1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

" NIH Public Access
éf};‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
JMagn Reson Imaging. 2012 May ; 35(5): 1026-1037. doi:10.1002/jmri.23581.

Applications of Arterial Spin Labeled MRI in the Brain

John A. Detre, MD12:3 Hengyi Rao, PhD1:3, Danny JJ Wang#, Yu Fen Chen, PhD®, and Ze
Wang, PhD3:6
1Department of Neurology, University of Pennsylvania

2Department of Radiology, University of Pennsylvania

SCenter for Functional Neuroimaging, University of Pennsylvania
4Department of Neurology, UCLA

SDepartment of Radiology, Northwestern University

6Department of Psychiatry, University of Pennsylvania

Abstract

Perfusion provides oxygen and nutrients to tissues and is closely tied to tissue function, and
disorders of perfusion are major sources of medical morbidity and mortality. It has been almost
two decades since the use of arterial spin labeling (ASL) for noninvasive perfusion imaging was
first reported. While initial ASL MRI studies focused primarily on technological development and
validation, a number of robust ASL implementations have emerged, and ASL MRI is now also
available commercially on several platforms. As a result, basic science and clinical applications of
ASL MRI have begun to proliferate. Although ASL MRI can be carried out in any organ, most
studies to date have focused on the brain. This review covers selected research and clinical
applications of ASL MRI in the brain to illustrate is potential in both neuroscience research and
clinical care.
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Introduction

Tissue perfusion is a fundamental physiological parameter that is closely linked to tissue
function, and disorders of perfusion are leading causes of medical morbidity and mortality.
While a number of flow-related parameters can be measured using a range of MRI
methodologies, direct measurement of tissue perfusion in classical units of ml/g/min
requires a nominally diffusible tracer. This was first accomplished in MRI using deuterated
water (1,2) and fluorinated (3,4) tracers, and in the future hyperpolarized tracers may be
used, but currently the most effective approach uses magnetically labeled arterial blood
water, termed “arterial spin labeling” (ASL). Feasibility of the basic ASL approach for
imaging tissue perfusion was first published in 1992 as a crude single-slice image in the rat
brain (5). Since that time there have been several important methodological advances and
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technical improvements, such that it is currently possible to obtain whole-brain ASL data
routinely in both clinical and research settings. With the maturation of this technology,
numerous basic and clinical applications have also been assessed. The majority of initial
applications have been in the brain due to its high perfusion rates relative to other organs, its
spatially consolidated blood supply, the lack of major motion issues, and the normally tight
coupling between regional cerebral blood flow and neural activity.

This review primarily focuses on applications of ASL, though a brief introduction to ASL
methodologies is also provided as background. There are currently approximately one
thousand articles on ASL MRI and its applications. Accordingly, this review is not intended
to provide a comprehensive summary of the literature. Instead, it attempts to illustrate the
particular benefits of ASL MRI in selected applications in basic and clinical neuroscience
where it has shown promise.

ASL Methodology

In ASL techniques, arterial blood water is magnetically “labeled” using radiofrequency (RF)
irradiation. The approach is highly analogous to PET CBF measurements, which use 1°0
labeled water as the flow tracer, except that the magnetically labeled arterial water “decays”
with T1 relaxation rather than the radioactive decay rate for 150. ASL MRI measurements
of cerebral blood flow have been validated against 1°0-PET (6-8) in the brain and have
been shown to provide similar image appearance and blood flow values. Because the T1
relaxation rate for water in blood or tissues is on the order of 1-2 seconds, only small
amounts of arterial spin labeled water accumulate in the brain, and prolongation of T1 with
field strength represents a major benefit of high-field MRI for ASL studies. Fortunately, 3
Tesla MRI machines are now widespread. Signal gains of up to four-fold are theoretically
obtainable from 7 Tesla ASL, but there are also numerous challenges to realizing this
benefit.

A consequence of the short lifetime of the magnetic label is that perfusion measurements are
very sensitive to the arterial transit times of the label (9). Uncertainties in the arterial transit
time are the major source of error in most ASL studies, and it can be challenging to measure
blood flow in poorly perfused tissues due to label decay during transit. Use of a post-
labeling delay to reduce the transit time dependence of ASL was an early advance in the
methodology (9), and is now routinely employed in many ASL implementations. On the
other hand, arterial transit times derived from ASL data are potentially informative by
defining vascular and watershed territories (10-12) or collateral flow sources (13,14).

