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Thrombolytic therapy with recombinant tissue
plasminogen activators (rtPA) is the main treat-
ment available for acute ischemic stroke, yet use
of rtPA is currently limited to patients presenting
within 4.5 hours of symptom onset, because of
the increased risk of hemorrhagic transformation
(HT) if it is administered later.1,2 There is strong
evidence that the HT process begins at the micro-
vascular level.3 There are also a growing number
of reports implicating rtPA as either a primary
cause or as an aggravating factor in BBB
breakdown.4–8 Following intravenous injection of
contrast material, extravasation of contrast
(through a damaged BBB) is an accurate predictor
of subsequent HT. Imaging assessment of BBB
integrity may predict the likelihood of hemorrhagic
transformation on a patient-by-patient basis,
rather than using the same simple 4.5-hour time
limit for all patients. This could potentially extend
the therapeutic time window in patients with
evidence of BBB stability, and potentially exclude
some patients from receiving rtPA if they have
a high risk of hemorrhage despite falling within
the 4.5-hour time window. In this article, we
discuss the application of permeability imaging in
acute ischemic stroke using MRI and CT.
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MRI METHODS FOR THE ASSESSMENT OF
BBB INTEGRITY

In the 1980s, the introduction of paramagnetic
intravascular contrast agents, such as gadolinium
chelate gadopentetate dimeglumine (Gd-DTPA),
made possible the investigation of BBB integrity
using MRI. Gd-DTPA is the most widely used MR
contrast agent. It is a freely diffusible, extracellular
tracer with a molecular size of 550 Da. The
chelator moiety, DTPA, governs the kinetics of
the entire compound and clearance occurs
primarily via glomerular filtration. The contrast
enhancement is produced by the paramagnetic
Gd31 core of the agent, which is known to reduce
T1 in a concentration-dependent manner.9

For assessment of permeability, Gd-DTPA is
administered intravenously, usually as a bolus
(manual or power) injection. As the contrast agent
passes through the microvasculature of the brain,
it is almost entirely confined to the intravascular
space. In regions of BBB breakdown, however,
the contrast-agent can extravasate and accumu-
late in the interstitium. Once in the extravascular
space, voxels with higher concentrations of
contrast agent will appear bright on T1-weighted
MR images. We will now discuss the use of
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standard (static) postcontrast T1-weighted MR
imaging and dynamic contrast-enhanced MR
imaging for the detection of BBB breakdown.
Postcontrast T1-Weighted MRI to Predict HT
in Acute Ischemic Stroke

The detection of contrast leakage into brain paren-
chyma can be attempted with static T1-weighted
MR imaging. As with brain tumors, the rationale
for static contrast-enhanced MRI is that any tissue
supplied by vessels with compromised BBB
should eventually become conspicuous as a region
of signal enhancement on T1-weighted images.
Enhancement on T1-weighted images in hyper-
acute infarcts is indeed associated with subse-
quent HT.10–12 High-resolution T1-weighted
images are generally acquired at least several
minutes after the intravenous (IV) bolus injection
of contrast agent (usually 0.1 mmol/kg Gd-DTPA)
to allow for sufficient tracer accumulation in the
parenchyma at sites of BBB disruption. Although
qualitative visual evidence of parenchymal
enhancement (that is, contrast extravasation) on
postcontrast T1-weighted MRI is a highly specific
(specificity w85%) predictor of HT, it is infrequent
during the crucial hours after symptom
onset,11,13–16 and insensitive (sensitivity w35%),
which may make the test unsuitable for thera-
peutic decision making.10–12 Because it provides
only a “snapshot” of a dynamic process (ie,
contrast extravasation via breaches in BBB integ-
rity), postcontrast T1-weighted MRI could be
problematic during the hyperacute or acute phase
of injury in acute ischemic stroke. Postcontrast T1-
weighted images of 2 HT cases imaged fewer than
6 hours after symptom onset at our institution are
provided in Fig. 1 to illustrate this problem. At
present, it remains to be demonstrated that these
images can be acquired at just the right moment to
capture the onset of BBB breakdown and offer
adequate sensitivity within the current 4.5-hour
treatment window.
In part, the low sensitivity of postcontrast

