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Abstract
Arterial spin labeling (ASL) is a magnetic resonance im-
aging technique for measuring tissue perfusion using a 
freely diffusible intrinsic tracer. As compared with other 
perfusion techniques, ASL offers several advantages 
and is now available for routine clinical practice in many 
institutions. Its noninvasive nature and ability to quan-
titatively measure tissue perfusion make ASL ideal for 
research and clinical studies. Recent technical advances 
have increased its sensitivity and also extended its po-
tential applications. This review focuses on some basic 
knowledge of ASL perfusion, emerging techniques and 
clinical applications in neuroimaging.
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INTRODUCTION
Perfusion refers to the delivery of  oxygen and nutrients 
to tissue by means of  blood flow. It is classically measured 
using a diffusible tracer that can exchange between the 
vascular compartment and tissue and is quantified in tissue-
specific units of  mL/g per minute. However, in clinical 
practice, the term “perfusion imaging” refers to a broad 
range of  quantitative and qualitative measures of  blood 
flow and blood hemodynamic properties, including blood 
volume, blood velocities and blood transit times. These 
measurements have been made with exogenously adminis-
trated tracers detected by a variety of  imaging techniques, 
such as positron emission tomography (PET), single-
photon emission computed tomography (SPECT), CT per-
fusion and dynamic susceptibility contrast (DSC) magnetic 
resonance imaging (MRI) imaging. 

DSC MRI has been the primary method to assess cere-
bral perfusion in clinical settings. It relies on the measure-
ment of  the T2 or T2* signal decrease during the first pas-
sage of  an exogenous endovascular susceptibility contrast 
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agent through the cerebral vasculature[1]. It requires ultrafast 
imaging, such as echo planar imaging (EPI), principles of  
echo shifting with a train of  observations (PRESTO) or 
spiral imaging. Gradient echo (GRE) or spin echo (SE) 
sequences can be used, but the signal change (∆T2*) mea-
sured with GRE is greater than that measured with SE (∆
T2), allowing one to use a short echo time and less contrast 
agent. DSC is a qualitative method and relative changes in 
multiple hemodynamic parameters, including cerebral blood 
flow (CBF), cerebral blood volume (CBV), mean transit 
time (MTT) and time to peak (TTP) can be estimated from 
temporal characteristics of  the first-pass time course[2]. The 
use of  an exogenous tracer and the qualitative nature of  
this technique are the main disadvantages of  DSC MRI 
perfusion. 

Arterial spin labeling (ASL) is a non-ionizing and com-
pletely non-invasive MRI technique for measuring tissue 
perfusion (blood flow), which uses magnetically labeled 
arterial blood water protons as an endogenous tracer[3,4]. 
These benefits make ASL very suitable for perfusion stud-
ies in healthy individuals, patients with renal insufficiency 
and those who need repetitive follow-ups. It is also an 
impressive method for studying perfusion in pediatric 
populations in which the use of  radioactive tracers or 
exogenous contrasts agents may be restricted[5]. Another 
advantage of  ASL, as compared with conventional bolus 
techniques, is that ASL can be quantitative. Absolute per-
fusion quantification allows recognition of  global hypo- 
or hyper-perfusion states and also permits comparison be-
tween multiple measurements in a longitudinal study[2,3,6,7]. 

ASL MRI perfusion was conceived more than 15 years 
ago[2,8,9]. The original ASL method for labeling arterial 
spins was proposed by Williams et al[9]. In 1992 these au-
thors measured rat brain cerebral blood flow using water 
as a freely diffusible tracer. Two years later, Detre et al[2] 
extended the application of  ASL to human brain stud-
ies at 1.5T MRI scans. Since then the technique has been 
mostly used in research, mainly because of  the complex 
post-processing requirements and technical difficulties. 
Recent refinements in sequence robustness, decreased 
acquisition time, increased image resolution and lesser 
artifacts, as well as advances in post processing capabilities 
have made ASL available for routine clinical practice[6]. In 
order to interpret ASL perfusion studies, basic knowledge 
about technique, pitfalls and limitations is important. This 
review provides some basic principles of  ASL, emerging 
techniques and clinical applications in neuroimaging. 