During ASL image acquisition, repeated label and control images are typically interleaved.
Perfusion contrast is obtained by pair-wise subtraction of the label and control acquisitions,
and absolute CBF in well-characterized physiological units of mI/100g/min can be estimated
by modeling expected signal changes in the brain, primarily taking into account the tracer
half-life determined by the T1 of blood and tissue (5). During the past two decades,
theoretical and experimental studies have been conducted to improve the accuracy of CBF
quantification using ASL by taking into account multiple parameters such as arterial transit
time, magnetization transfer effect, T1, labeling efficiency, and capillary water permeability.
Assumed values are typically used for these parameters since it can be time-consuming to
measure them in each subject and using measured values adds noise to the resulting CBF
maps. Variations in labeling efficiency, arterial transit time, and blood T1 are the most
significant sources of error in CBF quantification (15), particularly in clinical applications
where major deviations from normative values occur. While many ASL quantification
schemes are based on a steady-state model derived from diffusible tracer theory, kinetic
models analogous to those used for dynamic susceptibility contrast perfusion MRI have also
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been applied to ASL data (16,17), and are theoretically insensitive to variations in
parameters such as arterial transit time and labeling efficiency. Better characterization of the
compartmentalization of the arterial spin label and the use of advanced signal processing
schemes to improve ASL quantification remain promising avenues for improving its
sensitivity and reliability (18). Although reliable quantification of absolute CBF based on
ASL data remains challenging, similar challenges and assumptions exist for other methods
for quantifying CBF in vivo.

Several approaches exist for achieving ASL (Figure 1). In continuous ASL (CASL) arterial
blood water is continuously and selectively labeled as it passes through a labeling plane
(19). In pulsed ASL (PASL) a short RF pulse is used to instantaneously invert blood and
tissue, and can be applied either below the brain (20,21), or to the entire brain with
subsequent selective inversion of the imaging slices to produce a magnetization difference
between blood and brain water (22). A hybrid approach that simulates CASL using many
short pulses termed “pseudocontinuous” or “pulsed continuous” ASL (pCASL) combines
these schemes to provide better sensitivity and ease of implementation for body coil
transmitters (23,24). Several methods also exist for spatially selective labeling, uniquely
allowing the perfusion distribution of single arterial territories to be measured (25-30).
Velocity selective labeling has also been explored as a means of eliminating arterial transit
time dependence (31,32). More recently time-resolved ASL has been developed as a
noninvasive alternative to angiography (33).

Any imaging sequence can be used to measure the changes in tissue magnetization due to
ASL. Since the ASL effect is small, it is desirable to use an imaging sequence with high
SNR. Much of the data acquired to date using ASL has employed echoplanar imaging due to
its high SNR and speed, which reduces the potential for motion artifacts between label and
control scans. However, echoplanar imaging can introduce distortions in regions of high
static susceptibility gradients that degrade image quality. Over the past several years, 3D
sequences based on fast spin echo (24) or GRASE (34) have begun to be used for image
acquisition in ASL to improve image quality. 3D sequences provide improved SNR and
greatly facilitate the use of background suppression pulses to reduce the static brain signal to
increase sensitivity (35-37).

Clinical applications of ASL

Commercial ASL sequences are now available for most major clinical MRI platforms. These
vary considerably with regard to the specific implementation used for labeling, imaging, and
quantification, but they do allow ASL to be added to clinical imaging protocols. As with
many other MRI methodologies, this has initially been most widely applied in the brain.

An obvious application of ASL MRI is in cerebrovascular disease since it is a disorder of
perfusion (Figure 2). A few early studies demonstrated that ASL MRI was feasible in acute
stroke (38,39), but the lack of availability of robust methodology, its low sensitivity for
hypoperfusion, and the requirement for several minutes of signal averaging limited its use,
so to date DSC perfusion MRI remains the predominant method in use for acute stroke.
However, the use of background suppression allows ASL MRI data to be reliably obtained
at 3T in less than one minute (36), and as this methodology becomes available, the use of
ASL MRI in acute stroke imaging protocols may increase. Nonetheless, several case reports
demonstrate the utility of ASL in stroke and its differential diagnosis, with unexpected
hyperperfusion suggesting stroke mimics such as complicated migraine (40) and focal
seizure (41).