T1-weighted MRI for secondary hemorrhage may
be a consequence of persistent ischemia or micro-
vascular obstruction in the acute phase17 such
that contrast fails to accumulate sufficiently within
the infarct despite local BBB disruption. A 1999
report demonstrated that the addition of a contin-
uous low-dose infusion of contrast to the initial
bolus dose could improve the sensitivity of post-
contrast T1-weighted MRI.13 Although a lengthy
infusion is clearly unsuitable for the purpose of
acute ischemic stroke treatment decision making,
the development of convenient measures that
increase the signal-to-noise ratio (SNR) may
enable us to detect BBB disruption, where it
exists.
Dynamic Contrast-Enhanced MRI

Rationale and acquisition strategy
Dynamic contrast-enhanced MRI (DCE-MRI)
typically involves intravenous bolus injection of
a gadolinium contrast agent followed by T1-
weighted gradient-recalled echo (GRE) imaging
of the brain repeated dozens of times over the
course of several minutes. Then, assuming a linear
relationship between image MR signal intensity as
a function of time (SI[t]) and contrast-agent
concentration as a function of time (C[t]), one can
generate a set of concentration versus time curves
for each voxel or region of the brain. One also typi-
cally generates at least one curve consisting
exclusively of blood plasma data (C[p]) (Fig. 2A).
As with postcontrast T1-weighted imaging,
evidence of enhancement indicates that contrast
material has escaped the confines of the intravas-
cular compartment via breaches in the BBB. The
advantage of the dynamic T1-weighted imaging
technique is that one can quantify contrast accu-
mulation as a function of time, apply an appro-
priate pharmacokinetic model to the time-varying
C(t) and C(p) data-sets, and estimate BBB perme-
ability in standard units of mL/100 g/min.
The most common MRI sequence used in brain

DCE-studies, including those performed at our
institution, is a 3-dimensional (3D) GRE sequence
with a short repetition-time (TR), short echo-time
(TE), and a flip angle of approximately 20� at
1.5 T.18 Three-dimensional volume acquisitions
are favored over 2D equivalents in DCE-MRI of
the brain, as they permit the simultaneous
sampling of the signal intensity in tissue and in
blood and are more likely to encompass a large
vessel from which one can generate an arterial
input function (a considerable challenge in brain
DCE19). In addition to coverage, a 3D DCE acqui-
sition offers the advantage of maximizing the
saturation of inflowing blood while minimizing pre-
contrast inflow enhancement.20 Furthermore, the
3D GRE sequence is less sensitive to geometric
distortions or magnetic susceptibility than equiva-
lent echo-planar sequences.
The temporal resolution of the DCE sequence

must be sufficient to capture the blood-brain flow
of contrast anticipated for the pathology of
interest. By definition, the temporal resolution of
the acquisition will improve with shorter TRs (ie,
more images can be collected per unit time); TE
should also be short, but this choice is related
more directly to mitigating susceptibility-related
signal loss caused by the transit of the



