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In the last 15 years there has been a relative explosion in
the number of magnetic resonance imaging (MRI) techni-
ques and developments related to cerebral perfusion.
Given the variety of perfusion methods available, it is of-
ten difficult to decide which technique would be best for a
particular clinical question or patient. In this review arti-
cle we discuss the more common techniques, review how
they are performed, and summarize the optimal technique
or techniques for a variety of clinical situations.

Key Words: cerebral perfusion; ASL; arterial spin label-
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ROUTINE CLINICAL PROTOCOLS are in constant flux.
The choice of which sequences to include, and equally
important, how to perform them, is a difficult one.
Implementation in a bustling clinical practice is often a
question of practicality, in particular when considering
the incorporation of routine functional imaging such as
perfusion magnetic resonance imaging (MRI). In this
article we review the most widely utilized MRI brain
perfusion techniques, how the techniques are per-
formed, when each should or should not be used, and
clinical examples of protocol implementation. While
this article will at times reference the physical models,
sequence details, and other scientific points of perfu-
sion imaging, the goal is to impart a practical under-
standing of the most widely used MRI perfusion techni-
ques and their use in clinical practice.

All forms of perfusion imaging utilize an intravascular
tracer that can be detected in the area of interest. The
tracers can be classified as diffusible or nondiffusible
based on their interaction with the blood–brain barrier
(BBB). For MRI perfusion imaging, gadolinium-based
compounds are considered nondiffusible, whereas
techniques such as arterial spin labeling (ASL)—that
use the native protons in blood water—are considered
diffusible.

PERFUSION IMAGING WITH GADOLINIUM

Overview

Brain perfusion imaging performed after the intrave-
nous administration of a gadolinium-chelated contrast
agent falls into two categories: dynamic susceptibility-
weighted contrast (DSC) and dynamic contrast
enhancement (DCE). Both the DSC and DCE techni-
ques are patterned after ‘‘tracer kinetic’’ models of tissue
perfusion, which utilize a gadolinium-chelate tracer,
track that tracer through the tissue, and then analyze
its ingress/egress (1). DSC utilizes the T2* effect of a
bolus of gadolinium-chelate—the fundamental obser-
vation that the agent causes a transient decrease in sig-
nal intensity during initial transit through the vascula-
ture (2–4). DCE, on the other hand, relies on the
observation that gadolinium-chelated contrast agents,
after the transient T2* effects, cause relative T1 short-
ening within the blood-pool and within any extravascu-
lar space in which the gadolinium-chelate accumulates

because of leakage across the BBB or blood–tumor bar-
rier. These changes can be measured, qualified, quanti-
fied, and displayed as regional brain perfusion metrics.
Of the gadolinium-based techniques, article focuses
primarily on the DSC technique, which currently has
greater widespread clinical application than DCE.

Technical Considerations

DSC Perfusion

The standard parameters used in the context of tracer-
kinetic models of DSC perfusion imaging are time to
peak (TTP), arrival time (AT), cerebral blood volume
(CBV), cerebral blood flow (CBF), and mean transit time
(MTT). CBV is defined as milliliters of blood per 100
grams of brain tissue (mL blood/100 g). CBF is the vol-
ume of blood flowing through a mass of brain tissue
over a certain period of time (reported as mL/100 g/
min). According to the central volume principle of indi-
cator-dilution theory, CBV, CBF, and MTT are related
through the simple equation MTT ¼ CBV/CBF (5,6).

Although confined to the vasculature, the suscepti-
bility effect of a gadolinium-chelate will extend beyond
the lumen to the adjacent parenchyma (4). Within a
given voxel, the signal intensity will fall as the gado-
linium-chelate bolus arrives, which is due to the T2*
effects and dependent on the strength of the magnetic
field (2). The signal intensity is converted to tissue
concentration by Eq. [1]:

Tissue concentrationðtÞ ¼ �k � logðSðtÞ=Sð0ÞÞ=TE ½1�

Here, k is assumed to be constant, S(t) is signal inten-
sity at time (t), S(0) is the signal intensity at time zero,
and TE is the echo time of the pulse sequence.

The arrival time is defined as the time from bolus
administration to the time the tissue concentration
curve begins to rise. The time to peak is the time from
bolus administration to peak signal intensity. A sim-
ple method to derive relative MTT (rMTT) is the full
width at half maximum of the tissue-concentration-
over-time curve (or simply, the ‘‘tissue concentration
curve’’). The area under this tissue concentration curve
is proportional to CBV (Fig. 1). By integrating the area
under the tissue concentration curve, a relative cerebral
blood volume metric (rCBV) is defined. This value
assumes the T1 effects are negligible, which can be seen
in the delayed elevation of the curve baseline. Several
techniques including baseline subtraction, model free
methods, and gamma variate fit have been used to
account for the T1 effects when calculating DSC met-
rics. The method selected can have a significant influ-
ence on the final perfusion measurements (7). The three
parameters AT, TTP, and rCBV are the easiest to calcu-
late and the most commonly used clinical perfusion
metrics derived from DSC perfusion imaging (5,8–10).

Absolute quantification of DSC perfusion data
requires knowledge of the concentration of contrast
material in the blood pool. This value, called the arte-
rial input function (AIF), is obtained by measuring the
concentration curve of the artery supplying the area
of interest. As opposed to relative perfusion data, a
quantifiable tissue concentration curve is technically
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derived using the AIF, the CBF, and the tissue residue
function, R(t), which is the amount of contrast remaining
in the tissues at time (t). A mathematical process called
deconvolution can extract the CBF and R(t) from the tis-
sue concentration curve if the AIF is known. CBV is then
calculated, which is equal to the integral of the tissue
concentration curve divided by the integral of the AIF
curve. MTT is easily derived once CBV and CBF have
been measured, as MTT ¼ CBV/CBF (MTT also equals
the area under the R(t) curve). The challenges associated
with absolute quantification of perfusion metrics from
DSC perfusion imaging are numerous. The final values
obtained are highly dependent on the AIF measurement.
There are inherent difficulties with this measurement.
The AIF is related to cardiac output, vascular tone,
which artery is selected, which arm was injected and,
most significantly, partial volume effects related to the
small size and volume averaging of the intracranial ves-
sels (10,11). The partial volume effects act in a nonlinear
fashion, compromising perfusion quantitation, espe-
cially at the longer echo times typically used for clinical
imaging (12). There are many deconvolution models,
but no single method has been universally accepted to
date. Furthermore, there is no uniformity among meth-
ods used in practice, most of which have not been
thoroughly validated (13,14). As such, the difficultly in
performing accurate and reproducible absolute perfu-
sion quantification using DSC techniques is one of the
primary weaknesses of this method, which is an im-
portant problem with clinical implications. Without
accurate quantification, for example, one cannot com-
pare perfusion data in the same patient over time,
especially when searching for subtle change or global
perfusion patterns. In general clinical practice, the
simple solution is to use the AT, TTP, and rCBV maps.
These parameters provide relevant, reliable data about
the pathologic process being evaluated.