BASIC PRINCIPLES
The goal of  ASL MRI perfusion is to produce a “flow la-
beled image or tag image” and a “control image” in which 
the static tissue signals are identical, but the magnetization 
of  the inflowing blood is different[5]. In this technique, 
arterial blood water is magnetically tagged before it enters 
the tissue of  interest. This is performed with a radio-
frequency (RF) pulse that inverts or saturates the water 
protons in flowing blood supplying the imaged region[4,7,9]. 
By adding a delay between labeling and image acquisition, 

called inversion delay (TI) in pulsed ASL (PASL) or post-
labeling delay (PLD) in continuous ASL (CASL)[10], labeled 
blood is allowed to reach the capillaries where it gives rise 
to perfusion signal[5,6]. The magnetic tracer decays with 
the longitudinal relaxation rate T1[2,11] and the relaxation 
time for water in blood or tissues is about 1- 2 s, thus only 
small amounts of  arterial spin-labeled water accumulate in 
the brain[2,4]. ASL signal-to-noise ratio (SNR) is inherently 
low, because the signal from the labeled inflowing blood 
is only 0.5%-1.5% of  the full tissue signal. This signal de-
pends on many parameters, such as flow, T1 of  blood and 
tissue, as well as the time it takes blood to travel from the 
site of  labeling to imaging region[5]. Tag and control imag-
es are acquired in a temporally interleaved fashion[12]. Sub-
traction of  labeled images from control images eliminates 
static tissue signal and the remaining signal is a relative 
measure of  perfusion proportional to cerebral blood flow 
(CBF)[6]. Multiple labeled-control image pairs are acquired 
and averaged for the generation of  CBF maps.

The temporal resolution is also inherently poor. The low 
SNR combined with the poor temporal resolution results in 
a low contrast-to-noise ratio (CNR). A repetition time (TR) 
of  2 s or more is typically used in ASL experiments. There-
fore, one tag and control image pair is acquired every 4 s. A 
typical acquisition lasts between 5 and 10 min. Methods for 
improving temporal resolution include turbo-ASL[13] and 
single-shot ASL[14]. Turbo-ASL shortens the imaging time 
by using much shorter TR than those usually employed 
with little reduction in ASL signal. In single-shot ASL tech-
niques, background suppression is used to suppress static 
tissue eliminating the need for a control image. These tech-
niques can improve temporal resolution, but the quantifica-
tion of  the signal is more complex[15]. In most ASL applica-
tions EPI is used for ASL acquisition because of  its high 
SNR and fast acquisition time. However, EPI can introduce 
distortions in regions of  high magnetic field susceptibility, 
particularly at the base of  the brain[4]. Recently, fast three-
dimensional (3D) sequences have been introduced for 
ASL image acquisition to improve image quality, providing 
higher SNR and reducing image distortion. 

Another approach for increasing SNR in ASL is the 
use of  a phase array receiver coil, which can be optimized 
for parallel imaging to shorten the image acquisition time. 
Although there is usually reduction in SNR with parallel 
imaging, in ASL perfusion much of  this SNR cost can be 
regained through shortened TE along with reduced dis-
tortion from susceptibility artifacts[4]. 

High magnetic field strength is also beneficial for ASL, 
not only does image SNR increase but T1 also lengthens, 
allowing more spin label to accumulate[4]. The pitfalls of  
high field strength are the susceptibility to field inhomo-
geneities and higher energy deposition[16].