Fig. 1. Diffusion-weighted and postcontrast T1-weighted images for 2 acute ischemic stroke patients who pro-
ceeded to hemorrhage. Top: An 81-year-old female patient with acute ischemic stroke, visible as hyperintensity
(arrow) on the diffusion-weighted image acquired at 3 hours after symptom onset (A). The acute ischemic stroke
lesion in A (arrow) corresponds to an area of visible enhancement on the equivalent postcontrast T1-weighted
image (B, arrow). Bottom: A 69-year-old male patient with acute ischemic stroke, visible as hyperintensity (arrow-
head) on the diffusion-weighted image acquired at 5 hours 40 minutes after stroke (C). Unlike the previous case,
the area of ischemia depicted by the diffusion-weighted image did not appear to correspond to any visible ga-
dolinium enhancement in the equivalent T1-weighted image for this patient (D, arrowhead).
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Fig. 2. The contrast concentration versus time curves for both blood plasma (C[p], solid line) and tissue (C[t],
dotted line) are depicted in (A). Permeability can be estimated using a unidirectional 2-compartment tracer-
kinetic model (B), such as the Patlak model.27 Plotting the ratio C(t)/C(p) versus !Cp(t)dt/Cp(t) yields a linear
relationship, where permeability (KPS) is the slope of best fit (C).
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paramagnetic contrast-agent through the micro-
vasculature.21 The TR prescribed for brain
DCE-MRI studies is typically less than 10 ms.
Although a 3D volume acquisition necessarily
increases TR relative to single-slice approaches,
this is becoming less of an issue as more centers
gain access to parallel imaging techniques (eg,
sensitivity encoding using multiple receiver
coils22).

Pharmacokinetic modeling The initial step in phar-
macokinetic analysis is the conversion of MR
signal intensity to contrast-agent concentration.
The difference in SI between pre- and postcontrast
images using a T1-weighted GRE sequence can
be expressed as:
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where k is a proportionality constant, and R1 is the
longitudinal relaxation rate expressed as 1/T1.
One has transitioned from DSI to DR1, and after
that, one needs to determine the relationship
between DR1 and C(t). It is assumed that DR1 is
related to C(t) by a linear scaling factor, r1 (ie, T1
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relaxivity, in s�1 mM�1). Given that local tissue
environments can modulate tracer relaxivity, this
simplification may introduce errors in the final
parameter estimates.23

The next step is to model the relationship of the
tissue contrast agent concentration C(t) to the
concentration time curve of the contrast agent in
blood C(p) to gain insight into the physiological
process of exchange of the agent between the
intravascular and the extracellular space. To
achieve this, concentration time curves from
both tissue of interest and reference vascular
structures are mathematically fitted using a phar-
macokinetic model, which enables the derivation
of quantitative modeling parameters.

In many cases, the pharmacokinetic models that
are applied to DCE-MRI data were originally devel-
oped for nuclear medicine tracers.24–28 Most of
these are compartmental models, which define
the tissue space as a volume with both intravas-
cular and extravascular compartments. The
generalized 2-compartment analysis proposed
by Tofts and colleagues29 defines 2 tracer param-
eters of physiological interest: the transfer
constant, Ktrans [s�1] and the distribution volume,
ve (ie, the fraction of the extravascular-
extracellular space occupied by tracer in mL/g):

dCtðtÞ
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5K trans
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�
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��
(2)

When the concentration of contrast in the tissue
before injection is 0, that is C(t)0 5 0, we can find
a solution to Equation (2) and therefore determine
the C(t) for each time point postinjection:
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0
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where Ct(t) is the tissue concentration C(t), Cp(t) is
the plasma concentration C(p) over time, and the
5symbol indicates the convolution operator.

The physiological interpretation of Ktrans will be
specific to the tissue or pathology of interest.
Furthermore, Ktrans will depend on whether the in-
tercompartmental movement of tracer is restricted
primarily by capillary permeability or, rather,
movement is limited by regional blood flow (F, in
mL/min/g), ie, Ktrans 5 EFr (1 � rHct), where E
represents the fraction of contrast agent that
extravasates during the first circuit through the
vasculature (extraction fraction), r indicates the
density of the tissue in g/mL, and Hct is the hemat-
ocrit (the fraction of blood-volume occupied by
cells). In addition to flow, E is also related
to the permeability surface-area product (PS in
mL/min/g), E 5 1 � exp(�PS/F). Taken together,
we can see that Ktrans will predominantly reflect
regional blood flow when PS/F is high (KtranswFr
[1 � Hct]). Conversely, if PS/F <1, as is typically
the case for clinical MRI contrast media in normal
brain parenchyma (and intact BBB), then Ktrans will
be equivalent to PSr.18 (Note: Ktrans is sometimes
referred to as KPS under these conditions.)