The methods described above assume that the gado-
linium remains an intravascular tracer throughout

image acquisition. If the BBB is dysfunctional or ‘‘leaky,’’
the DSC data can be compromised. This relates to the
relative shortening of the T1 of water in the presence of
parenchymal contrast extravasation, which counteracts
or mutes the T2* effect/signal intensity decrease (2,15).
Recent comparative studies have shown that a ‘‘preload’’
of gadolinium-chelate, given before the actual bolus
dose for DSC data acquisition, can reduce the deleteri-
ous impact of a leaky BBB on the perfusion data (7). The
preload reduces the T1 leakage effects by saturating the
‘‘leaky’’ tissues with gadolinium-chelate, thereby damp-
ening the T1 shortening effects of the main bolus during
DSC-MRI acquisition (16). At our institution, a ‘‘preload’’
bolus of gadolinium-chelate is routinely administered
prior to DSC perfusion imaging.

DCE Perfusion

DSC MRI remains the clinical standard among perfusion
techniques utilizing a gadolinium-chelate, but errors are
inherently introduced into the data processing for a vari-
ety of reasons, including the difference in relaxivity
between tissue and blood pool (17) and the problems in-
herent in BBB breakdown, as discussed above. For these
reasons and others, alternative methods of gadolinium-
chelate perfusion imaging have been advanced, chiefly
DCE-MRI. DCE-MRI perfusion uses metrics to describe
the permeability of the BBB and the relationship to the
extracellular extravascular space (EES). The same leak-
age that confounds the DSC perfusion is measured with
DCE using a dynamic T1-weighted sequence. The acqui-
sition time course is often over several minutes for DCE,
while DSC is about 60 seconds in length. This time
allows for measurement of the wash-in and wash-out of
the contrast material in the EES. There are several meth-
ods for image interpretation. The simplest method is to
examine the signal intensity curves over time for a region
of interest. The rate or slope of the wash-in and wash-
out curve for multiple regions of interest can be visually
assessed. This type of assessment is valuable for distin-
guishing tumors (rapid curve rise) from radiation necro-
sis (slow curve rise). Semiquantitative methods can also
be used and parametric maps can be easily created
showing the slope of the wash-in and wash-out curves,
maximal enhancement, and arrival time. Additional
quantitative methods can also be performed by integrat-
ing the initial area under the DCE tissue concentration
curve (IAUCC). This metric has been shown to be similar
to the more advanced DCE parameters; however, it also
reflects multiple physiologic processes including perme-
ability, volume of the EES, and blood flow (11,18). More
advanced processing involves use of T1 maps, a vascular
input function (much like the AIF in DSC-MRI), and com-
plex pharmacokinetic models. This later method of post-
processing provides the metrics ktrans (the transfer coeffi-
cient between the plasma and EES that reflects
permeability of the BBB), vp or fractional plasma volume,
and ve or fractional volume of the EES (11). These varia-
bles are related by Eq. [2]:

veðdC1=dtÞ ¼ ktransðCp � C1Þ ½2�

C1 is the measured tissue concentration, and Cp is
the plasma concentration acquired from the AIF.

Figure 1. Schematic representation of the time–intensity
curve in DSC-MRI perfusion. Tissue concentration of gadolin-
ium-chelate is on the Y-axis and time on the X-axis. Simplisti-
cally, the area under the curve is proportional to relative
cerebral blood volume within the voxel of interest. The arrival
and peak of the signal change equates to arrival time (AT) and
time to peak (TTP), respectively, which are the most commonly
used transit parameters. The full width at half maximum con-
centration is the relative mean transit time (rMTT). [Color fig-
ure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Quantitative DCE perfusion suffers from the same
need and limitations of the AIF as DSC perfusion. One
difficulty in this technique is that the T1 changes are
an order of magnitude less than the T2* effects meas-
ured with DSC (17). But one of the main limitations of
this technique, and perhaps the reason it has not yet
achieved widespread clinical use, is the difficulty in the
DCE tracer kinetic model. Early work with DCE-MRI
utilized a ‘‘one-compartment’’ model, which does not
allow CBV quantification (19,20). Further, this model
loses validity in the setting of a leaky BBB. Recent stud-
ies have evaluated CBV and CBF quantification by
DCE-MRI using ‘‘two compartment’’ models (21,22).
Regardless, the DCE model selected can have signifi-
cant effects on the final values of ktrans and ve. Further-
more, the AIF selected can also have significant effects
on the final metric. These inherent challenges make it
difficult, if not impossible, to compare ktrans values
between different models, publications, and patients.
Because the optimum modeling of DCE-MRI data is
still a ‘‘moving target,’’ major MRI vendors have been
slow to offer the software necessary for clinical quanti-
tative data analysis. Likely, for this reason more than
any other, it remains secondary to DSC-MRI and arte-
rial spin label imaging (which is discussed in detail
below). Indeed, the current clinical roles for DCE are
primarily confined to the characterization of tumors
(Fig. 2), evaluation of recurrent tumor versus radiation
necrosis, and changes in tumor microvasculature in
response to therapy. Multi-institutional efforts such as

the Quantitative Imaging Biomarkers Alliance (QIBA)—
sponsored by the Radiological Society of North Amer-
ica—are currently under way to establish reference
measures and best practices that could serve as a basis
for more widespread clinical implementation.

PERFUSION IMAGING WITHOUT GADOLINIUM

Overview

MRI perfusion imaging without the use of gadolinium-
chelate contrast agents is performed through ‘‘spin
tagging,’’ more commonly called arterial spin labeling
(ASL). In this method, diffusible and magnetically la-
beled protons within blood water flow into the brain,
where they are imaged. This technique was developed
and conceptualized almost 20 years ago, but has only
recently gained clinical feasibility (23). ASL has some
intrinsic advantages over DSC and DCE perfusion
imaging. ASL requires no intravenous contrast, thus
avoiding the risk of nephrogenic systemic fibrosis
(24). Moreover, intravenous access is not necessary,
which can often be the source of clinical delays, par-
ticularly in the pediatric setting. Quantified CBF can
be obtained by ASL methods (25). Furthermore, abso-
lute CBF obtained with ASL compares favorably to the
‘‘gold-standard’’ technique of positron emission tomog-
raphy (PET) (26). However, ASL provides low image
signal-to-noise ratio (SNR), as signal is from endoge-
nous contrast (blood), which has a small fraction in

Figure 2. Glioblastoma mul-
tiforme (GBM). a: An avidly
enhancing mass is identified
in the inferior left frontal lobe
(arrow). b: DSC perfusion
shows a high rCBV (arrow)
that measured 2.23 compared
to the contralateral white mat-
ter. c: Wash-in perfusion map
derived from DCE shows a
rapid rate of wash-in of the
mass (arrow). d: Initial area
under the tissue concentra-
tion curve (IAUGC) obtained
from the DCE data shows a
very high value (arrow).
This parameter reflects per-
meability, volume of the
EES, and CBF. [Color figure
can be viewed in the online
issue, which is available at
wileyonlinelibrary.com.]
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the tissue (�1%), most ASL implementations currently
provide CBF alone, and sensitivity to transit delay,
delivery time from the location of tagging to the target
tissue, often hinders accurate quantification of CBF
especially in clinical applications.