Since ASL is a subtraction technique, it is sensitive to 
subject movement. Filters have been developed to detect 
and discard bad subtraction pairs related to large move-
ments or transient hardware gradient malfunctions. How-
ever, the best way to ensure a proper subtraction of  la-
beled from control scans is to use fast imaging techniques, 
such as spiral or EPI. 
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The major source of  error in perfusion quantification is 
the arterial transit time, which is the time it takes blood to 
travel from the tagging region to the imaging slices. Origi-
nally, the first models used for absolute quantification of  
ASL, did not take into account this effect. However, Buxton 
et al[17] demonstrated that arterial transit time is one of  the 
most important parameters needed for the quantification 
of  both PASL and CASL techniques. An absolute quan-
titative perfusion map can be obtained using the General 
Kinetic Model, developed by Buxton et al[17]. The amount 
of  delay between labeling and imaging acquisition should 
be chosen according to the subject’s condition. In healthy 
volunteers, a delay of  1 sec is suitable, while in patients with 
cerebrovascular diseases, longer delays are necessary[5]. 

Another vascular artifact that also interferes with the 
accuracy of  CBF measurements comes from the remain-
ing labeled blood in the large vessels. This signal may give 
artificially high perfusion values in CBF quantification. By 
applying bipolar “crusher” gradients before imaging the 
parenchyma, it is possible to suppress the moving signal 
that is within the vasculature. However, because ASL has 
inherently low SNR, removing any signal from the image, 
even if  it is in the vessel, can lower the apparent quality of  
the perfusion image. According to Buxton et al[17], the sig-
nal from large arteries can be sufficiently destroyed during 
the time course of  an echo-planar (EPI) acquisition with-
out the need for additional bipolar gradients. 

In the last few years, significant improvements in im-
aging acquisition techniques have been made. It is now 
possible to acquire the entire brain volume within a single-
shot RF excitation using ultra-fast 3D sequences, such as 
a combined gradient and spin echo (GRASE) sequence[18]. 
Background suppression with a series of  appropriately 
time inversion pulses can increase the ASL effect from ap-
proximately 1% of  brain signal up to 100% of  measured 
signal, dramatically increasing the sensitivity for detecting 
dynamic changes in CBF[19]. 

MR TECHNIQUES FOR ASL
Currently there are four types of  ASL techniques that dif-
fer, mainly according to the magnetic labeling process. 
CASL was the very first implementation of  ASL[9]. Pseudo-
continuous ASL (PCASL), PASL and velocity-selective ASL 
(VS-ASL) were developed to address limitations and techni-
cal challenges encountered in the first ASL methods[6,12]. 

CASL
Tagging based on location and velocity: CASL uses long 
and continuous RF pulses (2-4 s) in combination with a 
slice-selective gradient to induce a flow-driven adiabatic 
inversion of  the arterial magnetization in a narrow plane 
of  spins, usually just below the imaging plane[5,6,12,20]. The 
spins within a physiologic range of  velocities traveling 
perpendicular to the tagging region can be inverted by ad-
justing the amplitudes of  the gradients and the RF pulse 
through a phenomenon known as flow-driven adiabatic 
inversion[9]. The continuously inverted spins provide a 
theoretically higher SNR than that obtained with other 
ASL techniques, such as PASL[21]. 

However, CASL has several drawbacks. The long 
inversion pulses induce magnetization transfer (MT) ef-
fects[5] and cause large amount of  RF energy deposition 
in the subject, resulting in a higher specific absorption rate 
(SAR)[12]. In the first implementation, the MT effects were 
compensated by applying a distal labeling during the con-
trol experiment. This produced identical saturation effects, 
but was only valid for single slice acquisition, because the 
labeling RF pulse was applied concurrently with a gradient 
pulse and therefore MT effects were dependent on slice 
position. For multislice acquisition, Alsop et al[8] proposed 
the use of  two closely spaced inversion planes, called 
double adiabatic inversion. Theoretically, the magnetization 
gets inverted while traversing the first plane and returns 
to its original state during the passage through the second 
plane. Double inversion is achieved by applying a sinusoidal 
modulation of  the RF waveform. Another method to con-
trol MT effects, called “simultaneously proximal and distal 
RF irradiation” (SPDI) was proposed by Talagala et al[22]. 
In this technique the RF pulse is distributed on both sides 
of  the acquisition volume. The main limitation of  these 
approaches is the double RF deposition, resulting in higher 
SAR. The use of  separate coils for labeling the arterial 
blood is another way to avoid MT effects and reduce RF 
deposition, but the need for additional hardware restricts 
this solution to a small number of  research centers[23,24]. 