If we consider the permeability-limited scenario
and we further assume that there is no efflux of
contrast, ie, the tracer becomes effectively “trap-
ped” in the extravascular compartment, at least
for the time-scale involved in the tracer-kinetic
study, then we can simplify the pharmacokinetic
model in the manner proposed by Patlak and
colleagues27 and depicted in Fig. 2B. The Patlak
model is a graphical approach for estimating
KPS that models the relationship between Ct(t)
and Cp(t) (the input function) using linear
regression:

CtðtÞ
CpðtÞ5KPS,

Z t

0

CpðtÞdt
CpðtÞ 1V (5)

where V represents the fractional blood volume in
each voxel. Plotting the ratio Ct(t)/Cp(t) versus
!Cp(t)dt/Cp yields a linear relationship, where
KPS is the slope of best fit and V is the y-intercept
(see Fig. 2C). This approach obviates the need for
deconvolution (and its sensitivity to noise). The
Patlak model has been adapted and successfully
applied to DCE-MRI data obtained in both brain
tumors30 and acute ischemic stroke20,31 for the
estimation of KPS.

DCE-MRI for the prediction of HT in acute
ischemic stroke
DCE-MRI may aid in selecting acute ischemic
stroke patients for treatment based on imaging
evidence of BBB integrity (that is, lack of BBB
disruption). Using DCE-MRI in an ischemic stroke
rat model, Knight and colleagues32 found that
progressive parenchymal enhancement was highly
correlated with the presence of HT after reperfu-
sion. After observing elevations in BBB perme-
ability with DCE-MRI, even in the absence of
visible postcontrast T1-weighted enhancement in
patients who have subsequently hemorrhaged
(Fig. 3), we added a DCE-MRI component to our
acute ischemic stroke MRI protocol. A pilot study
of 10 patients with acute ischemic stroke assessed
within 24 hours of symptom onset (and not treated
with rtPA) showed that it was feasible to measure
KPS in a clinical acute ischemic stroke setting.20

Follow-up imaging indicated that 3 of these
patients converted to hemorrhage within 48 hours,



Fig. 3. KPS map superimposed on the equivalent DCE image obtained from a 73-year-old patient with acute
ischemic stroke who subsequently hemorrhaged (A). There was no visible evidence of gadolinium enhancement
on the equivalent static postcontrast T1-weighted image (B). Both (A) and (B) were acquired approximately
3 hours following stroke onset. Diffusion-weighted MR imaging performed 48 hours later (C) revealed a region
of very low signal intensity within a region of hyperintensity, characteristic of hemorrhagic transformation.
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and a retrospective analysis found significantly
elevated KPS in infarcts that progressed to hemor-
rhage, compared with those in the non-HT group
(KPS 5 3.10 � 0.44 mL/100 g/min in the HT group
vs KPS5 0.12 � 0.10 mL/100 g/min in the non-HT
group; P<.02).20 Intrigued by these results, we
decided to perform a larger examination of DCE-
MRI in acute ischemic stroke, comparing patients
who received rtPA with untreated patients who
presented to the emergency department within
4 hours of symptomonset.33 Nine of the 33 patients
with acute ischemic stroke who were studied
showed progressive enhancement associated
with increased permeability in the acute phase
(5 received rtPA, 4 were untreated), all of whom
proceeded to HT at 48 hours after symptom onset.
The mean KPS in the HT infarcts was significantly
elevated relative to the contralateral hemisphere
(within-subjects), and significantly greater than in
non-HT infarcts (between-subjects). This was
observed in all HT cases, regardless of whether
or not the subject received rtPA. With enough
data, we may be able to derive a “permeability
threshold,” or KPS value capable of delineating
between “low” and “high” risk of HT. The patients
with acute ischemic stroke who would benefit the
most from this type of stratification would be those
who are otherwise excluded from thrombolytic
therapy because they present beyond the current
4.5-hour time window for thrombolysis.
Establishing a single receiver operating char-

