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Measuring Elevated Microvascular Permeability
and Predicting Hemorrhagic Transformation in
Acute Ischemic Stroke Using First-Pass Dynamic
Perfusion CT Imaging
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M. Law
J. Babb

N. Peccerelli
B.K. Pramanik

BACKGROUND AND PURPOSE: Hemorrhagic transformation (HT) can be a devastating complication of
acute ischemic stroke (AIS). The purpose of this study was to determine whether increased micro-
vascular permeability (PS) of the blood-brain barrier was detected in early AIS by using first-pass
dynamic perfusion CT (PCT) and whether PS was significantly higher in infarcts destined for HT.

MATERIALS AND METHODS: Fifty patients with AIS less than 3 hours old and evaluated by PCT were
included. PS color maps were retrospectively generated from PCT data using the Patlak model. One
reader analyzed each PS map by drawing 4 circular 10-mm regions of interest on any focal abnormality.
The mean of these 4 regions of interest represented the PS of the infarct (PSinfarct). The mean of 4
mirror regions of interest on the nonischemic contralateral hemisphere was also obtained (PScontrol).
PSinfarct and PScontrol were compared by using an exact Wilcoxon test. PSinfarct for infarcts that
developed HT on follow-up (PSHT) was compared with all of the others (PSNo-HT) using an exact
Mann-Whitney test.

RESULTS: Forty-four infarcts (88%) showed focal PS elevation in the region of infarct. In units of
milliliters per 100 milliliters per minute, PSinfarct ranged from 0 to 13 (mean: 3.5 � 3.1) versus PScontrol

of 0–0.8 (mean: 0.28 � 0.27; P � .0001). Six infarcts (12%) developed HT, all of which were within
the region of PS elevation. PSHT ranged from 5.2 to 13 (mean: 9.8 � 2.9) versus PSNo-HT of 0–5.9
(mean: 2.7 � 2.0; P � .0001). Eighteen infarcts (36%) were treated with recombinant tissue plasmin-
ogen activator (rtPA). A significant difference between PSHT and PSNo-HT persisted irrespective of rtPA
treatment.

CONCLUSIONS: Elevated permeability was detectable in AIS by using first-pass PCT and it predicted
subsequent HT.

Bolus-chase perfusion imaging1-10 uses dynamic contrast-
enhanced data to produce parametric color overlay maps

of cerebral blood flow (CBF), cerebral blood volume (CBV),
and mean transit time or time of local peak enhancement
(TTP). These standard perfusion metrics are used to detect an
acute ischemic stroke (AIS) and the presence of “penumbra,”
the hypoperfused but potentially salvageable tissue at risk of
infarction. In various acute care centers, dynamic perfusion
CT (PCT) is one component of a multimodal “CT stroke se-
ries,” which also consists of a noncontrast CT (NCCT) of the
brain to exclude intracerebral hemorrhage and other stroke
mimickers and a CT angiogram (CTA) of the cervical and
intracranial arteries to identify the site of vessel stenosis or
occlusion. If such a comprehensive CT protocol can yield ad-
ditional information regarding the risk of hemorrhagic trans-
formation (HT), it will further help the selection of candidates
for thrombolytic therapy.

HT is generally thought to arise from ischemic damage to
the blood-brain barrier (BBB) followed by reperfusion either
through recanalization of the occluded vessel or through col-

lateral circulation.11 Microvascular permeability (expressed as
the transendothelial transfer constant [kPS] or permeability
surface area product [PS]) is a metric of BBB integrity. Like the
standard perfusion metrics, PS can also be calculated using
dynamic imaging by measuring the leakage of an intravascular
tracer into the extravascular (interstitial) space.12-15 In the
normal brain parenchyma, PS is �0 for relatively large hydro-
philic molecules (such as a peripherally injected iodinated
contrast agent), which reflect the tight regulation of the BBB.
Multiple disease processes, however, including severe isch-
emia, can alter BBB integrity and allow the diffusion of fluid,
blood, or contrast molecules into the interstitium. A nonzero
PS represents this diffusion quantitatively, and its functional
color map can be semiautomatically generated by dedicated
commercially available software. Evaluating PS has already
found tremendous use in tumor imaging, where elevated mea-
surements secondary to neovascular alteration of the BBB are
correlated to histologic grade.16-19

