs were visible in only one
third of the patients with cerebral infarction greater
than 1.5 cm. Thus, the sensitivity of hyperdense
vessel signs was substantially lower than that of the
CBF map (P , 1E–8) and was also lower (but not
significantly) than the sensitivity of ECTS. Hyper-
dense vessel signs could not be evaluated for 15
patients because of general sclerosis of the cerebral
arteries. The specificity of hyperdense vessel signs
was lower than that of ECTS (P , .02).

ECTS of infarction revealed true-positive find-
ings for infarcts greater than 1.5 cm in approxi-
mately half of the brain territories and patients (Ta-
ble 2). Figures 1 and 2 provide examples of
false-negative ECTS. The specificity of ECTS was
very high; only one territory in one patient was
falsely positive for infarction. The negative predic-
tive value of ECTS for infarction was only 26%
among patients examined within 3 hours after the
development of symptoms; 3 hours after the ap-
pearance of symptoms, the negative predictive val-
ue of ECTS increased to 71% (P , .005). Con-
ventional CT findings were more sensitive for
detecting infarction in the deep territory of the
MCA than in other territories (Table 2). In contrast,
the perfusion maps did not show significantly dif-

ferent sensitivities (and only slight differences in
the specificities) for different territories of the
brain.

CBF maps indicating moderate or severe deficits
showed true-positive results for infarcts in more
than 90% of the brain territories and patients (Figs
1 and 2). These results included three patients and
17 brain territories with only a moderate decrease
of perfusion. Decrease in CBF was significantly
more sensitive for infarction than ECTS (P , 5E–
5 for patients and P , 1E–10 for territories). CBF
was especially more sensitive than ECTS for in-
farction in the anterior (P , .002), middle (P ,
2E–5), and posterior (P , 5E–4) territories of the
MCA. Only moderate decreases in CBF maps gave
false-positive indications; specificity was lower
than that of ECTS (P , .001). However, if the
NIHSS was equal to or greater than 3, a moderate
CBF decrease was falsely positive in only one pa-
tient (specificity, 95%).

CBV maps showed fewer definite regions of low
perfusion than did CBF maps. In areas with almost
no perfusion, CBV was also measured as zero.
CBV maps gave true-positive indications of infarc-
tion in higher proportion than did ECTS (P , 5E–
4 for patients and P , .002 for brain territories),
including 25 patients and 36 brain territories with
only moderate decrease of blood volume. However,
CBV showed a significantly lower proportion of
true-positive territories than did CBF (P , 2E–4).
CBV maps gave fewer false-positive results (all for
moderate decrease) than did CBF maps (P , .05).
CBV was slightly increased in territories of stenotic
vessels if CBF was compensated.

TTP maps were nearly as sensitive indicators of
cerebral infarction as were CBF maps but were less
specific. Sensitivity was higher than that of ECTS
(P , 1E–4 for patients and P , 1E–9 for territo-
ries). The TTP delay among patients with infarction
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ranged between approximately 1 and 15 seconds.
Longer delays resulted in artifacts, because the bo-
lus peak disappeared in the background noise.
However, TTP map delay also occurred in nine pa-
tients without infarction and was falsely positive in
more than one third of the territories; thus, the
specificity of TTP regarding patients and territories
was significantly lower than that of CBF (P , .05
and P , 1E–6) and ECTS (P , .005 and P , 5E–
13). The high rate of false-positive findings re-
vealed by the TTP map despite normal CBF was
most probably due to carotid stenosis compensated
via collaterals (Fig 2). TTP maps that indicated a
delay of more than 6 seconds or an artifact showed
only one region in one patient as falsely positive;
however, if these criteria had been used to identify
infarction, they would have led to false-negative
results for an additional six patients and 13 regions
compared with the criteria of TTP delay greater
than 3 seconds. CBF and TTP together are 100%
sensitive for cerebral infarction relative to the pa-
tients as well as to the territories.

Discussion
A fast algorithm enabled us to calculate CBF

maps almost without any time delay. This method
requires only a personal computer with appropriate
evaluation software and a DICOM connection to
the CT scanner. After performing conventional CT
to exclude hematoma and to determine definitive
infarct in patients with acute stroke, it takes only a
few minutes to acquire and evaluate perfusion
scans. The major drawback of dynamic CT is that
only a single or a few sections of perfusion scans
can be acquired (a whole-brain CBF map can be
obtained only by electron-beam CT [23]). Never-
theless, dynamic CT CBF maps of one to three
(median 1.8) perfusion sections had a sensitivity of
94% when predicting infarction. In a similar study
including 28 infarcts in 32 patients, Koenig et al
(24) used a single perfusion section and found a
sensitivity of 89% using the CBF map. Their find-
ing that only three smaller infarcts were not pre-
dicted by the single-section technique corresponds
to our experience.