acteristic (ROC) threshold for the prediction of
HT, however, may be a challenge. Ding and
colleagues34 observed that BBB permeability
appears to evolve over the course of the acute
phase in their rat model of embolic stroke. The
investigators found that at 3 hours after symptom
onset, KPS measured in infarcts that later hemor-
rhaged was 44% greater than in those that did not,
but this discrepancy rose to 167% by 24 hours. As
with static postcontrast T1-weighted enhance-
ment, DCE-MR imaging of BBB permeability may
be attempting to image a “moving target.” Curi-
ously, and on a smaller time scale, a trend toward
decreasing KPS estimates within the same scan
has been observed in patients with acute ischemic
stroke, with the KPS of HT infarcts exceeding
12 mL/100 g/min when the first 2.5 minutes of
DCE-MRI data were used to calculate the esti-
mate, and diminishing to approximately 3.5 mL/
100 g/min when the full 4.8 minutes of data were
used to approximate permeability in the same
infarcts.35 A similar phenomenon has been re-
ported in the CT permeability imaging literature,
whereby permeability values derived from first-
pass data increased (3 minutes postcontrast) esti-
mates by approximately fivefold in patients with
acute ischemic stroke (7.6 vs 1.3 mL/100 g/min
in infarcts).36 We do not believe, however, that
the decline in KPS reflects a true decrease in
microvascular permeability during the course of
DCE-MRI acquisition. Rather, accurate approxi-
mations of true microvascular permeability are
more likely when the transfer of contrast between
the blood and tissue compartments is “close”
to equilibrium. To respect the assumptions
inherent in the Patlak model, the tracer concentra-
tion versus time data must be acquired after
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blood-tissue equilibrium has been attained, that is,
when the transfer of contrast between compart-
ments is no longer dominated by the rapid
changes associated with contrast wash-in.27 Devi-
ation from this assumption results in nonlinearity of
the Patlak plot, perhaps manifesting in a steep rise
followed by a rapid recession in Ct/Cp. Although it
is still possible to perform linear regression, it is
unlikely that the slope of best-fit would reflect
true KPS in this scenario.
CT METHODS FOR THE ASSESSMENT
OF BBB INTEGRITY

CT offers an alternative toMRI for mapping perme-
ability in patients with acute ischemic stroke.
Whereas DCE-MRI involves intravenous injection
of a paramagnetic contrast agent and voxel-wise
measurement of MR signal intensity as a function
of time, dynamic contrast-enhanced CT involves
intravenous injection of an iodinated contrast
agent and voxel-wise measurement of attenuation
coefficient (Hounsfield units) as a function of time.
The subsequent pharmacokinetic modeling is
similar for DCE-CT and DCE-MRI, as discussed
previously. Fig. 4 is an example of a CT perme-
ability map obtained in an acute stroke patient.
The image shows a region of increased perme-
ability, with subsequent corresponding hemor-
rhagic transformation.
Fig. 4. Map of brain permeability (A) obtained using DCE-C
stroke, demonstrates a large region of increased permeab
CT study performed 10 hours later shows hemorrhagic
courtesy of Dr Max Wintermark, Division of Neuroradiolo
Advantages of the CT technique over MRI
mainly pertain to availability, accessibility, and
speed of CT in the acute stroke setting. These
advantages are particularly realized at institutes
already performing nonenhanced CT followed by
CT angiography (CTA) and/or CT perfusion (CTP)
for acute stroke. A major limitation of CTP has
been limited craniocaudal spatial coverage, but
this will not be an issue with the next generation
of multidetector CT scanners.