While acute stroke has been the focus of much of cerebrovascular MR, the capability for
accurate and reliable quantification of cerebral blood flow (CBF) with ASL provides as-yet
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untapped potential applications in managing chronic cerebrovascular disease. Early data
demonstrated that CBF is chronically reduced in patients with cerebrovascular disease, and
ASL MRI could play an important role in monitoring CBF with medical and surgical
management changes (42-45). Vessel selective ASL may also have a role in planning and
monitoring interventional procedures (46). ASL MRI can also be used in the diagnosis and
management of arteriovenous malformations to increase their conspicuity of due to the
accumulation of a large venous label, and potentially to quantify shunt fractions (47).

ASL MRI is appealing in pediatric populations due to its noninvasiveness. It has been used
to assess brain tissue perfusion in children with sickle cell disease showing a significant
increase of CBF in all cerebral arterial territories, which concurred with previous PET
findings (48), in acute stroke where ASL perfusion deficits predicted chronic infarct
volumes while normally or hyperperfused vascular territories were generally associated with
positive imaging outcomes (49), and in congenital heart disease where baseline CBF was
found to be reduced and periventricular leukomalacia was associated with low CBF and lack
of flow response to hypercarbia (50).

Avrterial occlusive disease is not limited to the brain, but because the brain is stationary and
highly perfused, it is easier to obtain good quality ASL data in brain than in other organs.
However, ASL MRI has also been obtained from post-ischemic extremities in patients with
peripheral vascular disease (51) and there have been some preliminary feasibility studies of
ASL MRI in the heart (52). The kidneys and retina are highly perfusion tissues where ASL
MRI has also been used (53,54).

Another clinical area in which tissue perfusion represents a key pathophysiological
mechanism is neoplastic disease and its treatment. Tumor vascularization and perfusion
tends to increase with tumor grade, and brain tumor blood flow measured by ASL MRI has
been shown to correlated with grade (55,56). Imaging tumor blood flow and metabolism can
also be used to differentiate tumor recurrence from radiation necrosis (57) and to monitor
treatment. Finally, treatment of neoplastic disease with antiangiogenesis therapy specifically
targets the mechanisms by which tumors increase their vascularization, and preliminary
studies demonstrate that early treatment responses detected by ASL MRI are predictive of
subsequent clinical responses (58).

In brain and in most other organs, changes in perfusion are coupled to changes in
metabolism. This provides the physiological basis of functional MRI studies, which will be
discussed below, but also has clinical relevance. Several studies have supported the utility of
ASL MRI for detecting patterns of regional hypoperfusion suggesting a diagnosis of
Alzheimer’s dementia (59-63) or frontotemporal dementia (61,63). Although a growing
number of molecular imaging tracers are likely to provide the earliest and most specific
detection of Alzheimer’s neuropathology, there remains a role for functional imaging in
predicting disease conversion (64) and monitoring disease progression and perhaps
responses to therapy. Furthermore, molecular imaging studies are costly and not widely
available, so there might also be an important role for ASL MRI in screening for
neurodegenerative disease.

Epilepsy is another neurological disorder in which functional imaging contributes to
diagnosis and management. Interictal hypoperfusion measured by ASL MRI has been shown
to correlate with interictal hypometabolism by FDG-PET in temporal lobe epilepsy in a few
preliminary studies (65-67), some showing correlations with PET data, and ictal
hyperperfusion has also been visualized (41,68).
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Basic Science Applications of ASL MRI

ASL MRI is a particularly promising MRI methodology for basic research because it is
quantitative and because it is one of the few MRI contrast mechanisms for which the
biological basis is well understood. Over the past decade, ASL MRI has been successfully
used in a variety of research applications, mainly in the neuroscience, and it is now
increasingly included in multimodal neuroimaging protocols. Here we review several of the
research areas in which ASL MRI has been assessed. ASL MRI has also been used to further
investigate changes in blood oxygenation level dependent (BOLD) contrast, which
represents a complex interaction between changes in blood flow, blood volume, and oxygen
metabolism. One such application is “calibrated BOLD” (69), wherein relative changes in
ASL CBF and BOLD contrast with vasoactive stimuli are used to draw inferences about
oxygen metabolism changes with functional stimulation.

