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Quantification Issues in Arterial Spin Labeling Perfusion
Magnetic Resonance Imaging
Wen-Chau Wu, PhD,* Keith S. St Lawrence, PhD,Þ Daniel J. Licht, MD,þ and Danny J.J. Wang, PhD§

Abstract: Arterial spin labeling (ASL) perfusion magnetic resonance
imaging has gained wide acceptance for its value in clinical and neuroscience applications during recent years. Its capability for noninvasive
and absolute perfusion quantiﬁcation is a key characteristic that makes
ASL attractive for many clinical applications. In the present review, we
discuss the main parameters or factors that affect the reliability and
accuracy of ASL perfusion measurements. Our secondary goal was to
outline potential solutions that may improve the reliability and accuracy of ASL in clinical settings. It was found that, through theoretical
analyses, ﬂow quantiﬁcation is most sensitive to tagging efﬁciency and
estimation of the equilibrium magnetization of blood signal (M0b).
Variations of blood T1 have a greater effect on perfusion quantiﬁcation
than variations of tissue T1. Arterial transit time becomes an inﬂuential
factor when it is longer than the postlabeling delay time. The T2’s of
blood and tissue impose minimal effects on perfusion calculation at ﬁeld
strengths equal to or lower than 3.0 T. Subsequently, we proposed various
approaches for in vivo estimation or calibration of the above parameters,
such as the use of phase-contrast magnetic resonance imaging for calibration of the labeling efﬁciency as well as the use of inversion recovery
TrueFISP (true fast imaging with steady-state precession) sequence for
blood T1 mapping. We also list representative clinical cases in which
implicit assumptions for ASL perfusion quantiﬁcation may be violated,
such as the venous outﬂow effect in children with sickle cell disease.
Finally, an optimal imaging protocol including in vivo measurements of
several critical parameters was recommended for clinical ASL studies.
Key Words: arterial spin labeling, perfusion, blood T1, water permeability
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A

rterial spin labeling (ASL) perfusion magnetic resonance
imaging (MRI) has gained wide acceptance for its value in
clinical and neuroscience applications during recent years.1
Compared with existing dynamic susceptibility contrast (DSC)
methods, ASL has several unique advantagesVit is an entirely
noninvasive and highly economical technique that provides absolute quantiﬁcation of perfusion. Its role in radiological health
care is expected to grow further, given that ASL is a ‘‘green’’ and
‘‘renewable’’ technology with a superior cost-effectiveness ratio.
Although signal-to-noise ratio (SNR) has been the main limiting
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factor for ASL in the past, recent technical advances in novel
labeling schemes (eg, pseudocontinuous ASL [pCASL]) and
readout sequences (eg, 3D), in conjunction with the growing
availability of high magnetic ﬁelds and phased-array coils, have
brought ASL to the frontier of practical clinical applications.2
These technical advances and the risk of nephrogenic systemic
ﬁbrosis associated with DSC have led to a growing interest in
using ASL to measure tissue perfusion in other organs, including
lungs, kidneys, and heart.3Y6 This review mainly focuses on
neurological applications as these remain the predominant focus
of ASL studies.
Among the many appealing features of ASL, absolute
perfusion quantiﬁcation is a key characteristic that makes ASL
attractive for many clinical applications. For instance, accurate
measurement of perfusion plays a critical role in determining
tissue viability in the clinical diagnosis and prognosis of stroke.
Because perfusion is a well-characterized physiological parameter that is (theoretically) insensitive to scanning parameters,
platform, ﬁeld strength, and so on, ASL may offer an ideal tool
for longitudinal studies to follow disease progression/recovery as
well as to monitor therapy.7 Quantitative methods such as ASL
are being used more frequently in multisite studies that demand
superior test-retest reliability of imaging techniques.8 This has
been the case in the recent multisite FBIRN study, in which a
high variability of blood oxygenation levelYdependent (BOLD)
functional MRI (fMRI) data has been observed across sites
and time.9,10 In clinical neuroscience, a major challenge when
interpreting BOLD fMRI data in patient populations is the
potential for altered neurovascular coupling that may lead to
spurious or undetected activation.7 Quantitative perfusion may
provide a more accurate and direct index of neuronal activity than
BOLD fMRI, which reﬂects the complex interplay between blood
ﬂow, blood volume, and oxygen metabolism. Finally, ASL may
complement the widely adopted BOLD contrast to improve the
ﬁdelity for inferring the underlying neuronal activity using fMRI.