Technical Considerations

Arterial Spin Labeling

ASL is performed in a two-step manner with a prepara-
tion and acquisition phase. In the preparation phase,
blood flowing toward the brain parenchyma is ‘‘labeled’’
by a radiofrequency (RF) pulse; this is performed in the
‘‘tagging plane.’’ Next, the labeled blood flows to the
brain, sometimes waiting a predetermined time known
as the ‘‘postlabeling delay’’ before the final phase. In the
acquisition phase, a series of slices within the brain are
imaged both with and without (control) the label. This
is performed in the ‘‘imaging plane.’’

Manipulating the parameters of the preparatory phase
has led to nuances within the general method. There are
four basic varieties, known as pulsed arterial spin label
imaging (PASL), continuous arterial spin label imaging
(CASL), pseudocontinuous arterial spin label imaging
(PCASL), and velocity-selective arterial spin label imag-
ing (VS-ASL). Each differs in the technique utilized to
deliver the magnetic tag to the inflowing blood. PASL
uses short RF pulses to invert a thick slab of spins prox-
imal to the imaging plane. CASL uses long and uninter-
rupted RF pulses to invert a narrow slice of spins adja-
cent to the imaging plane. As the name implies, this is
done in a continuous manner while the spins flow
through the tagging plane into the imaging plane.
Although this results in higher perfusion sensitivity
than with PASL, the continuous RF pulse deposits large
amounts of energy into the patient, which can poten-
tially exceed the specific absorption rate (SAR) limits
established by the Food and Drug Administration (27).
Further, the hardware to generate a continuous pulse is
not available on many commercial MR scanners and
CASL often requires separate labeling and imaging coils
to circumvent some of the SAR and magnetization trans-
fer limitations (28). In response to these limitations,
PCASL was developed to mimic the tagging mechanism
of CASL without the inherent drawbacks. This is accom-
plished by rapidly repeating gradient and RF pulses to
attain near-continuous labeling with high efficiency but
without the hardware requirements and magnetization
transfer effects of CASL (29). Although promising, PCASL
is not yet widely available. While PASL, CASL, and
PCASL perform tagging based on location of the flowing
blood, VS-ASL saturates blood flowing within a specified
velocity range, and in this manner provides contrast for
perfusion imaging. Since the tagging is applied at a loca-
tion proximal to the imaging plane, it is postulated that
VS-ASL has less significant transit delay effects with
greater uniformity. It may have more utility in the context
of slow flow and/or collateral flow conditions (30,31).
However, the low SNR of ASL is exacerbated in VS-ASL,
since spins are labeled by saturation pulses instead of
inversion pulses as in the other ASL methods.

To date, the PASL technique is the most widely
available and is used at our institution. Ideally, all of

the energy imparted on protons in the tagging plane
will be deposited into the parenchyma of the imaging
plane prior to the initiation of the imaging acquisi-
tions. This does not always happen, and some of the
tag will remain in the intravascular space. If imaged
and quantified, this lingering intravascular tag can
lead to inaccurate perfusion data. The removal of the
intravascular label can be facilitated by the utilization
of bipolar ‘‘crusher’’ gradients, which essentially
suppress the signal of moving spins, ie, those that
remain in the intravascular space. Lack of a crusher
gradient makes quantification difficult because the
intravascular tag can artificially inflate tissue perfu-
sion results. Beyond quantification, the presence or
absence of crusher gradient use in pathologic condi-
tions, such as slow flow situations, significantly
affects the appearance of pathology. If a crusher gra-
dient is used in slow flow situations, there will be a
large apparent perfusion defect because much of the
tag does not reach the parenchyma. The crusher gra-
dient will null this signal and the final image appears
more like a transit time map, and no longer reflects
actual CBF in the area of slow flow. Thus, in a slow
flow scenario with a crusher gradient, perfusion is
underestimated. In the same situation, without a
crusher gradient, the slow flow region will have high
linear intravascular signal and CBF could be overesti-
mated. The disadvantage of crusher gradients is that
they decrease the overall signal by suppressing the
intravascular components (32). In some situations,
however, it can be advantageous to identify the pres-
ence of significant intravascular signal, indicating a
slow flow condition. Therefore, the application of
crusher gradients is not uniformly performed.

Between the preparatory phase and acquisition phase
of ASL is the postlabeling delay (PLD), known as the
inversion time in PASL imaging. This is an extremely im-
portant parameter in the performance of ASL. The bene-
fits of a brief PLD include shorter scan time and a rela-
tively large amount of nondecayed signal. However, with
a short PLD the tagged blood may not have had time to
reach the parenchyma of the imaging plane and the per-
fusion signal is artificially low. Further, there is less time
for the label to diffuse into the tissue, placing a greater
need on crusher gradients, which, if used, result in an
image that underestimates perfusion (33). The benefits
of a long PLD include greater potential signal within the
imaging plane and more accurate depiction of cerebral
perfusion. Drawbacks include a relatively small amount
of signal remaining after T1 decay and increased total
scan length, which notably also increases the likelihood
of motion artifact. As with most MRI parameters, there is
no perfect value for the PLD, which ultimately depends
on the patient population being imaged. Familiarity with
normal age-related changes in ASL perfusion data may
be helpful in choosing the appropriate PLD and with
scan interpretation (19,33,34).