ASL for developmental neuroscience

ASL MRI is currently being used as a biomarker for functional brain development in both
healthy populations and developmental disorders (Figure 3). Several physiological
properties of the pediatric brain are beneficial for ASL (70). Blood flow rates are generally
higher in children compared to adults (except in newborns) (71), which increases perfusion
contrast, and the water content of the brain is also higher in children than adults, which
yields a greater concentration and half-life of the tracer (blood water). In addition, ASL
offers quantitative cerebral blood flow (CBF) at baseline without the use of external tasks,
which is more convenient and advantageous than performing task activation fMRI in infants
and younger children.

The first feasibility study of pediatric ASL was carried out using pulsed ASL (PASL) at
1.5T (70), which demonstrated a 70% improvement in the SNR of pediatric perfusion
images as compared to those of healthy adults. Several recent studies have more
systematically investigated developmental changes of brain perfusion, using pulsed or
continuous ASL (CASL) at 1.5 and 3T (72-75). In healthy children older than 4 to 5 years, a
trend of decreasing CBF in the whole brain, gray and white matter with age has been
observed (73,74), which is in agreement with existing literature based on nuclear medicine
approaches (SPECT) (71). In terms of developmental trajectories of regional CBF (rCBF),
relative rCBF increases with age (after adjusting global CBF) were observed in the frontal
cortex, cingulate cortex, angular gyrus, and hippocampus (74), which may reflect the later
maturation of cortical regions associated with executive function, cognitive control,
integrative and memory function (76). In a recent study performed on 202 healthy children
aged 5-18 years (75), Taki et al. separated developmental effects on brain structure and
perfusion by calculating brain perfusion with adjustment for gray matter density (BP-GMD)
in 22 brain regions. The correlation between BP-GMD and age showed an inverted U shape
followed by a U-shaped trajectory in most regions. The age at which BP-GMD peaked
increased from the occipital to the frontal lobe via the temporal and parietal lobes.

ASL MRI has also been applied to neonates and infants. In unsedated newborns, cortical
perfusion level is lower than that of adults. Nevertheless, perfusion is significantly higher in
basal ganglia than cortical gray and white matter (72), consistent with PET imaging results
in this age group (77). Another recent study compared perfusion images acquired from
normally developing 7- and 13-month-old infants while asleep without sedation (78). The
13-month infant group showed an increase of relative CBF in frontal regions as well as in
the hippocampi, anterior cingulate, amygdalae, occipital lobes, and auditory cortex.
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ASL for Cognitive Neuroscience

Over the last two decades, functional MRI (fMRI) based on BOLD has become a standard
tool to visualize regional brain activation in response to various sensorimotor or cognitive
tasks. However, because BOLD signal is the result of a complex interaction between a
number of physiological variables changes accompanying neural activity including CBF,
cerebral blood volume (CBV), and cerebral oxygenation metabolic rate, task-specific BOLD
signal changes cannot be directly quantified in physiological units. Instead, BOLD signal
changes are usually expressed as a relative percentage signal change or as a statistical
significance level based on a statistical model. ASL perfusion MRI can be used to monitor
task correlated CBF changes in a manner similar to BOLD fMRI. Although task correlated
percentage signal changes in ASL MRI are weaker than BOLD changes, there is evidence
that ASL CBF changes are better localized than BOLD changes both spatially (79) and
temporally (80,81). However, these benefits have yet to be realized in significant
applications. Instead, the principal benefits of ASL MRI for brain mapping relate to the
quantitative relationship between ASL MRI signal changes and CBF.

ASL data are typically obtained from successive pairwise subtractions between images
acquired with and without arterial spin labeling. This paired subtraction dramatically
changes the noise properties of ASL compared with BOLD fMRI by eliminating low-
frequency noise (82), thereby increasing sensitivity over longer time scales (83). The
superior low-frequency sensitivity of ASL perfusion over BOLD fMRI has been well
demonstrated in a sensorimotor study showing that reliable CBF activation in motor cortex
could be detected with up to 24 hours interval between rest and finger tapping while BOLD
activation diminished with a few minutes interval (84), as shown in Figure 4. Because of its
long-term stability, ASL perfusion fMRI provides an appealing alternative to BOLD fMRI
for imaging brain activations during long time scale processes and more ecological
paradigms such as motor learning (85), emotion or mental states (86—88), mood changes
(89,90), and natural vision (91). Further, although the sensitivity and temporal resolution of
ASL are generally lower than routine BOLD fMRI, there is some evidence that ASL
sensitivity to group effects is increased, which may be due to reduced between-subject
variation in the CBF changes as compared to BOLD signal changes (83,84).