General Schemes for ASL
Arterial spin labeling uses magnetically labeled arterial
blood water as an endogenous tracer for measuring cerebral blood
ﬂow (CBF) or perfusion. In ASL experiments, inﬂowing arterial
blood water is magnetically ‘‘tagged’’Vgenerally through inversion or saturation of the longitudinal magnetizationVusing speciﬁcally designed radiofrequency (RF) pulses. Image acquisition
occurs after a delay in time to allow the labeled blood to ﬂow into
the imaging slices. Perfusion is determined by pairwise comparison of images that are acquired with labeling and without
labeling (control). To improve the SNR of the perfusion images,
repeated measurements of label and control are acquired over a
few minutes.
According to the tagging scheme, ASL can be roughly divided into 3 categories: pulsed ASL (PASL),11 continuous ASL
(CASL),12 and the newly introduced pCASL.13Y15 It is worth
noting that alternative labeling schemes have been introduced
such as velocity-selective labeling.16 Pulsed ASL uses an instantaneous RF pulse (È10-20 milliseconds), whereas CASL
www.topicsinmri.com
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uses long RF pulses lasting for a few seconds. In pCASL, a train
of discrete short RF pulses is used to mimic the long continuous
tagging in CASL. Whereas the long labeling pulses in CASL and
pCASL reduce physiological modulations,17 PASL is amenable
to shorter repetition time acquisition and thus better temporal
resolution.18 Whereas pCASL and PASL can be implemented
with the standard body-coil transmission and phased-array reception on commercial magnetic resonance (MR) systems, CASL
requires a dedicated coil with capacity of generating continuous
RF pulses. When tagging efﬁciency and coil conﬁguration are
considered together, the SNR is comparable between PASL and
CASL and is highest with pCASL, although pseudocontinuous
tagging is more sensitive to ﬁeld inhomogeneity and deposits
a relatively high level of power.14

Perfusion Quantiﬁcation Using ASL
In ASL experiments, magnetically tagged arterial blood
ﬁrst travels through major arteries and arteriolesVthe duration
of which is termed arterial transit time. Once reaching capillaries, the labeled blood water rapidly diffuses into the surrounding
tissue during its transit through the microvascular bed. The
fraction of labeled water eventually ‘‘trapped’’ in tissue is a
complicated function of blood ﬂow, the capillary volume, and
permeability of the endothelium to water. The remaining labeled
water in the blood will ﬂow out into venules and veins. This
fraction is expected to be small at typical CBF values in humans
because of the rapid T1 relaxation of the label (Fig. 1). Therefore, there is a certain level of similarity between ASL and
microsphere-based blood ﬂow measurements.19
In a simple sense, CBF can be quantiﬁed and expressed in
units of milliliters per 100 g per minute by taking into account T1
relaxation of labeled blood. For instance, many existing ASL
studies assume that the label follows a monoexponential decay
with the blood T1 (ie, the labeled blood never exchanges into
tissue).20 A more accurate perfusion model consists of 2 serial
compartmentsVarterial and tissue, due to the change from the
T1 of blood to the T1 of tissue once the tracer exchanges out of
capillaries.21,22 Because water exchange does not occur instantly
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in the central nervous system, advanced tracer kinetic models
have been developed that take into account limited water permeability across the blood-brain barrier (BBB).23Y26 These
models can include up to 4 compartments: 2 nonexchanging
compartments, that is, arteries and veins, and 2 exchanging
compartments, that is, capillaries and tissue.27
During the past decade, validation studies of ASL in healthy
human subjects have yielded encouraging results. Cerebral
blood ﬂow measurements with ASL perfusion MRI have been
shown to agree with results from 15O-PET (positron emission
tomography) in healthy humans at rest28 or during functional
activation,29 and with the DSC approach.30Y32 In addition, ASL
perfusion measurements both at rest and during task activation
have been demonstrated to be reproducible across intervals,
varying from a few minutes to a few days.33Y36 However, potential variations of physiological and biophysical parameters in
patient populations and across different age groups pose challenges for accurate perfusion quantiﬁcation using ASL. The
purpose of the present article was therefore to discuss the main
parameters or factors that affect the reliability and accuracy of
ASL perfusion measurements. Our secondary goal was to outline
potential solutions that may improve the reliability and accuracy
in clinical settings.