Tagging efficiency of  CASL may be affected by varia-
tions in flow velocity[21], which makes the average inver-
sion efficiency of  CASL (80%-95%) lower than PASL 
(95%). However, the closer inversion to the imaging plane 
minimizes the loss of  perfusion signal caused by T1 relax-
ation and somehow compensates for the lower inversion 
efficiency[6]. As discussed previously for ASL quantifica-
tion, CASL is sensitive to the transit time, but because of  
the steady state behavior of  this type of  sequence, the ef-
fect is smaller than in PASL[5]. Another limitation for clini-
cal use of  the CASL technique is the need for additional 
hardware to transmit continuous RF pulses, which are not 
typically available on commercial scanners[6]. 

PASL 
Tagging based on location: In 1994, Edelman et al[25] pro-
posed the first PASL scheme. Instead of  labeling blood as it 
flows through a plane, as used in CASL, PASL uses short 
RF pulses (5 to 20 ms to saturate or invert a thick slab 
(10-15 cm) of  blood volume, known as a tagging region, 
proximal to the imaging region. The adiabatic pulses are 
generally used to obtain thick inversion slabs with sharp 
edges[26]. For the PASL sequences, MT-effects have to be 
considered as well, although these are much smaller com-
pared with CASL. In the first PASL version with an “echo-
planar MR imaging and signal targeting radio frequency” 
(EPISTAR) sequence, inversion was performed distal to 
the image slice during the control experiment to induce 
identical MT effects in both cases. Shortly afterwards, an 
alternative to this asymmetric method of  labeling was pro-
posed by Kwong et al[27] and independently published by 
Kim[28], who named it “flow alternating inversion recov-
ery” (FAIR). In this approach, the label is applied using a 
non-selective inversion pulse, while the control employs a 
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concomitant slice selective gradient pulse. The symmetric 
nature of  this sequence automatically compensates for 
MT effects. Various kinds of  tagging methods have been 
developed that differ in the location of  the labeling plane 
and the choice of  magnetically labeled state of  blood for 
control and labeled images[4,6]. For most PASL techniques, 
the tagging efficiency is greater than 95%[29]. 

Because of  the imperfect edges of  the tag pulses in 
PASL, it is necessary to provide a spatial gap between the 
distal edge of  the tagging slab and imaging plane. This 
results in a transit delay during which the tagged blood 
traverses this gap[26,29]. This transit delay is local and of  
unknown quantity and can be a large fraction of  the TI. 
Errors associated with transit delay can cause problems in 
quantification of  CBF by a PASL technique[29]. Sequences 
like QUIPSS Ⅱ (quantitative imaging of  perfusion using 
a single subtraction) and Q2TIPS (QUIPSS Ⅱ with thin-
slice TI1 periodic saturation) were developed to render 
ASL more transit time insensitive[5]. 

Several modular features for pulse sequence modifi-
cation have been developed in order to improve tagging 
slice profiles [frequency-offset-corrected inversion (FOCI), 
variable-rate-selective excitation (VERSE)] and SNR (In-
Plane Presat or background suppression techniques)[29]. 
For a detailed explanation of  these sequences and mod-
ules, please refer to recent ASL reviews[20,26,29]. 

The ease of  implementation and reduced practical 
problems as compared with CASL have made PASL a 
popular choice for clinical perfusion imaging[5,20]. 