Because of the above-mentioned influences that
prevent precise calculation, the CBF image from
bolus-tracking CT can be used only as a relative
CBF map, except for the use of a 14-gauge central-
vein catheter. Therefore, some uncertainty remains
in low-flow areas regarding whether flow is less
than15 mL/100 g/min and whether infarction oc-
curs. Our findings of patients with acute stroke
show that loss of only approximately 50% to 60%
(in our group of moderate flow reduction) of CBF
leads to infarcts in more than half of the cases and
loss of more than 70% leads to infarctions in all
cases. This is consistent with SPECT data (25).
Therefore, the exact and absolute values of CBF
seemed of minor relevance in our study. The CBF
map represents only a measurement at one point in

time and does not reveal changes before and after
perfusion imaging. Accordingly, Heiss et al (8),
who conducted a positron emission tomographic
study, reported that final infarct size depends more
on spatial extension than on severity of hypoper-
fusion but also on recanalization (by systemic fi-
brinolysis). Flow rates of less than approximately
5 mL/100 g/min might not be differentiated from
zero flow in CT-CBF maps, because such low flow
would be covered by the noise of the time-density
curve.

Acute stroke is usually diagnosed by neurologic
examination only. Although clinical symptoms are
very sensitive to cerebral ischemia, they are non-
specific. The results of dynamic CT perfusion im-
aging were negative in cases of seizures, transient
ischemic attacks, migraine, and also lacunar infarc-
tion; the latter was caused by poor signal-to-noise
ratio and therefore low spatial resolution in the
white matter. However, microangiopathic lesions
may not require instantaneous and invasive therapy.
Small gyral infarctions were detected by the CBF
maps in more than half the cases. Large territorial
infarcts, which are of main therapeutic relevance,
were predicted by the CBF maps with a sensitivity
of 100%. The specificity for predicting infarction
can be raised to 100% (this specificity is reported
by Koenig et al [24]), but only when severe CBF
reduction is considered; the sensitivity then
decreases.

ECTS of ischemia on plain CT scans reflect in-
tracellular edema and are specific but not sensitive
for stroke at an early stage. They show existing
irreversible infarction within 2 hours of ischemic
stroke (19, 20) but do not show tissue at risk. Late
and ongoing therapy studies with IV fibrinolysis
(1–3), radical scavengers (RANNTAS) (26), and
calcium antagonists (27–29) have been conducted
without proof of insufficient brain perfusion, and
for that reason, some might have failed (another
problem of most of the neuroprotective studies is
that they are not combined with recanalization).
Large fresh infarctions detected by conventional
CT are contraindications for fibrinolysis, because
they indicate a high risk of hemorrhage (3). Our
study results confirmed that the presence of ECTS
on conventional CT scans is very specific for the
presence of infarction. Our findings did not clarify
whether normal CT density excludes irreversible
infarction at the time of examination. It is still un-
clear how ECTS correspond to diffusion hindrance
as revealed by MR imaging, because signal in-
crease in diffusion-weighted imaging (drop of the
apparent diffusion coefficient) is at least partially
reversible. The higher incidence of ECTS in the
basal ganglia can be explained by the time course
of embolization, which first spreads to the perfo-
rators of the main stem of the MCA and later mi-
grates into the MCA bifurcation. The low sensitiv-
ity of hyperdense vessel signs corresponds to the
results of an earlier study (21).
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Even on our baseline dynamic contrast-enhanced
CT scans, larger areas of impaired brain circulation
were visible. The CBF maps predicted the extent of
infarction better than ECTS. In studies using MR per-
fusion and diffusion-weighted imaging (12–16), the
definite infarct volume ranged between the lesion
volumes of diffusion-weighted (smaller) and perfu-
sion-weighted (larger) maps. This finding could be
due to a higher sensitivity of diffusion images to ear-
ly infarction (compared with ECTS) or to less spec-
ificity of the kind of MR perfusion imaging used. The
CBF maps are very reliable for perfusion deficits, if
a good contrast bolus can be obtained and if patient
movement within the 20 seconds of bolus passage is
limited. Image quality can be impaired in patients
with cardiac failure. Koenig et al (24) reported that
perfusion CT provided almost the same results as did
SPECT for 18 patients with acute stroke. The CBV
maps in acute thrombosis or embolism of brain ar-
teries are much less sensitive, because the lower rel-
ative loss of CBV (to approximately half of normal)
compared with CBF (down to zero) provides less im-
age contrast. Calculated CBV also falls to zero only
in regions of very low perfusion. This is not because
of a real decrease in blood-containing vessel volume
but because of a failure of contrast enhancement of
the blood in the case of no flow. Nevertheless, there
were slightly fewer false-positive findings in the
CBV map. The CBV map is also least sensitive to
motion artifacts. CBV mapping can be performed not
only of a single section but also of the whole brain,
if a prolonged contrast bolus is used during helical
brain scanning (30). Peak time images reveal highly
sensitive time delays or intrinsic artifacts (the contrast
peak disappears in the noise of the time-density
curve) in cases of acute cerebral low perfusion. It is
more difficult to interpret findings in the white matter,
because perfusion is less than half that of the gray
matter and is normally delayed. Consequently, it con-
tains more artifacts. Peak times are delayed in chronic
high-grade stenosis of the common or internal carot-
id, subclavian, or vertebral artery or the brachioce-
phalic trunk (31); CBF is normal or slightly reduced,
and CBV is mildly elevated. Delayed TTP but nor-
mal perfusion could also be a remaining sign of re-
canalized embolization or collateralization.