Theoretical Analysis of Modeling Errors
As the ﬁrst step, it is helpful to determine the most ‘‘inﬂuential’’ parameters that affect perfusion quantiﬁcation using
ASL. The following is the analytic solution for calculating perfusion, f, in a typical CASL or pCASL experiment22:
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f ¼
2>M 0b

8
>
>
>
>
>
<

9

 
½ expðwR1b Þ  exp minðC  w;0Þ  C R1b  expðT ER2b Þ=R1b þ >
>
>
>
>


=
expðwR1t Þ
½1  exp minðC  t;0ÞR1t þ
R1t 
>
>
>
>
expðCR
Þ
Þ
expðT
ER

1b
2t
>
>
1
>
>
>
>
:
;
½ exp minðC  w;0ÞR1t  expðwR1t Þ
R1t

=

f

g

½1

where $M is the measured difference signal between label and
control acquisitions. This equation takes into account the different longitudinal and transverse relaxation rates of blood and
tissue (R1b and R1t; R2b and R2t), labeling efﬁciency (>), arterial
transit time (C), duration of the labeling pulse (T), postlabeling
delay time (w), and the equilibrium magnetization of blood
signal (M0b). We applied partial derivative analysis to illustrate
the potential error in perfusion caused by 10% change in each of
the above parameters in Equation [1], respectively. Table 1 lists
the results of theoretical analyses, which show that ﬂow quantiﬁcation is most sensitive to tagging efﬁciency and M0b estimation. Variations of blood T1 (1/R1b) have a greater effect on
perfusion than variations of tissue T1 (1/R1t). As expected,21
arterial transit time becomes an inﬂuential factor when it is
longer than the postlabeling delay. The T2’s of blood and tissue
impose minimal effects on perfusion calculation at the assumed
ﬁeld strength of 3.0 T. In the following, we discuss the effect
of each parameter on the accuracy of perfusion quantiﬁcation,
respectively.

Effect of Labeling Schemes on Quantiﬁcation
FIGURE 1. Predicted signal contributions from labeled water
in the capillary, venous, and tissue spaces. Curves were
generated using the SPA model26 for the following parameters:
CBF = 70.0 mL/100 g per minute, PS = 200 mL/100 g per minute,
capillary blood volume = 1.5 mL/100 g, venous blood
volume = 2.0 mL/100 g, T1blood = 1.49 seconds,
T1gray matter = 1.26 seconds, arterial transit delay = 1.0 seconds,
and CASL with a labeling period of 1.5 seconds. All curves were
normalized to the maximum total signal. The largest venous
contribution was 7% at approximately 4 seconds. Figure 1 can
be viewed online in color at www.topicsinmri.com.
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As mentioned earlier, pCASL is a novel labeling scheme
that combines the advantages of PASL and CASL. Experimental
data in healthy adults using pCASL showed a 50% increase of
SNR compared with PASL and a higher tagging efﬁciency than
CASL (85% vs 68%).14 Pseudo-CASL is expected to improve
the reliability and accuracy of CBF measurements especially
under conditions of low perfusion. To assess the performance of
ASL perfusion imaging techniques in the pediatric population,
we studied 12 children (age range, 4 days to 3 years) with congenital heart defects (CHDs) before and after hypercarbia, using
* 2011 Lippincott Williams & Wilkins
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TABLE 1. Estimation of Quantitative Variability When the
Imaging or Physiological Parameters Are 10% Larger Than
Their True Values

CGw
wGC

R1b

R1t

R2b

R2t

>

C

M0b

j7.2
j7.1

j6.8
j3.2

1.2
0.9

j3.0
j2.3

11.1
11.1

1.7
3.8

11.1
11.1

Seven parameters were considered one at a time, and the assigned
values were: R1b = 1/1600 msj1, R1t = 1/1300 msj1, R2b = 1/150 msj1,
R2t = 1/60 msj1, > = 0.9, C = 1200 ms, T = 1500 ms, TE = 18 ms.
Quantitative variability was calculated by comparing the estimated ﬂow
flow Est  flow True
 100Q.
to the true ﬂow:
flow True