PCASL
PCASL has been introduced as an intermediate means to 
take advantage of  CASL’s high SNR and PASL’s higher 
tagging efficiency[21]. First developed by Garcia and col-
leagues[6], this technique employs a train of  discrete RF 
pulses together with a gradient wave applied between two 
consecutive RF pulses to mimic CASL’s flow-driven adia-
batic inversion method for spin labeling[21]. PCASL pro-
vides less RF power deposition and MT effects compared 
to CASL without need of  special hardware. Depending 
on the implementation, PCASL is susceptible to B0 in ho-
mogeneity and eddy currents[6]. 

VS-ASL
Tagging based on location and velocity: In general, 
most ASL techniques are based on the proximal labeling 
of  the arterial magnetization followed by acquisition of  
images in the tissue of  interest after a delay time[20]. As 
described earlier, the main problem of  such techniques is 
the finite arterial transit time between labeling and imag-
ing[20] and variations of  transit times are one of  the largest 
potential sources of  errors in quantifications of  perfusion 
using ASL in human brain[13,30]. In VS-ASL, arterial spins 
are labeled everywhere (including in the volume of  inter-
est) based purely on flow velocity, therefore eliminating 
the effect of  the transit delay time necessary for the la-
beled blood to reach a region of  interest[13,20,29]. A velocity-
selective tag pulse saturates or inverts blood above a 
cutoff  velocity (VC), and data are acquired only from spins 

with velocity below VC
[29,30]. In this manner, only spins that 

decelerated through the cutoff  velocity during the inflow 
time TI will be observed and the signal will be propor-
tional to TI CBF[29]. Theoretically, VS-ASL is inherently 
insensitive to transit delays and thus should be the method 
of  choice for pathologies, such as stroke, where collateral 
or slow flow may otherwise result in long transit delays 
and grossly incorrect CBF measurements[6,13,29]. 

EMERGING TECHNIQUES
Territorial ASL
Territorial ASL (TASL) [selective ASL, regional perfusion 
imaging, vessel-encoded ASL (VE-ASL)] is a modified 
ASL technique that allows labeling and visualization of  
perfusion in territories of  individual arteries[31-33]. Map-
ping vascular territories with ASL is based on labeling 
only blood flowing through an artery or arteries of  inter-
est, while leaving the others unlabeled[31]. TASL has been 
implemented by three different approaches: (1) using 
separate labeling/imaging coils positioned over the arter-
ies of  interest; (2) using a single head coil with selective 
inversion of  spatially confined areas where arteries of  
interest are located; and (3) using multidimensional RF 
pulses to directly label the arteries of  interest[31]. Currently, 
the most applicable technique is regional perfusion imag-
ing based on anatomy-driven spatially selective slabs in 
which magnetic resonance angiography (MRA) is used for 
prescribing the position of  the labeling slabs[32]. 

Most clinical applications of  territorial ASL may be 
found in diagnosis and prognosis of  cerebrovascular dis-
ease[32]. In acute stroke, delineation of  individual perfusion 
territories may demonstrate collateral contributions to 
the ischemic penumbra and may allow for differentiation 
between thromboembolic and hemodynamic etiologies[32]. 
In chronic cerebrovascular disease, TASL may help in the 
evaluation of  the actual territorial contribution of  indi-
vidual collateral arteries, particularly in patients with extra-
cranial steno-occlusive disease[32]. Further knowledge of  
the cerebral perfusion territories may explain differences in 
clinical outcomes and potentially expand treatment options 
for both acute and chronic cerebrovascular disease[32]. 

Chng et al[34] compared TASL with DSA in the evalua-
tion of  collateral circulation in patients with cerebral arte-
rial steno-occlusive disease and found that TASL/MRA 
was able to demonstrate anatomy, anatomic variants, as 
well as collateral circulation at the level of  the circle of  
Willis. The authors concluded that combined TASL/MRA 
can be an alternative to evaluate collateral perfusion and 
may supplement or replace DSA in the clinical assessment 
of  patients with cerebrovascular disease[34]. 