Can measurements of PS play a similarly important role in
stroke imaging? Evidence from animal and human studies20-23

suggests that increased permeability can occur in the first 2– 4
hours of acute ischemia. Kassner et al24 recently used dynamic
MR permeability imaging to identify an association between
HT and elevated permeability within 24 hours of ictus in a
small series of 10 patients who were not treated with recombi-
nant tissue plasminogen activator (rtPA). Rowley25 reported
observations of focally elevated permeability in acute infarcts
by using dynamic CT data, though the clinical significance of
this elevation was not completely understood.
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The purpose of this retrospective study was to determine
whether elevated microvascular PS can be detected in AIS us-
ing first-pass dynamic data acquired from standard PCT and
whether there was a difference in PS between infarcts that
developed HT and those that did not.

Materials and Methods

Patient Demographics
Imaging and clinical data obtained as part of standard clinical stroke

care at our institution were retrospectively reviewed. Approval for

this study was obtained from the Institutional Board of Research As-

sociates, and the entire study was Health Insurance Portability and

Accountability Act compliant. A retrospective waiver of consent was

obtained from our institutional review board for review of all of the

images and charts.

From January 2004 to April 2006, 85 consecutive patients pre-

sented to our institution emergency department within 3 hours from

onset of symptoms that were suggestive of an acute hemispheric

stroke (eg, hemiparesis, hemisensory loss, or aphasia) and had an

NCCT, PCT, and CTA (CT stroke series) emergently performed. The

patients in this study had neither been evaluated nor been treated at

an outside facility before presentation. Laboratory tests and medical

charts were reviewed to exclude the presence of acute renal insuffi-

ciency and iodinated contrast agent allergy. The decision to adminis-

ter rtPA was made by the primary stroke management team after the

evaluation of the CT stroke series.

Of the 85 consecutive patients, 50 (27 women and 23 men; aged

33–91 years) were included in our retrospective study for having had

an acute nonlacunar (�15 mm) infarct detected on the PCT and

confirmed on follow-up diffusion-weighted MR imaging (DWI) or

serial CT examinations. Thirty-five patients were excluded for having

either no evidence for AIS on initial or follow-up imaging and same

day resolution of the presenting neurologic deficit (29 patients) or an

acute infarct not within the spatial coverage of the section-selective

PCT as determined by subsequent whole-brain DWI (6 patients).

CT and MR Acquisition
The NCCT was performed immediately before the PCT to evaluate

for possible intracerebral hemorrhage and other stroke mimickers.

All of the initial NCCTs, PCTs, and follow-up NCCTs were per-

formed on a 16-section scanner (Sensation, Siemens, Erlangen, Ger-

many). NCCT was obtained with 5-mm contiguous axial sections

from vertex to skull base using imaging parameters of 120 kVp, 400

mAs, 1.5-mm section collimation, and 1-second rotation. PCT was

obtained with 2 contiguous 12-mm-thick axial sections centered at

the level of the basal ganglia and internal capsule. A 60-second cine

series was performed beginning 4 seconds after the intravenous ad-

ministration of 50 mL of iodinated contrast at 4 –5 mL/s by a power

injector into an antecubital vein (Omnipaque, 300 mg of iodine/mL;

GE Healthcare, Piscataway, NJ). PCT imaging parameters were 80

kVp, 200 mAs, 0.5-second rotation, and 60 images per section.

All of the follow-up MR examinations were performed on 1.5T

systems (Vision or Symphony; Siemens). A localizing sagittal T1-

weighted image was obtained followed by nonenhanced axial T1-

weighted spin-echo (TR: 600 ms; TE: 14 ms), axial fluid-attenuated

inversion recovery (TR: 9000 ms; TE: 110 ms; inversion time: 2500

ms), T2-weighted (TR: 3400 ms; TE: 119 ms), and diffusion-weighted

(TR: 3400 ms; TE: 95 ms; B values 0, 100, and 1000) images.