both PASL and pCASL. Figure 2 shows CBF maps acquired
using pCASL and PASL in a representative CHD child (4 days,
male), whereas Figure 3 compares the mean CBF values (a) and
the performance of these 2 techniques (b), as measured by percent negative voxels seen in the imaging planes. As can be seen,
mean CBF values obtained with the 2 techniques generally
match each other. Nevertheless, pCASL offers improvement in
SNR and provides a more robust measure of CBF at low ﬂows, as
demonstrated by the reduced number of negative voxels using
pCASL compared with PASL. Another advantage of pCASL is
that the labeling plane is relatively uniform across subjects with
different head sizes, whereas the labeling bolus in PASL may be
variable in different age groups and has been demonstrated to be
a confounding factor for measuring perfusion in infants.37 Given
its compatibility with array receive coils and superior performance, pseudo-CASL is expected to see growing clinical applications in the coming years. The only drawback of pCASL is the
relatively high RF power it requires for spin labeling. However,
our experience to date with this technique has been successful on
commercial MR systems at 1.5 and 3.0 T.

Arterial Spin Labeling Perfusion MRI

Variations of Tagging Efﬁciency
As demonstrated by our theoretical analyses, tagging efﬁciency (>) is a direct scaling factor for calculating CBF. Uncertain > causes systematic error in individual measurement and
increases variability between subjects and in longitudinal studies. In general, > is adopted from literature values; for example,
> is approximately 95% for PASL,38 85% for pCASL,14 and
70% for CASL.12,39 Flow velocity and ﬁeld inhomogeneity may
cause suboptimal >, particularly for CASL and pCASL. One can
calibrate > by conducting a dynamic phase contrast (PC) MRI
over a cardiac cycle at the feeding arteries within the labeling
plane. For instance, the total CBF volume (mL/min) to the brain
can be estimated by the product of the velocity-time curve derived from PC MRI and the cross-sectional areas of the internal
carotid arteries and vertebral arteries. With estimate of the brain
volume (eg, from structural MRI), one can correlate the total
blood ﬂow obtained using PC MRI and ASL, thereby providing
an effective means for calibrating >. A recent pCASL study in
healthy adults using PC MRI as calibration indicated a mean
tagging efﬁciency of 85%,40 nicely matching our computer
simulations that predicted an optimal tagging efﬁciency of 85%
for ﬂow velocity from 10 to 60 cm/s. In a recent study in healthy
children aged 7 to 17 years, global CBF measurements using
pCASL have been validated using PC MRI with a high intraclass
correlation coefﬁcient of 0.77.41 It is worth noting that an alternative trend in the ﬁeld is to apply autocalibration algorithms
for deriving quantitative CBF, such as the model-free deconvolution approach proposed by Petersen et al.42

Arterial Transit Delays
Arterial transit artifact, manifested as focal intravascular
signals in ASL images, is a major confounding factor for perfusion quantiﬁcation. These artifacts result from intravascular
label that has not reached capillaries and tissue by the time image
acquisition is carried out. A few factors can affect the transit
time, such as physiology, pathophysiology, and anatomy. For
example, transit time can be substantially elongated in patients

FIGURE 2. A direct comparison of PASL (upper) and pCASL (lower) in a child with CHD both at rest (baseline) and during hypercarbia.
The 2 right arrows demonstrate increased negative pixels on PASL imaging, in the left frontal cortex. The arrowheads on the left
demonstrate improved anatomic resolution in the central sulcus. Figure 2 can be viewed online in color at www.topicsinmri.com.
* 2011 Lippincott Williams & Wilkins
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FIGURE 3. Direct comparison of mean global CBF values acquired using PCASL and PASL perfusion MRI in a cohort of infants and children
with CHD (A). The percentage of negative voxels is plotted as a function of mean CBF values (B). With increased values of CBF, the
percentage of negative voxels is reduced. Pseudo-CASL offers an improvement in SNR at low blood ﬂow values.