According to the rather short duration of  the ASL bo-
lus, which decays with T1 relaxation of  blood, regions with 
long transit delays may appear dark resulting in apparent 
no perfusion or a false underestimation of  perfusion[34]. 
Obtaining TASL at different time points may demonstrate 
the arrival of  delayed bolus. However, with loss of  label-
ing signal, the potential failure to detect severely delayed 
antegrade or collateral flow remains a problem[33,34]. 
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ASL at multiple TIs
Typically, ASL measurements are conducted at a single TI 
between labeling and image acquisition[10]. As discussed 
previously, the effects of  arterial arrival time (AAT) or 
arterial transit time on CBF estimation is difficult to evalu-
ate and can cause errors in calculated perfusion values[20]. 
This effect is especially true for patients with carotid 
steno-occlusive disease for whom the labeled blood flow-
ing via the collateral vessels can cause delayed AAT in the 
affected area[20]. One approach to solve this transit time 
problem is based on measuring AAT in addition to CBF 
by performing multiple ASL experiments at various inver-
sion times between labeling and image acquisition instead 
of  just minimizing its effect[20]. There is evidence that 
AAT provides additional information to characterize col-
lateral flow and it may potentially be used to identify he-
modynamically impaired regions[10,35]. The main drawback 
of  this technique is the considerably long scan time, often 
rendering it impractical especially in sick patients[20,35]. 

It was demonstrated that CBF from a cerebral hemi-
sphere ipsilateral to an internal carotid artery (ICA) oc-
clusion can be calculated with ASL at multiple TIs[35,36]. 
Bokkers et al[37] found that in patients with symptomatic 
ICA occlusion, CBF values obtained with ASL at multi-
ple TIs correlated significantly with H2

15O PET, although 
there was some overestimation of  CBF by ASL-MRI. 

Perfusion-based functional MRI
Functional magnetic resonance imaging (fMRI) is a non-
invasive and widely available technique that provides phys-
iological imaging of  the living brain. It measures the he-
modynamic response related to neural activity. The most 
commonly used fMRI technique is blood-oxygen-level-
dependent (BOLD) fMRI. BOLD signal is the result of  
complex changes in CBF, CBV, and the cerebral metabolic 
rate of  oxygen uptake (CMRO2) associated with neural 
activity[5]. 

BOLD effects are measured using rapid volumetric 
acquisition of  T2* weighted images and BOLD fMRI 
signal depends on the difference in the magnetic properties 
between oxyhemoglobin (oxy-Hb) and deoxyhemoglobin 
(deoxy-Hb). The paramagnetic deoxy-Hb produces a sus-
ceptibility induced field shift or field distortion manifested 
as a reduction in T2* signal[38]. With regional brain activa-
tion, there is an increase in local cerebral blood flow (CBF). 
This increase in blood flow is not clearly understood. It is 
assumed that a regional CBF increase is required to supply 
oxygen and nutrients in response to functional activation, 
but some studies of  brain energy metabolism have not 
conclusively supported this idea. An alternative possibil-
ity is that regional blood flow increases to remove toxic 
waste products of  metabolism, such as lactate. Despite 
this controversy, what is well known is that there is a local 
increase in CBF that exceeds metabolic oxygen demands. 
As a result, deoxy-Hb is progressively washed out, which 
causes an increase in BOLD T2* signal. Because this signal 
is primarily due to an intravascular deoxy-Hb reduction 
it may be observed in the overlying venous structures[38]. 
Task-specific BOLD signal changes are not directly quan-

tifiable in physiological units, but rather are expressed as a 
percentage signal change or as a significance level based on 
a statistical model[38]. 