Data Processing
At the time of acquisition, each patient’s PCT dynamic images (data-

set) were recorded on magnetic optical disks (MODs). In our retro-

spective study, these raw datasets were loaded from the MODs onto

an off-line workstation (Leonardo; Siemens) equipped with a post-

processing software package to generate color overlay maps of dy-

namic cerebral enhancement data (Syngo Neuro Perfusion CT; Sie-

mens). This application offers 2 different evaluation modes. The

“standard perfusion” mode calculates the perfusion metrics of CBF,

CBV, and TTP for AIS evaluation by using the maximal slope method

as described previously.2-4 CBF is calculated in units of milliliters per

100 milliliters per minute, CBV in percentage of total blood volume,

and TTP in units of seconds. At our institution, parametric color

maps of CBF, CBV, and TTP were generated during the initial emer-

gency department evaluation mainly to increase the accuracy of AIS

detection4 in the hyperacute period when NCCT may be normal or

demonstrate only subtle changes. The “tumor perfusion” mode cal-

culates microvascular permeability and fractional blood volume

based on the Patlak method.12 PS was calculated in units of milliliters

per 100 milliliters per minute. PS color maps were not generated

during the initial emergency department evaluation and, therefore,

played no role in the decision to administer rtPA or subsequent clin-

ical management.

The Patlak method is a unidirectional 2-compartment model that

calculates PS via linear regression. A voxel of brain tissue contains the

intracellular, intravascular (plasma), and extravascular (interstitial)

spaces. Because a hydrophilic iodinated contrast molecule (tracer)

does not cross the hydrophobic cell membrane, contrast enhance-

ment of the intracellular space can be ignored, and only 2 compart-

ments are considered. Below is the well-known formula for the Patlak

plot:

C�t� � PS��
0

t

b�t�dt � BV�b�t�3
C�t�

b�t�
� PS �

�
o

t

b�t�dt

b�t�
� BV

C(t) represents the dynamic enhancement of a tissue voxel after the

peripheral injection of contrast material: C(t) � HUbrain(t) �

HUnative brain, and b(t) similarly represents the dynamic enhancement

of a reference blood vessel: b(t) � HUblood(t) � HUblood native.

The integral of b(t) represents the amount of tracer in blood up to

time t. Because a tissue voxel contains both the local intravascular and

extravascular spaces, C(t) represents the enhancement and thus the

amount of tracer within both compartments in the voxel up to time t.

The second equation above is in the form of a straight line, and a

Patlak value (x,y) can be defined for every voxel:

� x, y� � ��0
t

b�t��dt�

b�t�dt
,

C�t�

b�t�
�

Because both x and y can be calculated from dynamic data, PS is then

interpreted as the slope of the best-fit linear regression line of Patlak

values. Measuring enhancement of a small cerebral artery is known to

be limited by partial volume effects, and thus the larger caliber supe-

rior sagittal sinus is traditionally used as the reference vessel. The

main assumption of the Patlak method is negligible reflux of the

tracer from the extravascular into the intravascular space.15 In our use
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of the Syngo Neuro PCT application for this study, the PS for each

voxel is calculated over the 60 seconds of the PCT examination.

Data Analyses
Quantitative data of PS were acquired in the following manner. Four