with cerebrovascular diseases because of collateral circulation.32
In fMRI studies, it has been shown that transit time decreases
during task activation.43 In extremity muscles, the transit time
can be longer than 2 seconds.44 When postlabeling delay time is
too short, ASL measurement is biased toward arteries and
arterioles, whereas tissue perfusion is underestimated. Although
a long postlabeling delay can be applied to allow the label sufﬁcient time to ﬂow into capillaries and tissue, it reduces the SNR.
In the brain, transit delay may distribute over a wide range (several
tens of milliseconds) even within 1 imaging slice, which, if not
accounted for, leads to erroneous ﬂow quantiﬁcation.
The choice of the optimal postlabeling delay time in clinical
ASL applications is an empirical decision by the investigator
as the tradeoff between minimizing transit artifacts and maximizing SNR.20 However, such decision making may be difﬁcult,
given the variability of arterial transit times in patients with cerebrovascular disease.45 Lately, there have been several new
developments in the ﬁeld that may provide robust perfusion
measurements in the presence of prolonged transit delays. One
approach is to map the arterial transit time in vivo because transit
time per se is a clinically meaningful physiological parameter
that may indicate vascular reserve. We have introduced such a
technique termed FEAST (ﬂow encoding arterial spin tagging)
that uses 2 ASL scans with and without ﬂow spoiling bipolar
gradients, the ratio of which provides an estimate of arterial
transit time.46 An alternative approach is to simultaneously ﬁt
arterial transit time and perfusion through continuous sampling
of the dynamic inﬂow of the label, often using the Look-Locker
approach.42,47 Because of the use of small ﬂip angles, the SNR
of Look-LockerYbased ASL is lower with smaller image coverage compared with standard ASL acquisitions. Nevertheless,
the feasibility of this approach in stroke imaging has been
demonstrated.48
Figure 4 shows the comparison of FEAST and LookLockerYbased pCASL scans in a 7-year-old girl. The dynamic
time courses of the inﬂowing bolus acquired using Look-Locker
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EPIYbased pCASL reveal that the labeled bolus ﬂows into microvasculature after a delay of 1000 milliseconds (when focal
intravascular signals disappear). Correspondingly, the transit time
generated using the FEAST technique ranges from approximately
1150 to 1550 milliseconds from he bottom to the top slice, with a
mean of 1350 milliseconds. More recently, some investigators
realized that arterial transit time maps may be intrinsically smooth
in space and can be acquired with lower spatial resolution at high
imaging speed (È1 minute). These ‘‘coarse’’ transit maps can then
be used for determining the optimal postlabeling delay time for
accurate perfusion quantiﬁcation.49

T1 and T2 of Blood and Tissue
The T1 of blood and tissue is another important factor affecting the accuracy of ASL perfusion measurements. Strictly
speaking, the tracer relaxation time shifts from blood T1 to tissue
T1 once the labeled blood exchanges out of blood vessels. For
simplicity, the 2 compartments may be merged into one when
they have similar R1 and R2 values. Parkes and Tofts24 reported
that assigning the single compartment to tissue (ie, inﬁnite permeability) led to perfusion overestimation (in the brain, 20% for
gray matter and 60% for white matter). Alternatively, the single
compartment can be assigned to blood. If the acquisition window
is placed after the tagged protons arrive at the capillary network
and before they diffuse into extravascular space, the single blood
compartment model offers a simple and yet good estimate of
perfusion without the need of T1 measurement for tissue. It is
therefore critical to obtain in vivo measurement of blood T1 as
part of an ASL experiment. Recently, we have developed an
ultrafast pulse sequence (G1 minute) based on inversion-recovery
trueFISP (true fast imaging with steady-state precession) to
measure venous blood T1 in the sagittal sinus.50 Our data
demonstrated a trend of decreasing blood T1 with age and higher
values in females compared with males (Fig. 5). If left unaccounted for, the intersubject variations in blood T1 will be
propagated into the estimated CBF. Previous ASL studies have
* 2011 Lippincott Williams & Wilkins
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FIGURE 4. Series of pCASL images acquired using Look-Locker EPI from the delay of 100 to 2100 milliseconds with a temporal
solution of 300 milliseconds (top 8 rows). The dynamic time courses of the inﬂowing bolus show the labeled bolus ﬂows into
microvasculature after a delay of 1000 milliseconds. The bottom 3 rows demonstrate the FEAST techniqueVtransit time maps
(range, 1150Y1550 milliseconds from bottom to top slice with a mean of 1350 milliseconds) are generated by 2 pCASL images
(dM¶ and dM) acquired with and without ﬂow spoiling gradients. Data were acquired from a 7-year-old girl.
* 2011 Lippincott Williams & Wilkins
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ferentiates capillary and tissue fractions of labeled water based on
their different diffusion characteristics (ie, high pseudodiffusion in
capillaries and low diffusion coefﬁcient in tissue). The ratio between the 2 compartment signals provides an estimate of water
permeability based on a tracer kinetic model that accounts for
water exchange between capillaries and tissue.54 Nevertheless,
this technique awaits clinical validation in future studies.