Following the delay, the data are acquired, conven-
tionally with echo-planar imaging (EPI) sequences,
because of the fast acquisition and simple reconstruc-
tion. During acquisition, suppression of the static
signal of normal tissues in the imaging plane is im-
portant to improve SNR (35). Also during acquisition,
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numerous label/control pairs are typically acquired
(eg, 60 pairs for the PASL technique). With appropri-
ate crusher gradient application, the change in signal
between the label/control pairs represents the perfu-
sion, but the signal change is small (1%–2%). Increas-
ing the number of label/control pairs improves SNR,
but adds time to scan length. The signal difference is
influenced by a variety of factors, including the T1 of
blood and brain parenchyma, and the time necessary
for the blood to travel from the tagging plane to the
imaging plane, during which signal decay occurs.
Once acquired, the data are processed, which consists
of motion correction, subtraction of alternating label/
control pairs, tissue segmentation, and CBF quantifi-
cation. The CBF is calculated in PASL using Eq. [3]:

f ¼ DMðTI2Þ
2M0;blood aTI1 q T1;tissue ;T1;blood ; f ;l;TI2

� � e
TI2

T1;blood

� �

½3�

Here, f is the cerebral blood flow, DM(TI2) is the differ-
ence in the signal intensity between the control and
label images, M0,blood is the equilibrium magnetization
of blood, a is the tagging efficiency, TI1 is the time du-
ration of the tagging bolus, l is the blood-brain coeffi-
cient, TI2 is the inversion time of each slice, and
T1,blood is the longitudinal relaxation time of blood; q
is a correction factor that accounts for the difference
between the T1 of blood and the brain tissue (36).

At our institution, the grayscale CBF maps are con-
verted to color Joint Photographic Expert Group (jpeg)
images using a standardized color perfusion scale, with
both grayscale and color jpeg images sent to the picture
archiving and communication system (PACS). The
standardized color jpeg CBF maps allow for rapid clini-
cal interpretation and comparison across timepoints
and between patients, whereas the grayscale images
allow localization with conventional imaging sequences
and conventional manipulation of brightness and con-
trast. As for vendor-supplied product implementations,
no current standardization of color has yet been
determined. Greater detail can be found in several
recent publications for improving PASL images with
data filtering (37) and clinical implementation (38).

The ability to acquire ASL perfusion data, and the
software to process it, are commonplace now among
major MRI vendors. Currently, most vendors utilize the
PASL technique, which may soon be replaced by PCASL.
Our PASL technique utilizes quantitative imaging of per-
fusion and a single subtraction with thin section TI1 per-
iodic saturation (QUIPSS II TIPS, OR Q2TIPS) (36) with
a flow-sensitive alternating inversion recovery (FAIR)
sequence (39). The Q2TIPS-FAIR sequence incorporates
saturation pulses, which convert a spatially tagged
bolus into a temporal bolus, allowing quantification. By
combining Q2TIPS-FAIR with EPI for localization, we
routinely obtain 11 sections consisting of 60 label/con-
trol pairs. The scan time is �6 minutes 30 seconds. At
our institution, the pulses saturate a 2-cm slab of tis-
sue, which is spaced 1 cm from the first slice of the
imaging plane. Crusher gradients are utilized to sup-
press intraarterial spins from tagging performed earlier

in the sequence, which may not have dissipated during
subsequent rounds of tagging (25,32).

Clinical Protocol

Our clinical protocols were developed primarily on a
General Electric platform, but comparable techniques
are available through other major vendors. In essence,
on all routine brains we acquire perfusion data utiliz-
ing all three techniques outlined above. Once imple-
mented, this is rather simple to perform. ASL does
not use gadolinium-chelate contrast and the T1 short-
ening caused by gadolinium destroys the ASL signal.
Therefore, ASL is the first perfusion sequence acquired.
Both DSC and DCE techniques require gadolinium,
but are largely unrelated in the mechanism whereby
imaging contrast is provided. We take advantage of the
need to preload for the DSC technique and acquire the
DCE portion of the exam first, using 1/3 of the normal
weight-based dose of gadolinium. The DCE acquisition
serves as the preload for the subsequent DSC exam,
which is obtained with the remaining weight-based
dose of gadolinium. In the context of the entire scan,
both conventional and perfusion scanning, the pro-
gression of sequences is the following: localizer, pre-
contrast conventional structural imaging (including
diffusion-weighted imaging/diffusion tensor imaging),
PASL, DCE, DSC, and finally postcontrast conventional
imaging. All sequences can be performed at 1.5T or 3T
field strength and can benefit from multichannel coils
with acceleration technologies. More details regarding
each perfusion protocol are further discussed below.

ASL

Q2TIPS-FAIR sequence for labeling with EPI acquisi-
tion: TE, 28 msec; TI1, 800 msec; TI1s, 1200 msec; TI2,
2000 msec; TR, 3000 msec; receiver bandwidth, 62.5
kHz; flip angle, 90�; field of view (FOV) 24 � 18 cm;
matrix 64 (frequency) � 48 (phase); 11 sections, 8 mm
thickness, 0 gap. A PASL T1 map is acquired after the
Q2TIPS-FAIR/EPI sequence to aid in quantification.

DCE

The volume of contrast used to gather the DCE data
also serves as the DSC preload. Much work has been
done to determine the optimum preload technique
(7,16). We keep the total gadolinium-chelate adminis-
tered dose at the standard 0.1 mmol/kg and use 1/3
of this total dose for the DCE acquisition. This is
power-injected at a rate of 4–5 cc/sec. Ultrafast gradi-
ent echo sequence (3D SPGR FAST), multiphase with
asset calibration: TE, minimum; receiver bandwidth,
25 kHz; flip angle, 20�; FOV 24 cm; matrix 256 (fre-
quency) � 192 (phase); 10 sections, 7 mm thickness.
Typically, there are �30 phases with 12 slices per
phase. Total scan length is �3 minutes 30 seconds.

DSC

The remaining calculated gadolinium dose (2/3 of 0.1
mmol/kg) is power-injected at a rate of 4–5 cc/sec.
Gradient recalled EPI sequence (2D GE, EPI), multi-
phase: TE, 54 msec; TR, 2000 msec; flip angle, 35�;
FOV 24 cm; matrix, 256 � 256. Slice thickness can
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vary, but is typically 5–7 mm with 16 axial slices per
perfusion dataset. A total of 60 phases are acquired
with 16 slices, and the typical dataset contains �960
images. Total scan length is �1 minute 45 seconds (at
1.5T). Scan length is marginally longer (2 minutes) at
3T, due to a slightly longer TR.

Clinical Use

Screening

Because the techniques differ vastly and the physio-
logic depictions of perfusion are unique for DSC MRI

(typically TTP and rCBV) versus ASL (quantitative
CBF), there are situations when one is favored over
the other. In our general experience, without a priori
knowledge of lesion location, pathology tends to be
more conspicuous on ASL CBF maps than DSC maps
(Fig. 3). Further, because DSC provides relative data,
there is variability among perfusion maps over time
for the same patient, in spite of identical scanning
techniques. This can lead to additional issues with
lesion detection and/or characterization (Fig. 4).
Finally, just as there can be variability over time for
DSC perfusion data, there is often slice-to-slice vari-
ability within the same scan, particularly on TTP
maps. For these reasons, and because gadolinium is
not needed, we prefer ASL for screening purposes.
While we have constructed our own automated system
for ASL processing to aid with research, major MRI
vendors now provide ‘‘turn-key’’ solutions for ASL uti-
lization in everyday clinical use, making it a viable
option for incorporation into routine clinical scanning.