Because ASL MRI provides absolute quantification of CBF, which is coupled to regional
neural activity (84), it can also be used to measure resting brain function independent of any
specific sensorimotor or cognitive task. Indeed, it is thought that the vast majority of brain
metabolism does not vary with exogenous stimuli, but rather reflects “state” or “trait”
functions (92), which can be measured with ASL MRI. Using a latent trait-state model on
ASL CBF data obtained over several weeks with eyes open or eyes closed, a recent study
confirmed that approximately 70% of the CBF variance was attributable to individual
differences on a latent physiological trait, with approximately 20% attributable to ‘state’
effects and the remaining variance attributable to measurement errors (93).

Several recent reports have begun to use ASL MRI to demonstrate genotype and phenotype
“trait” effects (Figure 5). For example, ASL perfusion fMRI has been used to examine the
effect of 5-HTTLPR (serotonin transporter) genetic variations on resting brain function and
mood regulation of healthy individuals (89,94,95). The results showed that the homozygous
short allele (s/s) group has increased resting CBF in the amygdala compared with the
homozygous long allele (I/) group, which could not be accounted for by variations in brain
anatomy, personality, or self-reported mood (94). Moreover, regional CBF in the amygdala
showed positive correlations with depression scores and stressful life events in the s/s group
but negative correlations in the I/l group (95,96). These findings complement existing
literature on short allele related amygdala hyperactivity and suggest an additional
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neurobiological mechanism whereby the 5-HTTLPR is associated with individual
differences in vulnerability to mood disorder. Other groups have also showed that resting
baseline CBF correlates with habitual emotion regulation scores (97), working memory
capacity (98), and predicts individual differences in the blood pressure response to a stress-
eliciting task administered after MRI (99). Taken together, these studies indicate the
potential of ASL perfusion fMRI for imaging the neural correlates of behavioral traits or
states, and as such can be considered complementary to BOLD fMRI studies that focus more
on evoked responses.

The ability to measure static brain function also proves an alternative approach to
elucidating brain-behavior relationships to task activation by correlating regional CBF
measures in the absence of a specific cognitive task with measures in other domains made
outside of the MRI scanner. This approach relies on individual difference across the study
cohort to provide image contrast, and its most effective use requires quantitative
neuroimaging measures that can be effectively compared across subjects and scanning
sessions. To date, this approach has mainly been used with structural MRI and termed
“voxel based morphometry (VBM)” (100), but it can equally be applied to brain function
using ASL MRI. This strategy of deriving brain-behavior relationships avoids the
performance confound that is inherent in task activation data, which can be particularly
problematic when studying populations with performance deficits.

ASL MRI as a Biomarker of Pharmacological Actions

Pharmacological imaging offers in-vivo visualization of drug actions and can be applied in
both preclinical models and human subjects. The most widely applied pharmacological
imaging method to date has been positron emission tomography (PET), which allows the
distribution of radiotracer analogs of drugs or drug targets to be imaged. While this provides
a very specific biomarker for drug penetrance and actions, it requires expensive
development for each compound as well as exposure to ionizing radiation. Nonspecific PET
markers of neural activity such as 150-PET and FDG-PET have also been used, and more
recently pharmacological MRI (phMRI) has begun been used for this purpose. These
nonspecific approaches rely on a coupling between drug actions on neural activity and
changes in CBF and metabolism. PhMRI based on BOLD contrast has been the most
commonly used phMRI technique, but since BOLD does not provide a quantitative baseline
it is primarily applicable to studying short term effects of intravenously administered drugs
or drug effects on task-induced activations The complex interplay of physiological
properties that give rise to BOLD contrast can also make interpretation difficult, especially
when examining the effects of drugs that modulate both neural activity and blood flow.