Venous Outﬂow

FIGURE 5. Measured blood T1 as a function of age and sex with
ﬁtted lines for each sex in 26 children and adults aged 7 to 39 years
(shallow diamond and line = female; dark square and line = male;
sex = 0 for female and 1 for male). Figure 5 can be viewed
online in color at www.topicsinmri.com.

also included in vivo measurement of tissue T1 as part of the
scanning protocol.36 However, the additional scan time and
potential patient motion between T1 and ASL scans are existing
obstacles for calibrating T1 effects on a pixel-by-pixel basis
especially for clinical studies.
The T2 or T2* of blood and brain tissue can also affect
perfusion measurement, although to a lesser extent than the T1
effect discussed above. At magnetic ﬁeld strength equal to or
lower than 3.0 T, transverse relaxation effects can be ignored
because the echo time in ASL scans is generally much shorter
than the T2/T2* of blood and brain tissue. At high and ultrahigh
magnetic ﬁelds greater than 4.0 T, the T2/T2* of capillary blood
is comparable to typical TE values. As a result, a signiﬁcant
amount of ASL signal may be dephased, leading to underestimation of CBF at high and ultrahigh ﬁelds (Fig. 6).51 These data
demonstrate the importance for using fast imaging sequences
with ultrashort TE for high-ﬁeld ASL, as well as the importance
of accounting for susceptibility effects on perfusion quantiﬁcation. On the other hand, the TE dependences of ASL and tissue
signals may be used for estimation of tissue oxygenation. As
shown in Figure 6, the ﬁtted venous T2* may provide a surrogate index of venous oxygen saturation.

An implicit assumption in most existing quantitative
models is that the tagged blood arrives at the capillary network
and the surrounding tissue without leaving prior to data acquisition. Although this assumption generally holds in the brain of
adult humans under normal conditions (Fig. 1), evidence has
suggested a ﬁnite permeability of the capillary wall to water and,
in turn, the increased likelihood that the tagged spins are able
to pass through the capillary network without extraction into
the tissue. Both elevated ﬂow and prolonged tracer half-time
(blood T1) may accentuate the venous outﬂow. In a recent study,55
we applied CASL to measure perfusion in normal adults, normal
children, and children with sickle cell disease (SCD). Healthy
children are known to have increased CBF compared with
adults, which is further elevated in children with SCD because of
their decreased hematocrit level.56,57 Venous outﬂow was identiﬁed as hyperintensities in the sinuses of the dura mater and further quantiﬁed as a function of the average ﬂow in gray matter.
Hyperintensities in the sagittal sinuses were observed in 20 of 24
children with SCD, 13 of 30 healthy children, and none of the
young adults, indicating that the occurrence is associated with
groups (W2 test, P G 0.001).
Figure 7A shows the CBF images obtained from 3 representative subjects (top row: a child with SCD; middle row: a
healthy child; bottom row: a healthy adult). It is apparent that
both global perfusion and hyperintentsities in the sagittal sinus
(arrows) increased from the adult to the healthy child and to the
child with SCD. In Figure 7B, the outﬂow effect is plotted
against gray matter ﬂow for both healthy children and children
with SCD. In the latter, the outﬂow effect is found to positively
correlate with perfusion. This venous outﬂow effect, if not
properly accounted for, can lead to ﬂow underestimation in ASL.