In 2007, Lin and colleagues37 reported the use
of standard CTP data to map permeability. This
group retrospectively reanalyzed first-pass
dynamic CTP data (60-second cine acquisition)
from 50 patients imaged within 3 hours of onset
of acute ischemic stroke, and used the Patlak
model to generate maps of permeability. In total,
6 of 50 patients had hemorrhagic transformation.
Permeability surface area product (PS) ranged
from 5.2 to 13.0 (mean: 9.8 � 2.9) in infarcts with
hemorrhage transformation, versus 0 to 5.9
(mean: 2.7 � 2.0; P<.0001) in infarcts without
hemorrhagic transformation. A PS threshold of
5.16 mL/100 mL/min yielded a sensitivity and
specificity of 100% and 88.7% for prediction of
hemorrhagic transformation, and the mean area
under the ROC curve was 0.981. A limitation of
this study was that the Patlak model was applied
to first-pass data, but this model was intended
for use only after a steady-state phase of contrast
T, in a patient with a left MCA territory acute ischemic
ility (green) in the left MCA territory. A nonenhanced
conversion (B) in the corresponding region. (Images
gy, University of Virginia.)
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transfer between the intravascular and extravas-
cular compartments.
Dankbaar and colleagues36 demonstrated em-

pirically that, indeed, use of first-pass CTP data
results in incorrect permeability values, and gener-
ates delayed perfusion information rather than
permeability. Specifically, Dankbaar and col-
leagues found that first-pass CTP data yield an
overestimation of permeability. Subsequently,
Hom and colleagues38 performed a study to deter-
mine how long a delay in acquisition is needed to
achieve steady state, and generate accurate
permeability values. They found that theCTPacqui-
sition should extend for at least 210 seconds. A
longer delay must be balanced against the
increased likelihood of head motion with a longer
acquisition, and potentially increased radiation
dose as well.
Recognizing the need for a longer CTP acquisi-

tion, Aviv and colleagues39 performed a prospec-
tive study using a 2-phase CTP acquisition to
determine whether PS values distinguish patients
with acute stroke who are likely to develop hemor-
rhagic transformation from those who are not.
They reported on 41 patients with acute ischemic
stroke who underwent imaging within 3 hours of
symptom onset. A CTA was performed from the
aortic arch through the vertex, followed by
a second bolus of contrast injection, a 45-second
continuous CTP acquisition, and then a 90-second
CTP acquisition with an image acquired every
15 seconds. In this study, 23 of 41 patients devel-
oped hemorrhagic transformation. A PS threshold
of 0.23 mL/100 mL/min yielded a sensitivity and
specificity of 77% and 94% for prediction of
hemorrhagic transformation, and the mean area
under the ROC curve was 0.918. One question
arising from this study was whether residual
contrast material from the CTA affects the accu-
racy of the subsequent permeability measure-
ment. Does saturation of the parenchymal
compartment from the first bolus decrease the
amount of contrast extravasation following the
second bolus?36 This theoretical possibility might
require further investigation.
SUMMARY AND FUTURE DIRECTIONS FOR
IMAGING ASSESSMENT OF BBB INTEGRITY

The term “permeability imaging” is currently used
for MR and CT techniques to map disruption of
the BBB. In the context of MRI, it involves either
a qualitative (static postcontrast T1-weighted
imaging) or quantitative (typically, DCE) technique.
In the context of CT, it involves either standard
or extended CTP acquisitions. Qualitative
evidence of parenchymal contrast enhancement
on T1-weighted static MRI is a specific, but not
sensitive indicator of BBB disruption. Furthermore,
visual assessment of gadolinium enhancement is
unsuitable for the longitudinal study of perme-
ability desired for clinical trials. There is a recog-
nized need to identify incremental changes in
microvascular permeability to evaluate the effec-
tiveness of rtPA for acute ischemic stroke. In
contradistinction, DCE-MRI may indeed provide
a robust tool for assessing the effects of such ther-
apies on HT, but more guidance is required
regarding the appropriate selection of MR end
points. Although we have endeavored to empha-
size the relative strengths and weaknesses of
both CT and MRI approaches, the choice of tech-
nique will also depend on institutional expertise.
This is particularly true of the dynamic techniques,
as they require familiarity with pharmacokinetic
modeling or at least the interpretation of the
parameter estimates provided by the software.
Several investigatorshaveproposedMRIalterna-