10-mm-diameter circular regions of interest were manually placed by

1 reader (K.L. with �2 years of experience in PCT data analysis) on

the PS color map to cover the entire area of a focal PS abnormality or,

if the area of abnormality was large, at the central portion of the area

of abnormality. Careful attention was paid to the placement of the

region of interest as to avoid CSF spaces. Four PS values were acquired

from the side of pathology, and the mean value (PSinfarct) was used for

statistical analysis. Elevated PS was often seen in anatomic locations

normally lacking a BBB, such as the choroid plexi in the lateral ven-

tricles. Such locations were always unambiguously recognized and

excluded from the analysis. If, and only if, the PS map showed no focal

abnormality, the standard perfusion maps were unblinded to guide

the placement of 4 regions of interest on the location on the PS map

corresponding with the area of severe hypoperfusion/infarction on

the perfusion maps. The CBV map was preferentially used, because it

has been shown to most specifically correspond with the “infarct

core.”9,10 For every manually placed region of interest, an automated

identical region of interest was “mirrored” on the homologous, non-

ischemic, contralateral location. The mean of these 4 contralateral

regions of interest (PScontrol) served as a control in the statistical anal-

ysis. Using 4 circular regions of interest to measure a region of perfu-

sion abnormality has been shown previously to provide the highest

intraobserver and interobserver reproducibility.26 See Fig 1 for an

example of how regions of interest were taken on the PS map. The

quantitative analysis of each PS color map was performed while

blinded to the standard perfusion maps (unless no focal PS abnormal-

ity was seen, as discussed above), the follow-up imaging results, and

whether rtPA was given. The reader only knew the patient’s side of

symptoms (if there was a particular laterality).

Hospital records were reviewed retrospectively to determine each

patient’s sex, age, presenting neurologic complaint, exact times of all

CT and MR imaging, whether rtPA was administered emergently, and

any new or worsening clinical condition during the hospital course.

All of the follow-up imaging studies were unblinded after the gener-

ation of the PS maps and the collection of PSinfarct and PScontrol values.

An infarct with subsequent HT had its PSinfarct reclassified as PSHT,

whereas an infarct without HT had its PSinfarct reclassified as PSNo-HT.

The presence of HT was retrospectively evaluated by one inter-

preter (K.S.K.) by examining the region of infarct for hyperattenua-

tion indicative of blood products on the NCCT and/or signal intensity

loss indicative of magnetic susceptibility from deoxyhemoglobin or

methemoglobin on the axial DWI B0 images.27 HT was categorized

according to previously published reports from the European-Aus-

tralasian Acute Stroke Study II.28,29 Specifically, hemorrhagic infarc-

tion 1 (HI1) was defined as small petechiae along the peripheral mar-

gins of the infarct without mass effect; hemorrhagic infarction 2 (HI2)

was defined as confluence of the petechiae located centrally within the

infarct without mass effect; parenchymal hematoma 1 (PH1) was de-

fined as a hematoma occupying 30% or less of the infarct with mild

mass effect; parenchymal hematoma 2 (PH2) was defined as a hema-

toma occupying more than 30% of the infarct with substantial mass

effect.

Statistical Analyses
PSinfarct was compared with PScontrol using an exact Wilcoxon paired-

sample signed-rank test with an exact 2-sided P � .05 being statisti-

cally significant. PSHT was compared with PSNo-HT as a single cohort

by using an exact Mann-Whitney test with an exact 2-sided P � .05

being statistically significant. This procedure was repeated for each of

the 2 subgroups after the cohort was divided according to whether

emergent rtPA treatment was given. A receiver operating characteris-

tic (ROC) curve for PSHT was calculated for the cohort and for each

subgroup, featuring 1-specificity on the x-axis and sensitivity on the

y-axis for different threshold criteria. The area under each ROC curve

(AUC) was determined as a measure of performance, with the maxi-

mum possible area being 1.00. The statistical computations were car-

ried out using SAS 9.0 (SAS Institute, Cary, NC), whereas the graphs

were generated using Minitab 13.2 (Minitab, State College, Pa).

Results
Follow-up imaging studies ranged from 6 hours to 15 days
after the initial emergency department presentation, with a
median of 3 days. All 50 of the AIS patients had at least 1
follow-up study that was performed at least 24 hours after the
initial PCT. Of the 50 patients, 39 had both a follow-up NCCT
and MR imaging, whereas 11 had follow-up NCCT alone. Of
the 50 infarcts, 46 (92%) were in the middle cerebral artery
territory, and 4 (8%) were in the posterior cerebral artery ter-
ritory. Eighteen patients received rtPA emergently (16 IV and
2 IA). Of these 18 patients, 3 (17%; all intravenous) developed
HT on follow-up imaging: 2 with PH1 and 1 with HI2. Of the
32 patients who did not receive rtPA, 3 (9.2%) developed HT:
1 each with PH1, HI2, and HI1. The 3 patients with PH1 all
had acute “deterioration of mental status” before the first fol-
low-up imaging examination that detected HT (and thus the
clinical deteriorations were attributed to the new hemor-
rhages). The 3 patients with HI did not have any reported
worsening of clinical condition. All of the HTs were found
24 –72 hours postictus.