Dynamic CT caused a radiation skin dosage of
0.6 Gy, as measured by a phantom from the Sie-
mens research group. The lens of the eye was al-
ways outside the dynamic CT section in our study.
The exposure dosage of the lens was calculated to
be 30 mGy, which is 3% of the threshold for cat-
aract development (32). Each perfusion section re-
quires its own contrast bolus. Unlike ionic iodin-
ated contrast medium, non-ionic contrast media do
not increase infarction size in rats (33). Neverthe-
less, even with our regimen of one to three sec-
tions, we used less contrast medium on average
(90 mL) than would be necessary for CT angiog-
raphy. Assessment of the whole brain for perfusion
imaging by IV injection of a single bolus of con-
trast medium seems to be a promising new devel-

opment with CT scanners equipped with multiple
detector rings.

Mismatch of regions with ECTS (ie, definitive
infarction and regions with CBF decrease) could
help in the selection of suitable patients for therapy.
For example, dynamic CT perfusion imaging could
help to determine whether IV fibrinolysis, angiog-
raphy and intraarterial recanalization, hepariniza-
tion, neuroprotective medication, hypothermia, or
early decompression craniotomy is indicated. Ber-
rouschot et al (34) determined that SPECT could
predict infarction on a more accurate basis than
could neurologic scores and that SPECT had great-
er sensitivity than did conventional CT. SPECT
could also predict malignant infarction and fatal
outcome. For these reasons, SPECT perfusion
scanning was suggested for selecting patients for
early decompressive hemicraniotomy and hypo-
thermia (34). Jansen et al (35) showed that tissue
at risk, defined by MR perfusion-weighted imaging
that exceeded tissue with diffusion disturbance,
could be salvaged by recanalization. Ueda et al (25)
reported that ischemic tissue with CBF greater than
55% of cerebellar flow can be salvaged with re-
canalization (by intraarterial thrombolysis) even af-
ter 6 hours, brain tissue with CBF greater than 35%
of cerebellar flow may be saved within less than
5 hours, and tissue with CBF less than 35% of cer-
ebellar flow is at risk for hemorrhage. Accordingly,
normal conventional CT and relevant decreased
CBF with dynamic CT could provide for a more
flexible therapeutic time window for stroke
treatment.

Conclusion
Dynamic CT perfusion imaging is feasible in any

clinic with a third-generation CT scanner (even
without spiral CT capability). Single-section CBF
maps predicted all territorial infarcts of volumes
larger than 10 mL. CBF images were superior to
CBV images in sensitivity and superior to TTP im-
ages in specificity. This method showed that in-
farction will occur in all vascular territories where
loss of perfusion is more than 70% and in more
than half of the cases when perfusion losses are
between 40% and 70%.
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Appendix

Calculation of CBF, CBV, and TTP
dHU /dtbrainCBF 5 max.

HU 2 HUblood peak blood native

HU 2 HUbrain peak brain nativeCBV 5
HU 2 HUblood peak blood native

TTP 5 t 2 tpeak arrival slice

where brain 5 cerebral tissue parameter, max 5
maximum of the slope, blood 5 intravasal refer-
ence, peak 5 peak of the time-density curve, native
5 before contrast enhancement, arrival 5 time of
first arrival of contrast medium, and section 5 en-
hancement in the section.