Figure 3. a: A subacute infarct is apparent within the right
occipital lobe, evidenced by increased cortical T2 signal in-
tensity and restricted diffusion (arrowheads). b: With DSC,
the lesion is difficult to detect on both rCBV (top row) and
TTP (bottom row) maps (arrowheads). c: The ASL CBF map
clearly depicts the subacute infarct, exhibiting focal hyper-
perfusion, or luxury reperfusion (arrowheads). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 4. This patient is status post high-grade glioma resec-
tion within the right parieto-occipital region, with several sta-
ble follow-up exams. a: Representative images from baseline
(top row) and roughly 10 weeks later (bottom row). The images
at left are DSC-MRI rCBV maps, and the images at right are
ASL CBF maps. In spite of identical scan parameters, the
DSC-MRI data (images at left) appear vastly different, which is
the result of scaling and the relative nature of DSC. In con-
trast, the ASL CBF maps (images at right) exhibit constancy
across exams, allowing for comparison of perfusion data over
time. A focus of hypervascularity is easily identified (arrow-
heads) with ASL. b: A subtle focus of enhancement, which
could easily be overlooked without a focused search on behalf
of the ASL data, is present on postcontrast T1 imaging at the
10-week scan. Subsequent scans confirmed recurrence.
[Color figure can be viewed in the online issue, which is avail-
able at wileyonlinelibrary.com.]
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Tumor Imaging

Cerebral perfusion estimates based on DSC and ASL
data have proven clinically useful regarding tumor
grade, biopsy guidance, recurrence versus radiation
necrosis, response to treatment, and prognosis. It is
well established that there is a direct correlation
between angiogenesis and glioma tumor grade (40–
42). It has further been demonstrated that DSC-MRI
is capable of identifying regions of hypervascularity
on rCBV maps that correlate with tumoral areas of
dense angiogenesis, and thus can predict tumor grade
(43–45). Some authors investigating gliomas have nor-
malized rCBV as a ratio between a region of interest
placed on the mass and the contralateral normal
white matter. It is nonetheless a reflection of rCBV
and remains the most useful DSC metric when
imaging gliomas (9,46). Studies indicate that ASL
techniques are likewise capable of identifying
increased perfusion in higher-grade gliomas (47,48).
The newer PCASL techniques may in fact be better
than DSC-MRI (49). Regardless, angiogenesis, and
therefore higher histologic grades of tumor, manifest
as increased rCBV or CBF on maps generated with

either technique. It is our experience that this can
have significant clinical impact by several means.
Regions of tumoral hyperperfusion, although it may
seem intuitive, do not necessarily enhance following
contrast administration on conventional postcontrast
T1 imaging, a so-called ‘‘perfusion-enhancement mis-
match.’’ A disruption in the BBB is obligatory for
enhancement, but not for hyperperfusion. This
becomes important in several scenarios, most com-
monly that of a glioma suspected to be low-grade
because of little or no contrast enhancement, or infil-
trating tumors such as gliomatosis cerebri (50). If
such a tumor has hyperperfusion by either DSC or
ASL technique, the histologic grade is likely higher
than that suggested by anatomic imaging (Fig. 5).
This prebiopsy or presurgical suspicion of a high-
grade neoplasm may certainly affect treatment plan-
ning. Moreover, for biopsy planning the surgeon must
consider foci of hyperperfusion because misgrading a
tumor by undersampling can result in incorrect tumor

Figure 5. a: On T1 postcontrast imaging, the tumor within
the corpus callosum is primarily nonenhancing (arrowheads).
Hyperperfusion on both DSC perfusion rCBV map (b) and ASL
perfusion CBF map (c) (arrowheads) is concerning for high-
grade histology, confirmed as World Health Organization
(WHO) grade III anaplastic astrocytoma after resection.

Figure 6. This patient is status-postresection of WHO grade
IV GBM, also treated with chemotherapy and radiation.
a: Sequential postcontrast T1 images at ‘‘time zero’’ (left), 8
weeks (center), and 18 weeks (right). Comparison of the re-
sidual enhancing tissue between time zero and 8 weeks is
reassuring, as the enhancement has regressed (arrowhead).
b: ASL CBF map at 8 weeks demonstrates a small focus of
increased perfusion within the anteromedial aspect of the tu-
mor bed (arrows). Based on this, recurrence was suggested
in spite of decreased enhancement. DSC MRI perfusion was
not performed at 8 weeks. c: At 18 weeks the ASL hyperper-
fusion (arrowheads left) and DSC increased rCBV (arrow-
heads right), along with the solid mass-like enhancement at
18 weeks of image A (arrowheads), confirm recurrence.
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grade, incorrect treatment, and poor patient out-
comes. In the patient’s interest, it is also incumbent
upon the radiologist to ensure radiologic-pathologic
correlation in such scenarios. If the biopsy yields a
low-grade tumor in the context of a focal hyperperfu-
sion pattern, this should be considered a ‘‘discordant’’
finding to some degree and investigated. These issues

Figure 7. A 52-year-old woman with left frontal lobe GBM
(WHO grade IV), status postresection and treatment with
chemotherapy and radiation. a: Postcontrast axial T1 imag-
ing of the resection cavity at baseline (left), 8 weeks later
(middle) with new irregular enhancement and surrounding
edema (arrows), and 20 weeks (right) with interval regression
of enhancement (arrowhead) confirming the diagnosis of
pseudoprogression. b: CBF map from ASL MRI perfusion
(left) and rCBV map from DSC MRI perfusion imaging (right)
both obtained at 8 weeks from baseline, demonstrate hypo-
perfusion (arrowheads) in the left frontal lobe, including
those areas of new enhancement. Perfusion data strongly
suggests pseudoprogression, and the patient was managed
conservatively with short interval follow-up. Without perfu-
sion data, this patient might have been subjected to
unnecessary treatments.

Figure 8. Axial T1 postcontrast (top let), coronal T2 FLAIR
(top right), and CBF map images from PASL perfusion (bot-
tom) demonstrate an avidly enhancing, focally hyperperfused
extra-axial mass, causing significant edema and mass effect
throughout the left hemisphere (arrowheads). After resection,
a meningioma was confirmed.

Figure 9. Toxoplasmosis (top row) versus lymphoma (bottom row) in immune-compromised patients. Axial T2, axial T1 postcon-
trast, DSC perfusion TTP map, DSC perfusion rCBV map, ASL perfusion CBF map, and PET (from left to right) demonstrate the
typical findings in toxoplasmosis—a ring enhancing lesion which is hypoperfused and hypometabolic on PET (arrows). In distinc-
tion, the right temporal lobe lymphoma is more solidly enhancing, hyperperfused, and hypermetabolic on PET (arrowheads).
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are routinely discussed in our multidisciplinary
neuro-oncology conferences.