Forty-four (88%) of the 50 PS maps demonstrated a focal
abnormality localized to the region of hypoperfusion. Six PS

Fig 1. A map of microvascular PS acquired from first-pass dynamic contrast-enhanced
images over 60 seconds. There was a region of PS elevation encompassing the right insula
cortex and portions of the right frontal and temporal lobes. CBF, CBV, and TTP maps
showed hypoperfusion in these regions (not shown) in this 86-year-old woman with an
acute right MCA stroke. Four 10-mm circular regions of interest were placed over the region
of PS elevation, as depicted here, to acquire 4 PS measurements that were then averaged
to give a single value for statistical analysis (PSinfarct). Mirror regions of interest were
automatically placed on the contralateral, nonischemic, homologous hemisphere to provide
a control value (PScontrol). Note that the PS values calculated by the application are scaled
to 0.5 mL/100 mL per minute. No HT was found on follow-up imaging.
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maps (12%) had no focal permeability defect. In the 6 cases of
HT, the hemorrhage was localized unambiguously to the re-
gion of elevated permeability. Furthermore, in all of the in-
farcts that developed HT, the region of abnormal PS was lo-
calized to the region of very low CBV, probably representing
the infarct core. In 3 of the 6 cases of HT, some extension of the
periphery of the PS abnormality (no more than �10% of the
total area) was seen in regions of normal CBV, but low CBF
and high TTP were seen, probably representing penumbra. No
PS abnormality was seen to extend into normal brain
parenchyma.

As a single cohort group, PSinfarct ranged from 0 to 13 mL/
100 mL per minute with a mean � SE of 3.5 � 3.1. This was
significantly different from PScontrol, which ranged from 0 to
0.8 mL/100 mL per minute with a mean � SE of 0.28 � 0.27
(P � .0001). All of the PSHT ranged from 5.2 to 13 mL/100 mL
per minute with a mean � SE of 9.8 � 2.9 compared with

PSNo-HT, which ranged from 0 to 5.9 mL/
100 mL per minute with a mean � SE of
2.7 � 2.0 (P � .0001). Refer to Figs 2 and
3 for the initial NCCT, CBF, CBV, TTP,
PS color maps, and follow-up imaging of
2 of these 6 patients.

We also stratified the cohort into 2 subgroups according to
whether emergent rtPA treatment was given. In the rtPA-
treated subgroup, PSHT ranged from 5.2 to 13 mL/100 mL per
minute with a mean � SE of 8.7 � 3.7. This was significantly
different from the PSNo-HT within this subgroup, which
ranged from 0 to 5.9 mL/100 mL per minute with a mean � SE
of 3.1 � 2.1 (P � .0172). In the subgroup not treated with
rtPA, PSHT ranged from 9.8 to 13 mL/100 mL per minute with
a mean � SE of 11 � 1.5. This was also significantly different
from the PSNo-HT within this subgroup, which ranged from 0
to 6.0 mL/100 mL per minute with a mean � SE of 2.5 � 1.9
(P � .0004). All 50 of the PSinfarct values are shown in a scat-
terplot in Fig 4.

For the non-rtPA-treated subgroup, there was complete
separation of PSHT and PSNo-HT measurements; any PSinfarct

between 6.0 and 9.8 mL/100 mL per minute can be used as a
threshold value to predict HT with a sensitivity and specificity

Fig 2. A 53-year-old man with complaint of acute left
hemiparesis, presented within 3 hours of symptom onset.

A, Initial NCCT showed subtle hypoattenuation in the right
frontal lobe with loss of gray-white distinction suspicious for
AIS.

B, C, and D, CBF, CBV, and TTP color maps, respectively,
showed hypoperfusion in the right basal ganglia and frontal
lobe consistent with right MCA AIS.

E, PS color map, from the same raw data used to create the
perfusion maps, showed PSinfarct of 8.1 mL/100 mL per
minute. Emergent intravenous rtPA was given.

F, NCCT 27 hours after initial presentation revealed frank
hemorrhage in the region of infarction (PH1). The patient
developed acute deterioration of his mental status 1 hour
before this CT.