tives to T1-based DCE MRI, aimed to extract
permeability-related information from routine
clinical perfusion-weighted images.40–42 Perfusion
imaging with dynamic susceptibility contrast
(DSC) MRI is a mainstay of most acute ischemic
stroke evaluation protocols and can be acquired in
less than 2 minutes. Like DCE, DSC imaging
involves tracking the passage of an intravenously
administered bolus of gadolinium contrast agent
with a series of MR images. The high magnetic
moment of gadolinium will alter the local magnetic
field of blood (ie, change the susceptibility or T2*)
relative to surrounding brain parenchyma. In prin-
ciple, as longas theBBBremains intact, this change
in susceptibility will be visualized as signal loss on
T2*-weighted images. In the context of BBBdisrup-
tion, however, the initial signal drop associatedwith
gadolinium passing through the blood vessels
within the voxel is followed by an increase in signal
intensity as contrast begins to extravasate (ie,
a competing T1 effect). Evidence of this secondary
signal intensity increase, and/or its extent, forms the
basis for exploring DSC-measures as potential
surrogate markers of BBB disruption.
One such approach is to measure the relative re-

circulation of contrast (rR).40 This DSC measure
involves separating the intravascular (T2*) and
extravascular/recirculation phases (T1) by fitting
a theoretical first-pass curve to the DR2* versus
time curve (DR2* 5 D(1/T2*)) and measuring the
difference in the areas encompassed by the
measured and the fitted curves (Fig. 5). Given
that contrast extravasation is also associated
with BBB disruption in acute ischemic stroke,
investigators have begun to evaluate DSC-
based surrogates as predictors of hemorrhagic



Fig. 5. A DR2* versus time curve (DR2*measured), as well as its gamma-variate fit (DR2*fit), depicting 3 DSC surrogate
measures of BBB permeability: rR, Peak Height, and Slope 5 slope of DR2*measured (t) between 50 and 60 seconds
after injection.
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complications. Bang and coworkers42 hypothe-
sized that the change in T2* relaxation rate (DR2*)
associated with the last 10 seconds of a 60-
second bolus tracking study (negative slope) can
predict HT in recanalized acute ischemic stroke
patients. In fact, this simple DSC marker appeared
to predict future HT with a sensitivity of 83%. More
recently, we estimated rR in patients with acute
ischemic stroke and compared this DSC metric
with DCE-MRI estimates of BBB permeability
(KPS).43 Preliminary results indicated a strong
and significant correlation between rR and KPS,
as well as significant increases in both measures
in stroke lesions that proceeded to hemorrhage
(compared with those that did not). Taken
together, these early findings provide support for
our hypothesis that rR is related to the extent of
BBB leakage and that rRmay provide a reasonable
surrogate for KPS.

Although encouraging, it is not presently known
whether rR is strictly reflective of BBB permeability
or rather just microvascular “abnormalities.” A
more prudent interpretation of these results is
that rR reflects a superposition of microvascular
features, including blood volume, vessel tortuosity
and, perhaps, permeability.40,44 As such, rR may
be less suitable than KPS for the investigation of
new therapies and their effects on BBB integrity
(eg, where absolute quantification is desirable).
Whether or not rR will ultimately prove valuable
in treatment decision making in acute ischemic
stroke remains to be demonstrated.
The next advancement in CTmapping of perme-
ability is likely to be more widespread availability
of CT scanners capable of whole-brain CTP
coverage. Intrasubject comparison of permeability
values obtained with CT versus MRI techniques
may help clarify the relative merits of each of these
approaches, but serial imaging with closely
spaced CT and MRI will be challenging in an acute
stroke setting. Perhaps animal model comparison
will be useful.

With either CT or MRI, the ability to quickly
and accurately predict the likelihood of hemor-
rhagic transformation may enable a transition
from using a fixed therapeutic time window for
rtPA administration to treatment decisions based
on individual patient risk. This move to individual-
ized risk assessment is certainly a promising
area of imaging research in the broadest sense,
and permeability imaging may be an early
success.
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