Note should be made that oligodendrogliomas have
been observed to violate the principles outlined above,
at times demonstrating a focal hyperperfusion pattern
yet remaining low-grade histologically (51). Other non-
glial tumors may remain low-grade histologically, but
with a focal hyperperfusion pattern, including menin-
giomas and hemangioblatomas.

While the preceding discussion focuses more on ‘‘pre-
operative/pretreatment’’ issues, MRI perfusion has
also gained acceptance and utility in postsurgical/
treatment follow-up. The issue of disease progression
versus radiation necrosis is a common dilemma in
neuro-oncology. Although vastly different in terms of
prognosis and treatment, the entities can be shockingly
similar on anatomical imaging, demonstrating areas of
patchy and irregular enhancement surrounded by T1
and T2 prolongation. Recurrent high-grade glioma is
typically hyperperfused, whereas radiation necrosis is

typically hypoperfused (Fig. 6). In this context, how-
ever, DSC-MRI can yield mixed results and some advo-
cate the use of DCE perfusion data to discriminate
tumor recurrence/progression from radiation necrosis
(11). Perfusion imaging has also proved useful with
the entity of ‘‘pseudoprogression,’’ a concept that can
also confound follow-up scans. Pseudoprogression
describes an imaging phenomenon by which the
enhancing portions of a known central nervous system
(CNS) neoplasm (typically glial) enlarge over successive
posttreatment scans. Continued follow-up will then
demonstrate the subsequent involution of the enhancing
tissue, which radiographically represents a response to
treatment. The phase of this process whereby the
enhancement enlarges was thus aptly named pseudo-
progression. As with radiation necrosis, tumoral pseudo-
progression is typically hypoperfused with DSC or ASL.
This phenomenon is becoming increasingly more com-
mon with the advent of newer combined treatment thera-
pies for glial neoplasms (Fig. 7) (52,53).

Regarding perfusion imaging of extra-axial masses, in
particular dural-based lesions such as meningiomas,
ASL techniques may seem to have an advantage over
DSC. As a BBB is not associated with extra-axial
masses, there is potential for the T1 shortening effects of
gadolinium-chelate to further mask the T2* effect with
DSC-MRI, thus underestimating rCBV of these masses
using flip angles of 90�. More recently, studies in animal
models have shown that tissues that are considered
more leaky (or that lack a BBB) can also affect ASL and
although ASL is considered a freely diffusible tracer
method, there is still some dependence on an intact
BBB for accurate ASL quantification (54). Currently, in
extra-axial masses such as meningiomas the ASL signal
is thought to diffuse freely into the mass, effectively
overestimating CBF. This overestimation has some ben-
efits, because the resulting high contrast between me-
ningiomas and normal tissue make them very easy to
detect with ASL (Fig. 8). Perfusion imaging has proven
useful in the assessment of immune-compromised
patients with enhancing intracranial masses. In this
scenario, the question is often one of CNS lymphoma
versus opportunistic infection, most commonly toxo-
plasmosis. While nuclear medicine techniques address
this question as well, these patients often present with
focal neurologic signs or altered mental status and are
therefore in need of MRI brain imaging, not addressed
by brain PET or single photon emission computed to-
mography (SPECT). MR perfusion affords the ability to
diagnose CNS lymphoma or toxoplasmosis without the
need for additional brain PET or SPECT. Small studies
to date validate the observation that CNS lymphoma is
hyperperfused and toxoplasmosis is hypoperfused (55).
This has similarly been our experience with both DSC
and ASL techniques (Fig. 9) (32).

In summary, low-grade solid and cystic glial neo-
plasms are typically hypoperfused. High-grade glial neo-
plasms (or foci of high-grade histology within a glial neo-
plasm) are typically hyperperfused. These
hyperperfused areas should be targeted with biopsy.
Solid metastases are often hyperperfused, as are some
nonglial lower-grade neoplasms, eg, meningioma and
hemangioblastoma. Extra-axial tumor perfusion is

Figure 10. A male patient presented with acute stroke
symptoms. a: Axial diffusion-weighted images show scattered
punctate areas of infarct within the right middle cerebral ar-
tery (MCA) territory (arrowheads). b: DSC-MRI perfusion
shows increased TTP throughout the right MCA territory
(arrowheads) with preserved rCBV. The ‘‘diffusion-perfusion’’
mismatch is consistent with penumbra. As discussed, in
cases of extremely slow flow, ASL CBF perfusion maps ap-
proximate transit times. c: The ASL image (arrowheads)
mimics the TTP map from DSC perfusion.
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variable, but often hyperperfused, and can be underes-
timated with DSC-MRI and overestimated by ASL. In an
ideal example, radiation necrosis and pseudoprogres-
sion are both hypoperfused on DSC and ASL and can be
distinguished on DCE wash-in rates. In general, DSC
and ASL are comparable methods for perfusion evalua-
tion of tumors and tumor follow-up. As oncology
patients often have comorbidities, and renal dysfunction
is a common one, the option to perform the nongadoli-
nium ASL techniques is an advantage in this setting.

Vascular Imaging

MR perfusion imaging of the brain has proven useful
in the assessment of various vascular disturbances,
mainly infarct, infarct penumbra and/or territory at
risk, and in autoregulatory disturbances.

‘‘Stroke protocol’’ computed tomography (CT) imag-
ing of the brain remains the first-line evaluation in
the setting of suspected acute stroke at most institu-
tions, for various reasons. The limitations of noncon-
trast CT (NCCT) brain scanning alone are well known,
including underrecognition of infarct, inability to
identify penumbra or tissue at risk, and the low posi-
tive predictive value of NCCT regarding those patients
who will benefit from systemic or catheter-directed
interventions. Stroke mimics are also underrecognized
by NCCT. For these reasons, CT perfusion and CT an-
giography (CTA) are now commonly included in stroke
protocols. However, MRI remains the modality of
choice when possible. The combination of MRI perfu-
sion data with a few basic anatomic sequences,

including diffusion-weighted imaging, is the most use-
ful tool when MRI-based decision-making is necessary
in the treatment of stroke. The frequent clinical chal-
lenge is that most emergency departments are not
equipped with MRI scanners. Patient transport and
dependence on MRI personnel, who may need to com-
mute to the hospital, also limit the timely acquisition
of MRI data. For this reason NCCT, CT perfusion, and
CTA allow a more rapid decision-making process and
will likely dominate acute stroke imaging unless insti-
tutions make a concerted effort to make MRI realisti-
cally available in the acute time frame.