Water Permeability
Compared with contrast agents, water is a relatively freely
diffusible tracer. Consequently ASL CBF measurements are not
very sensitive to permeability changes of the BBB.52 This may
serve as an advantage of ASL for absolute perfusion quantiﬁcation in tumor imaging as compared with DSC perfusion MRI,
where a preload of contrast agent or compensation algorithms
need to be applied.53 On the other hand, permeability of the BBB
is an important physiological parameter that may have clinical
implications in aging, dementia, and cancer. The lack of sensitivity of ASL to permeability changes may ultimately serve as a
disadvantage compared with DSC. Fortunately, emerging technologies are starting to address this important issue. We have
recently developed a diffusion-weighted ASL technique that dif-
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FIGURE 6. Cerebral blood ﬂow data collected at 1.5 and 4 T
plotted as a function of TE in gray matter. The best ﬁt of the SPA
model and the corresponding estimate of T2v* are displayed for
both ﬁeld strengths. Error bars represent SEM.
* 2011 Lippincott Williams & Wilkins
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FIGURE 7. Cerebral blood ﬂow images obtained from 3 representative subjects (A). Four slices are shown for each subject. From top
to bottom: A child with a diagnosis of SCD, a healthy child, and a healthy adult. Arrows indicate hyperintensities in the sagittal sinus.
Scatter plot of venous outﬂow effect versus gray matter blood ﬂow (B); circled dots are data points with gray matter CBF 9100 mL/100 g per
minute that were used for regression analysis. Figure 7 can be viewed online in color at www.topicsinmri.com.

Thus, caution needs to be exercised when applying ASL to
cases with high ﬂow rate (eg, children, tumors, and hypercapnia)
and/or prolonged blood T1 (eg, high magnetic ﬁeld and children), although outﬂow effects may not be observable in healthy
adults at 3.0 T. An interesting clinical application that uses the
venous outﬂow effect is a recent ASL study on arteriovenous
malformation.58 Because of the direct shunt between arteries and
veins, the labeled blood directly ﬂows into veins causing intravenous hyperintensities similar to arterial transit artifacts. These
intravenous hyperintensities in ASL images can be used to delineate and quantify the shunted ﬂow through an arteriovenous
malformation.

Other Factors Affecting Perfusion Quantiﬁcation
The magnetization of blood in Equation [1], M0b, is generally estimated from the measured signal of white matter by
using the proton density ratio as well as T2 differences between
blood and white matter.53 To correct for coil inhomogeneity
effects, a minimum contrast image (between gray matter, white
matter, and cerebrospinal ﬂuid) can be acquired by optimizing
imaging parameters such as TR and TE.59 An alternative approach to calculate M0b is through scaling raw image intensity
with the blood/tissue water partition coefﬁcient (L), although
potential spatial variations of L are a concern for accurate
perfusion quantiﬁcation in different tissue types (eg, gray and
white matter).
Because of the lengthy acquisitions to achieve adequate
SNR, ASL scans are susceptible to motion artifacts, especially in
clinical settings such as stroke imaging. Nevertheless, recent
technical advances offer several solutions to circumvent such
limitation. The temporal ﬂuctuations of ASL image series can be
greatly reduced by placing inversion pulses to suppress the raw
image intensity to as low as 1% of its original levelVa technique
termed background suppression.60Y62 More recently, ‘‘snapshot’’
ASL imaging capability (acquisition time G1 minute) has been
demonstrated by combing background suppression, 3D acquisition, and pCASL.63 This technique is expected to improve the
robustness of ASL for clinical scans. With increasing use of ASL
for body perfusion MRI, background suppression, synchronized
breathing, and prospective gating techniques will ﬁnd wider use
in various applications.64,65

SUMMARY
Based on the above analyses, we recommend the following
ASL imaging protocol for clinical perfusion MRI, with a total
scan time of less than 10 minutes:
* 2011 Lippincott Williams & Wilkins

ASL Perfusion MRI Scanning Protocol
pCASL scan
M0 and minimum contrast images
Blood T1
PC MRI at labeling plane
FEAST or multi-TI transit mapping
Total

3Y4 min
30 s
1 min
1 min
2Y3 min
9Y10 min

The priority of the proposed sequences generally decreases
from top to bottom. The PC MRI and transit time mapping
sequences may be skipped as limited by time. Nevertheless, it
will always pay off to run pilot scans in a representative patient
population to estimate the arterial transit time and labeling efﬁciency for accurate perfusion quantiﬁcation in formal studies.
Although some of the listed sequences may be speciﬁc for our
studies, pCASL and variant versions of transit time and T1
measurement sequences are available on MR systems of the 3
major vendors. It is to be hoped that this review will raise the
awareness of potential issues in perfusion quantiﬁcation using
ASL especially in clinical populations and stimulate novel
approaches for in vivo calibration of these factors.
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