Fig 3. A 68-year-old woman with acute mental status
changes, presented within 3 hours of symptom onset.

A, Initial NCCT showed loss of gray-white distinction in the
right insula (insula ribbon sign) suspicious for AIS.

B, C, and D, CBF, CBV, and TTP color maps, respectively,
showed focal perfusion abnormality in the right insula and
frontal lobe consistent with acute right MCA AIS.

E, PS color map, from the same raw data used to create the
perfusion maps, showed PSinfarct of 13 mL/100 mL per
minute. No thrombolytic agent was given.

F, NCCT 26 hours after presentation revealed a subtle focus
of hyperattenuation in the infarct area.

G and H, B0 images from DWI 30 hours after presentation
demonstrated foci of signal intensity loss consistent with
blood products (HI2).
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of 100%. Consequently, the data in the non-rtPA-treated sub-
group yielded an ROC curve with AUC of 1.00 (curve not
shown). For the rtPA-treated subgroup, threshold PSinfarct cri-
teria of 4.99 and 5.88 mL/100 mL per minute with a sensitivity
and specificity of 100% and 80% and 66.7% and 100%, respec-
tively, generated an ROC curve with AUC of 0.933. Taking the
entire cohort as a single group, threshold PSinfarct criteria of
5.16 and 5.99 mL/100 mL per minute with a sensitivity and
specificity of 100% and 88.6% and 83.3% and 100%, respec-
tively, generated an ROC curve with AUC of 0.981. These
curves are shown in Fig 5.

Discussion
The purpose of our study was to determine whether elevated
microvascular permeability can be detected in very early
strokes by using first-pass dynamic contrast-enhanced images
from PCT and, if so, whether PSinfarct values were significantly
higher for those infarcts that were destined for HT. We used a
retrospective study design in which we measured PS in the
region of hypoperfusion and then examined the follow-up im-
aging data to determine the presence of HT. Our results
showed that elevated PS can be detected during this hyper-
acute period using first-pass dynamic CT data. Despite some
overlap between PSHT and PSNo-HT in the cohort, differences
in their mean values were statistically significant. We stratified
the cohort into 2 subgroups according to rtPA treatment, and
differences in PSHT and PSNo-HT remained significantly differ-
ent in both. ROC curves were generated with selected PSinfarct

threshold criteria, and the curves demonstrate excellent dis-
crimination with AUCs ranging from 0.933 (rtPA subgroup)
to 1.00 (non-rtPA subgroup).

A defect in permeability was found mostly within the in-
farct core, which was expected, because this region contains
the most severely injured tissue. Although there are many
studies that report various clinical and molecular variables
predictive of HT,30,31 imaging BBB permeability is an intuitive
and conceptually attractive method to assess for HT risks. Ab-
normal BBB permeability can be seen qualitatively as paren-
chymal enhancement in conventional delayed postgado-
linium enhanced MR imaging, with enhancement in the early
period of AIS being predictive of HT.32-34 A conventional con-
trast-enhanced CT is not a component of our multimodal

stroke series protocol, and no contrast-enhanced CT or MR
imaging was performed during the follow-up period for our
cohort. Therefore, we could not assess for conventional paren-
chymal enhancement in a region with elevated PS. Future in-
vestigations should attempt to elucidate any association be-
tween early qualitative enhancement and quantitatively
elevated PS and compare their accuracies in predicting HT.

In this study, patients who received rtPA therapy had a
higher risk of HT (17% versus 9.2%), as expected. In addition,
patients with high PSinfarct who then received rtPA tended to
develop parenchymal hematomas (2 of 3) that were coincident
with clinical deterioration. Patients with high PSinfarct who
were not treated with rtPA tended to develop smaller petechial
hemorrhagic infarctions (HIs; 2 of 3) that were asymptomatic.
When discovered, HI (even if asymptomatic) may require a
closer surveillance of blood pressure and discontinuation of
anticoagulant therapy to prevent the risk of a larger hemor-
rhage. In such a clinical scenario, an elevated PS measurement
can still have prospective value by guiding subsequent in-hos-
pital management in patients for whom the decision has al-
ready been made to not treat with rtPA.