With DSC-MRI, rCBV and AT or TTP maps are ana-
lyzed along with anatomic and diffusion imaging. If an
AIF is used to quantify the DSC data, CBF, MTT, and
CBV maps are also available. In most practices, rCBV
and AT or TTP maps are sufficient and easily acquired
with the available software on the MRI scanner. A ter-
ritory of decreased rCBV or CBV identifies infarct and
can be correlated with diffusion imaging. A vascular
territory of increased MTT or TTP identifies slow flow
through a region of brain. There are several combina-
tions of rCBV and TTP changes to consider. If the TTP
and rCBV (or diffusion) regions of abnormality are
matched, the infarct is considered complete and fur-
ther intervention will likely be futile. Interestingly,
studies indicate that the rCBV change is a better pre-
dictor of final infarct size than the diffusion abnor-
mality (56). If the TTP abnormality exceeds the rCBV
(or diffusion) defect, the difference represents the pe-
numbra (Fig. 10)—the relatively hypoperfused tissue

Figure 11. A 49-year-old man presented with intermittent right-hand numbness. Color images from ASL MRI perfusion CBF
map (top left) demonstrate hypoperfusion within the left MCA territory (arrowheads) without a corresponding abnormality on
diffusion-weighted imaging (bottom left). Therefore, this is a ‘‘territory at risk.’’ CTA was recommended, and 3D color surface
rendered reformat (right) demonstrates an abrupt vessel cutoff of the left internal carotid artery (arrow). Brain CTA (not pic-
tured) demonstrated an intact Circle of Willis, thus preventing infarction at the time of these exams. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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surrounding an area of infarct—which if severely
hypoperfused may go on to infarct (57,58). In the
event that a TTP abnormality is present yet rCBV is
normal, this could be ‘‘territory at risk,’’ a term that
we reserve for perfusion disturbances with no infarct.
This is distinct from penumbra, which is transit time
alteration surrounding an irreversible ischemic core.
These final two categories of patients, those with tis-
sue at risk or penumbra, can potentially benefit the
most from intervention. Of note, there are a variety of
parameter maps that can be computed from DSC
data. Measures of MTT have been found to be more
associated with acute stroke clinical scores, whereas

a range of perfusion parameters have been associated
with final infarct size including ATF (arrival time fit-
ted), PTF (peak time fitted), TTP, and rMTT. Addition-
ally, the entire concept of perfusion-diffusion mis-
match is under continued investigation and
refinement (59). Mismatch is a poor predictor of func-
tional outcome (60), visual assessment of mismatch is
insufficiently reliable for use in clinical trials (61), and
based on several clinical trials, it is not yet clear
whether penumbra determined from perfusion–diffu-
sion mismatch benefits the selection of patients for
thrombolytic therapy (62).

When considering infarct while using ASL, CBF maps
are analyzed along with anatomic and diffusion imag-
ing. Techniques for generating transit time data are in
development (63,64), but are currently not routinely
used with ASL. The lack of blood volume and transit
time data therefore changes the interpretation of perfu-
sion data gathered with ASL, and transit time effects
may change the expected perfusion pattern in vascular
disease (65). For example, in patients with very slow
flow states but nonocclusive disease, the ASL tag may
be suppressed in the vessels at the time of crusher gra-
dient application and before the tag has reached the
imaging plane. This may give the appearance of pro-
found hypoperfusion or absence of perfusion, but prac-
tically, the ASL CBF map in this scenario more approxi-
mates a transit time map and, consequently, an
increase in relative transit time. Furthermore, it is our
experience that with concomitant DSC and ASL perfu-
sion in patients who have suffered stroke, ASL hypo-
perfusion most closely associates with increases in
transit time on DSC (Fig. 10). Therefore, by comparing
the ASL CBF map with diffusion, some insight can be
offered regarding penumbra, which manifests as an
ASL hypoperfusion territory in excess of that which
restricts diffusion. As with DSC-MRI, the ASL techni-
ques can demonstrate tissue at risk as well. When a
territorial hypoperfusion pattern is present on ASL
without a corresponding anatomic or diffusion abnor-
mality, we recommend vascular assessment with CTA,
MRA, or, if necessary, catheter angiography, which can
demonstrate significant proximal stenosis, perhaps in
need of treatment (Fig. 11). Identifying such patients is
just one potential benefit of routine screening perfusion
sequences included with all brain MRI. With regard to
determining infarct core and penumbra, it is important
to keep in mind that the assumption that the DWI
lesion is the core of an infarct is likely an oversimplifi-
cation. Reversibility of all or part of a DWI lesion can
occur following reperfusion. There is evidence that
measures of MTT may provide improved infarct predic-
tion both within and outside DWI positive lesions (66).
Additionally, areas deemed to be noncore–nonpenum-
bral by imaging may go on to contribute to final infarct
size and the associated negative clinical impact (67).

Autoregulatory disturbances can be global or focal.
Regarding global disturbances in autoregulation, this
is more likely to be recognized with ASL techniques
given the ability to quantify CBF, whereas with DSC-
MRI, one typically looks for asymmetry of the maps,
which display relative data (Fig. 12). On ASL, global
hyperperfusion can be seen in normal pediatric

Figure 12. This young patient suffered severe trauma result-
ing in quadriplegia. During his prolonged hospitalization,
there were multiple episodes of respiratory failure and pro-
found hypoxia. a: The axial diffusion-weighted sequence and
corresponding ADC map, at a glance, appear normal. There is
subtle diffusion restriction in the basal ganglia (arrowheads)
and possibly in the cortex of the frontal and temporoparietal
lobes (arrows). b: Two representative images from DSC-MRI
perfusion, rCBV maps. Perfusion is symmetric. Without quan-
tification, it is difficult to comment on the global perfusion
pattern. c: ASL perfusion CBF map demonstrates marked,
globally increased perfusion to both gray matter (CBF ¼ 163.7
mL/100g/min) and white matter, confirming the suspected
clinical diagnosis of anoxic brain injury. Blood gas on the
same day as this exam showed a low pCO2 (27.9 mmHg, nor-
mal 34–45 mmHg), excluding hypercapnia as a cause of global
hyperperfusion. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]
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patients, hypercapnia, and after an anoxic/hypoxic
injury (34,68,69). Hemispheric hyperperfusion can be
seen following carotid endarterectomy (50,70). Focal
areas of hyperperfusion related to autoregulatory dis-
turbance can also be seen. With subacute infarcts,
autoregulatory dysfunction manifests as ‘‘intravascu-
lar enhancement’’ on postcontrast anatomic imaging
(71) and focal areas of hyperperfusion on ASL (luxury
perfusion), often within the deep gray structures and
peripheral cortex (Fig. 3). A similar phenomenon is seen
in reperfusion, resulting from spontaneous thromboly-
sis, thrombolytic-induced reperfusion, or anatomic
bypass of previously ischemic brain tissue (32,50).