One such substance is caffeine, a nonspecific adenosine antagonist that has the dual effect of
decreasing CBF and increasing neural activity. Depending on the balance between these two
effects, BOLD response in the presence of caffeine may either increase or decrease, likely
the reason why earlier BOLD studies on caffeine often had seemingly contradictory results
(101-104). Using simultaneous ASL and BOLD acquisitions to “calibrate” the BOLD
response, Perthen and colleagues demonstrated that caffeine significantly alters CBF and
cerebral oxygen consumption (CMRO2) coupling at rest, with a higher degree of
intersubject variation when compared to visual stimulation (105). This result was extended
by Chen and Parrish who used calibrated BOLD (106) to show that caffeine not only alters
baseline hemodynamics, but also decreases CBF:CMRO2 coupling in both motor and visual
tasks (107). The vasoconstrictive effects of caffeine also alter the temporal dynamics of the
BOLD response (103,108), potentially due to the increased vascular tone of the constricted
blood vessels. These studies highlight how ASL and BOLD can provide complementary
information in the rapidly growing field of phMRI.
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ASL MRI offers several advantages as a potential biomarker of drug actions. Firstly, ASL
has been shown to have high reproducibility over periods of day, weeks, or months (109-
111), making it suitable for studying oral drugs and chronic treatment. Its ability to quantify
CBEF, a biological parameter, means that it should also be suitable for multisite studies
involving differing scanning platforms, though this capability has not yet been fully
validated and dealing with current variations in ASL implementations across scanner
platforms remains a challenge. Several recent studies have begun to demonstrate the utility
of ASL MRI as a biomarker of pharmacological actions in the brain. Finally, ASL can be
used to disentangle the complexity of the BOLD contrast. In fact, a few studies have used a
combination of both techniques to provide complementary information about brain activity
(105,107). As ASL continues to gain in popularity and availability, such combined studies
are expected to become increasingly common. The use of ASL MRI to monitor the effects
of pharmacological treatment for tobacco addiction is described in the following section.

Black et al. (112) employed a placebo-controlled, repeated-measure, crossover study design
to investigate the mechanism of a novel adenosine A2A antagonist — SYN115 in 21
Parkinson Disease patients with levodopa infusion. Subjects were scanned with the
commercial Siemens PASL sequence after a week of SYN115 treatment, taken twice a day.
After a one week washout period, the experiment was repeated with a week’s treatment of
placebo. A subset of the subjects was assigned to 20mg (N=12) and 60mg (N=14) dose of
SYN115 to facilitate quantification of a dose-response curve. In addition to a small decrease
in global CBF (4% and 7% for 20mg and 60mg respectively), the authors reported
significant decrease in thalamic CBF, consistent with the expected disinhibition of basal
ganglia pathway by Ao, antagonists. This is also supported by earlier studies on treatment of
Parkinsonian symptoms with Ao, antagonists. This study was one of the first that uses ASL
to investigate mechanism of a novel drug, as well as provide a quantitative dose response
curve.

Chen et al. (113) tested the feasibility of pseudocontinous ASL (pCASL) to detect the effect
of a single, oral dose of citalopram on CBF. Twelve healthy subjects were randomized to
receive either placebo or 20mg of citalopram, with a week’s washout period between the
two. Baseline pCASL scans were collected before drug intake, as well as 30 minutes, 1 hour
and 3 hours post-medication. Using support vector machine (SVM), the authors reported
significant drug-induced CBF decreases in regions including the amygdala, fusiform, insula
and orbitofrontal cortex. Mixed effects analysis on CBF data extracted from selected regions
of interest revealed a significant drug effect in the serotonergic regions. Combined with
findings of elevated CBF in the same regions of depressed patients as well as subjects
genetically prone to depression, these results suggest a potential mechanism for the clinical
efficacy of citalopram in the treatment of depression.

Fernandez-Seara et al. (114) also demonstrated the feasibility of using ASL to detect single
oral drug dose, in this case 10mg of metoclopramide or placebo was given to 18 healthy
subjects. pCASL scans were acquired both before and one hour post-medication. To
minimize variability due to inaccurate pCASL labeling efficiency, this study employed an
additional phase-contrast scan to estimate the labeling efficiency in each subject (115) rather
than using an assumed literature value. The authors reported bilateral increases in regional
CBEF in the putamen, globus pallidus and thalamus, as well as decreased regional CBF in
bilateral insula, extending to the anterior temporal lobes. These results are consistent with
findings in other antipsychotic drug studies using PET, and are further supported by
pathological hyperperfusion in similar areas observed in Parkinson’s disease patients.