Some authors have argued that asymptomatic petechial HI
can be a favorable prognostic sign, indicating early successful
recanalization and reperfusion.35 In this cohort, follow-up an-
giographic data were not obtained in the 6 patients with HT.
Thus we cannot determine which, if any, was associated with
recanalization that may have been early versus late or sponta-
neous versus rtPA-induced. These variables should ideally be
accounted for in future studies.

The mean PSHT was lower in the rtPA treatment group by
�21% (8.7 versus 11 mL/100 mL per minute). This finding is
compatible with recent molecular studies indicating that rtPA
itself may further promote opening of the BBB by activating
lipoprotein receptor-related protein (LRP), which increases
BBB permeability.36 LRP can also upregulate matrix metallo-
proteinase-9, a mediator of extracellular proteolysis of the
neurovascular matrix.37,38

In comparison to the observations by Kassner et al,24 we
examined a larger study population consisting of both patients
with and without rtPA treatment. Moreover, this study exam-
ined the use of PCT, which has several advantages over perfu-
sion-weighted MR imaging (PWI) in stroke evaluation. Be-
cause an NCCT of the brain is ubiquitously the first imaging
study obtained for patients with suspected AIS, a PCT per-
formed immediately afterward (while the patient remains on
the scanner table) is fast, convenient, inexpensive, and widely
available, without the need for specialized equipment or per-
sonnel. A perfusion value obtained with PCT is generally re-
garded as a more accurate hemodynamic measurement over
PWI, because the concentration of iodinated contrast agent is
linear with x-ray attenuation.15 In addition, measurements are
unaffected by the tissue microenvironment, which may be
problematic in PWI. The major limitation of PCT is its current
inability to provide quantitative whole-brain imaging, though
this problem will probably be obviated in the near future with
the next generation of multidetector scanners.

The limitations of the study are its retrospective design and
a number of potential biases. We did not use multiple readers
for the quantitative analysis, and, as such, we cannot assess for
interobserver variability in PS measurements. In addition, our

Fig 4. Scatterplot of the 50 PSinfarct values, categorized by whether emergent rtPA was
given and whether subsequent HT occurred. Note the separation of PSHT values (second
and fourth columns) from those of PSNo-HT (first and third columns).
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cohort is only a small percentage of all of the AIS patients who
presented to the emergency department during the study pe-
riod. The reality is that most patients present much later to the
emergency department, when their infarcts may be more ex-
tensive and complete. The association between PSinfarct and
HT in this larger subpopulation is not answered by this study.

The Patlak method, a unidirectional 2-compartment
model, is the simplest approximation method for calculating
permeability.15 The Patlak method assumption that contrast
does not diffuse back into the intravascular space is appropri-
ate when dealing with first-pass dynamic data. During the first
pass of contrast through a region with a BBB defect, a small
amount of extravascular leakage of tracer occurs,19,39 though
most will remain in the intravascular space (allowing for per-
fusion calculations). In tumor imaging, first-pass permeability
is measured with a high scan frequency T2* susceptibility tech-
nique.18,19 Some investigators may argue that steady-state data
analyzed with a bidirectional model should be more accurate
in calculating permeability.15 Although this has been the gen-
eral viewpoint in tumor imaging, we are reminded of the re-
cent observations by Cha et al19 that, for gliomas, volume
transfer coefficient values derived from a first-pass T2* tech-
nique in less than 1.5 minutes show a linear correlation with
those derived from a steady-state T1 technique over 6 minutes.
For stroke imaging, there is no study to our knowledge that
compares the accuracy of permeability generated from unidi-
rectional modeling of first-pass data against bidirectional
modeling of steady-state data. Clearly, measuring PS under
steady-state conditions requires methodologies different from
those described in this study. Further investigations will be
needed to compare different acquisition protocols.

Conclusions
Elevated microvascular permeability was detectable in pa-
tients with very early AIS by using dynamic data acquired from
first-pass contrast-enhanced PCT. The permeability of in-
farcts that resulted in HT was significantly higher, irrespective

of rtPA treatment. The use of this information in emergent
stroke management and, in particular, its effect on rates of
rtPA eligibility will require further, prospective investigations.
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