In summary, with DSC-MRI perfusion, territorially
increased TTP identifies tissue with vascular pertur-
bation. If matched by a decrease in rCBV and/or dif-
fusion restriction, then it is considered a completed
infarction. If the TTP abnormality exceeds the size of
the rCBV or diffusion abnormality, penumbra is
likely. If there is territorially increased TTP without
accompanying rCBV or diffusion abnormality, then
territory at risk for infarct is identified. Similar
changes are seen with ASL, but it must be kept in
mind that only CBF is calculated by ASL. However, as
outlined above, in patients suffering infarct (assuming
crusher gradients are used), the ASL CBF map
approximates transit times. Therefore, an ASL-diffu-
sion match can be considered to represent a com-
pleted infarct, whereas an ASL-diffusion mismatch
potentially identifies penumbra. Given the ability to
quantify CBF, ASL is very useful in the assessment of

hyperperfusion states and autoregulatory dysfunc-
tion. When infarct is suspected or known, either the
DSC or ASL method typically suffices.

Other Uses of Perfusion Imaging

Perfusion imaging has shown utility in the evaluation
of epilepsy patients. There is extensive literature
regarding nuclear medicine techniques when imaging
potential seizure foci. Ictal SPECT relies on adminis-
tering a radiopharmaceutical during seizure activity
and the distribution of radiotracer equates with perfu-
sion of the brain at ictus. Interictal SPECT or PET
demonstrates relative brain perfusion between seizure
episodes. It is accepted that during the ictal phase the
seizure focus is relatively hyperperfused and during
the interictal phase the seizure focus and surrounding
tissues are relatively hypoperfused, but there is con-
troversy as to which is more sensitive in predicting
the seizure focus (72). DSC-MRI, predictably, corre-
lates well with observations from nuclear medicine
techniques—increased rCBV has been reported on
ictal perfusion scans (73). Similarly, focal hyperperfu-
sion is demonstrated in seizure foci with ASL (Fig.
13), but most successfully in supratentorial, extra-
temporal seizure foci (74,75). In the setting of mesial
temporal sclerosis, given the proximity to the skull
base and sphenoid sinus (areas which interject arti-
fact on EPI based sequences), perfusion imaging can
be more difficult (76). Regarding interictal MRI perfu-
sion, our experience is more extensive with ASL.

Figure 13. This 42-year-old man was found in status epilepticus of unknown duration. a: Coronal FLAIR (left) and axial dif-
fusion (center, right) MRI demonstrates increased T2 signal and diffusion restriction within the right cerebral hemisphere
and left cerebellar hemisphere (arrows). b: ASL perfusion CBF map confirms hyperperfusion within the right cerebral hemi-
sphere (arrows). The posterior cranial fossa is not routinely imaged with our screening ASL protocol, given the limited num-
ber of slices that can be performed. Based on these findings, it was suggested that the seizures originated within the right
cerebral hemisphere, resulting in cortical injury and crossed cerebellar diaschisis. Clinically, the patient recovered with no
signs of cortical infarct. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Diminished CBF on ASL in a patient with epilepsy
and without risk factors for ischemia is suggestive of
an interictal phase epileptogenic territory (32). Per-
haps the most practical benefit of MRI perfusion in
the assessment of an epilepsy population is the ability

to acquire simultaneous anatomic data; for example,
in assessment for mesial temporal sclerosis or
neocortical epilepsies.

In the posterior reversible encephalopathy syn-
drome (PRES) and PRES-like syndromes, there is loss
of autoregulation within the posterior circulation. This
is postulated to preferentially effect the posterior
circulation because of relatively fewer perivascular
sympathetic nerves (77). As a result of this dysregula-
tion, vasoconstriction occurs in an effort to maintain
perfusion pressures, initially manifesting as hypoper-
fusion. Ultimately, rebound hyperperfusion and
reversible edema ensues. In some cases, the areas of
hyperperfusion may evolve into infarcts, manifesting
as focal areas of hypoperfusion most commonly in the
parieto-occipital lobes (32,50).

Although the exact pathophysiology of migraine
headaches is not known, the vascular theory suggests
that the headache is in part related to vasoconstric-
tion (capable of generating an aura or focal neurologic
deficits) followed by vasodilatation (which induces the
headache) (78,79). MRI perfusion seems to support
this to some degree, and because of the potential to
mimic an infarct during the aura phase, migraine
headaches may be imaged in this acute setting. ASL
demonstrates hypoperfusion in the cortex thought to
correspond to the aura symptom. However, it is more
common for migraine sufferers to be imaged during
the headache phase of presentation, which typically
demonstrates hyperperfusion in that cortex which is
thought to generate the aura (80,81). Both ASL (82)
and DSC-MRI (81) have shown postaura hyperperfu-
sion in the cortex affected by the migraine (Fig. 14).
An advantage of ASL is the ability to repeat the perfu-
sion examination without delay, which can be useful
in the assessment of pathologies, like migraine, which
exhibit various phases that evolve quickly (83).

CONCLUSIONS

While DSC was one of the earliest MRI perfusion tech-
niques conceived, validated, and implemented clini-
cally, there has been increasing interest in ASL as it
gains application into major MRI vendor platforms.
Neither technique is perfect, but each has its own
clinical ‘‘strengths’’ (Table 1). In general, for screening
examinations or in patients with renal failure, ASL is
recommended. If a patient has received gadolinium

Figure 14. A patient with a history of migraine presenting
with hemiplegia. a: Axial T2 (left) and diffusion weighted imaging
(right) are normal. b: There is slight asymmetry on the TTP (left)
and rCBV (right) maps from DSC-MRI perfusion imaging, with
decreased TTP and increased rCBV (arrows) within the right
hemisphere. c: The hyperperfusion to the right hemisphere is
strikingly apparent on ASL MRI perfusion CBF maps (arrows).
The differential for this pattern includes TIA with reperfusion,
but this patient had no risk factors for cerebral infarct and was
known to have migraines. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Table 1.

Summary of Perfusion Methods. [Color table can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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within the last 24 hours, DSC or DCE should be per-
formed because the ASL signal will be destroyed by
the T1 effects of the gadolinium. For global physio-
logic conditions, ASL is recommended. For tumors,
any perfusion method can be used. For cases of tu-
mor recurrence versus radiation necrosis, each tech-
nique can be considered. For transient ischemic
attack or stroke, DSC or ASL can augment routine
anatomic imaging. Emerging techniques of PCASL,
ASL transit time methods, and DCE-MRI perfusion
will likely further the complementary roles of the vari-
ous perfusion techniques.
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