Tolentino et al. (116) used PASL to investigate the effect of alcohol ingestion on CBF in a
large number of subjects comprising of those at high and low risks for alcohol use disorders.
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Eighty-eight young, healthy subjects were divided into matched pairs of high and low levels
of response (LR) to alcohol, and assigned in randomized order to receive either 0.7-0.75ml/
kg of ethanol or placebo (in the form of a non-caffeinated beverage). PASL scans were
acquired 22 minutes after beverage ingestion. Consistent with earlier reports using other
CBF measuring methodologies (PET, SPECT and 133Xe inhalation), the authors observed
CBF increases in the frontal regions. Additionally, this CBF increase was smaller in subjects
with low LR to alcohol, which is also in agreement with earlier functional MRI studies.

ASL MRI in Neuropsychiatry

ASL MRI provides a versatile tool for quantifying regional brain function associated with
“states”, “traits”, evoked responses, and pharmacological actions, all of which may be
manifested by changes in regional CBF. These properties are particularly valuable in the
investigation of neuropsychiatric disorders and their treatment. Initial studies have

demonstrated the utility of ASL in several areas including tobacco addiction.

Franklin et al. (117) used the temporal stability of ASL MRI to compare brain function
during smoking versus nonsmoking cues while controlling for withdrawal effects by having
subjects smoke a cigarette before each measurement. CBF in preselected limbic regions
including ventral striatum, amygdala, orbitofrontal cortex, hippocampus, medial thalamus,
and left insula was higher during smoking versus nonsmoking cues, while cue-induced
graving scores positively correlated with CBF changes in the dorsolateral prefrontal cortex
and posterior cingulate. This pattern of activation was consistent with prior preclinical on
the neural correlates of conditioned drug reward. In a subsequent report, the effects of
dopamine transporter (DAT) polymorphisms on the observed effects were examined (118).
Correlations between brain activity and craving were strong in one genotype subgroup and
absent in the other, providing evidence that genetic variation in the DAT gene contributes to
the neural and behavioral response variations elicited by smoking cues.

Three week’s treatment with the smoking cessation medication varenicline was found to
reduce cue induced craving as well as reactivity to smoking cues in reward-activating
ventral striatum and medial orbitofrontal cortex (119). In the absence of smoking cues,
varenicline treatment also increased CBF in reward-evaluating lateral orbitofrontal cortex,
suggesting that varenicline may have dual effects that contribute to its efficacy.

A similar neural response was observed after three weeks of treatment with baclofen (120),
which also decreased CBF in ventral striatum and medial orbitofrontal cortex (Figure 6) and
increased CBF in lateral orbitofrontal cortex. Baclofen additionally diminished CBF in the
insula, a region where infarction resulting in spontaneous smoking cessation.

A related study examined brain-behavior relationships in the absence of smoking cues.
Wang et al. (121) studied a cohort of smokers under conditions of satiety and overnight
abstinence. Smoking abstinence was associated with increased CBF anterior cingulate
cortex, medial orbitofrontal cortex (Figure 6), and left OFC. Abstinence-induced cravings to
smoke were predicted by CBF increases in the brain’s visuospatial and reward circuitry,
including in the right OFC, right dorsolateral prefrontal cortex, occipital cortex, ACC,
ventral striatum/nucleus accumbens, thalamus, amygdala, bilateral hippocampus, left
caudate, and right insula. This craving response was subsequently correlated with functional
genetic variants previously associated with nicotine dependence (122). Significant
modulations in the correlation between CBF and craving were observed with D2 receptor
and catechol-o-methyl transferase genotype variations, suggesting a neural mechanism
whereby these genetic variants may be linked with nicotine dependence.
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ASL MRI has also begun to be applied to other neuropsychiatric syndromes. In affective
disorders such as depression (123,124) and schizophrenia (125), hypoperfusion of prefrontal
cortex has been observed and ASL MRI has been used in conjunction with other modalities
to monitor treatment effects (126). Normalization of hyperperfusion in cortical and
subcortical regions with stimulant therapy in a small cohort of patients with attention deficit
hyperactivity disorder was also demonstrated using ASL MRI (127). Very recently, serial
ASL MRI studies have been used to demonstrate objective neural correlates of post-surgical
pain by performing imaging before and after dental extractions (128).

Over the past two decades ASL MRI has evolved from feasibility to practical utility and
concomitant with the maturation of this technology, diverse applications of ASL MRI have
also emerged. While most applications of ASL have been in basic and clinical neuroscience,
ASL MRI can also be performed in other tissues, and applications outside of the brain are
expected to emerge in the near future. ASL is nearly unique among MRI contrast
mechanisms in that its biological basis, perfusion, is known. The ability to provide absolute
quantification of a key biological parameter also makes it a very useful biomarker for both
longitudinal and cross-sectional studies. CBF is a versatile biomarker of both normal and
pathological brain function as illustrated by the findings summarized above, and inclusion of
ASL in large cross-sectional and longitudinal databases will likely lead to valuable new
insights into the neural basis for a wide range of behaviors and disorders. Use of ASL as a
biomarker of drug actions and neural responses to therapy is also likely to contribute
significantly to the development and validation of new therapies for brain disorders as well
as disorders outside of the brain.

Given the utility of CBF measurement in clinical management, it is perplexing that ASL
MRI has not really found its way into routine clinical practice. The explanation for this is
likely multifactorial. Firstly, ASL MRI is based on weak signals, and ASL methodologies
are somewhat more complex than other MRI methods in routine use. Secondly, the utility
and benefits of ASL have been eclipsed by related technologies such as dynamic
susceptibility contrast perfusion MRI and BOLD fMRI that are more widely available.
Finally, clinicians are not accustomed to being able to quantify CBF easily, so do rarely
demand it. Hopefully the availability and dissemination of truly robust ASL MRI
implementations and a growing literature of applications demonstrating its utility will lead
to its more widespread use for the betterment of both patient care and biomedical research.
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PASL EPI

Figure 1.
Typical whole-brain ASL MRI quantitative CBF data obtained in 6 minutes at 3 Tesla using

PASL and pCASL with echoplanar imaging (TOP and MIDDLE), adapted from (109) with
permission from the publisher. BELOW: pCASL with background-suppressed 3-
dimensional variable density spiral acquisition acquired in 2 minutes at 3 Tesla.
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Figure 2.
Transit artifact in a patient with left middle cerebral artery stroke and a transit time map

showing prolonged arterial transit to this region. TOP: FLAIR images showing multiple
strokes in the left MCA distribution. MIDDLE: ASL CBF images show artifactual
hyperperfusion in the left MCA distribution (arrows) due to delayed transit of label, which is
imaged within leptomenigeal vessels providing collateral flow. CBF in left and right MCA
distributions are actually nearly identical at 43 and 42 ml/100g/min, respectively. Bottom:
Acrterial transit time map demonstrates prolonged transit times to the left MCA distribution.
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TOP: Representative ASL MRI data across human brain development. BELOW: ROI data
showing developmental trajectories of relative CBF in cingulate and occipital cortices. An
increase in cingulate CBF is evident, while occipital CBF remains stable.
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Figure 4.

Temporal stability of ASL perfusion fMRI. Successful demonstration of motor cortex
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activation with bilateral finger tapping is observed even when task and activation are carried
out on successive days, 24 hours apart. The experimental design is shown above. Adapted

from (84) with permission from the publisher.
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GENOTYPE PHENOTYPE

Figure 5.
Demonstration of genotype and phenotype effects in resting ASL MRI data. LEFT:

increased perfusion of amygdala in patients with a serotonin transporter genotype that
confers an increased risk of depression and anxiety. RIGHT: Resting perfusion in right
medial frontal cortex predicts subsequent time-on-task fatiguability. Adapted from (88,94)
with permission from the publisher.
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ABSTINENCE BACLOFEN

Figure 6.
Increase in orbitofrontal cortex CBF after overnight abstinence in smokers (LEFT) and

reduction in CBF in this region after treatment with baclofen (RIGHT). Adapted from
(121,129) with permission from the publisher.
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