ASL perfusion can also be used as fMRI contrast to 
localize task activation as BOLD contrast or as a measure 
of  brain function independent of  any specific sensorimo-
tor or cognitive task[11]. While BOLD contrast primarily 
detects changes in T2* that indirectly reflect changes in 
CBF, ASL perfusion techniques directly quantify CBF[38]. 
Changes in CBF are believed to be linked to neuronal 
activity rather than BOLD changes, which reflect a com-
plex function of  a number of  physiological variables[12]. 
Several studies have shown that ASL measures can exhibit 
decreased inter-subject and inter-session variability as 
compared to BOLD, possibly reflecting this more direct 
relation between CBF and neural activity[12]. 

In contrast to BOLD fMRI, ASL perfusion fMRI uses 
a freely diffusible tracer that can exchange with tissue wa-
ter and directly measure the amount of  arterial blood that 
has been delivered to the capillary bed. In addition, the 
decay time of  this tracer corresponds to the T1 relaxation 
time, which is approximately 1-2 s, precluding significant 
tracer accumulation in venous structures even in if  the 
tracer remains intravascular. Therefore, signal changes in 
perfusion fMRI are not observed over veins, resulting in 
better localization of  signal over activated cortex[38]. 

Because the BOLD signal is based on the susceptibil-
ity contrast, it is also very sensitive to static susceptibility 
effects, leading to signal loss or distortion at tissue air and 
tissue bone interfaces such as the orbital frontal cortex 
and inferior temporal lobe[39]. Another advantage of  ASL 
perfusion methods is the possibility of  using sequences 
(e.g. spin-echo) that are insensitive to susceptibility MRI 
artifacts[12]. 

One of  the major disadvantages of  the ASL perfu-
sion fMRI technique is the lower signal difference, which 
is usually only 0.5%-1.5%. The typical BOLD response 
consists of  a 0.5%-5% change in regional image intensity, 
which increases at higher magnetic field strengths. BOLD 
signal changes may approach 25% with sensorimotor 
tasks at 4.0T[38]. 

The temporal resolution of  ASL perfusion fMRI is 
also inherently poor because of  the necessity to form tag 
and control images and to allow time for blood to be de-
livered from the tagging region to the imaging slice. In a 
typical PASL experiment, one tag and control image pair 
is acquired every 4 s, while in a BOLD fMRI experiment, 
acquisition time is typically 1 to 2 s and can be as low as 
100 ms for specialized applications[12]. 

The necessity of  the subtraction procedure also makes 
ASL less favorable for event-related fMRI than BOLD, 
necessitating the use of  complex reordering procedures[20]. 

At the present, ASL approaches in fMRI usually have 
less coverage. The number of  slices that can be acquired 
depends on the acquisition time for each slice, the time 
TR-TI that is available for slice acquisition, and the need 
to acquire slices before the difference signal has decayed 
away because of  the longitudinal relaxation of  blood. Be-
cause of  these considerations, ASL studies typically result 
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in acquisition of  a smaller number of  slices (3-15) than 
whole-brain BOLD studies (30-40 slices), and with thicker 
slices (5-8 mm) than BOLD studies (3-4 mm)[12]. 

Nevertheless, ASL CBF more strongly correlates with 
changes of  behavioral state than do BOLD signals when 
the changes occur over periods longer than a few minutes. 
As described earlier, ASL methods are quantitative, stable 
over time and less variable across subjects. These proper-
ties make ASL an especially useful noninvasive method 
to measure CBF in longitudinal and treatment studies[40]. 
ASL perfusion fMRI is also well suited to examining neu-
ral responses to pharmacological agents and abstinence 
states as these are sustained effects lasting hours or longer. 
The utility of  ASL perfusion fMRI in drug development 
and validation is currently being explored.

ARTIFACTS
Susceptibility artifacts 
As described earlier, the ASL sequence frequently uses 
EPI for rapid image acquisition. A disadvantage of  EPI is 
the presence of  susceptibility artifacts in the region con-
taining blood, calcification, metal surgical materials, and at 
the portion of  the brain adjacent to the skull base[6]. The 
susceptibility effects create artifactual dark signal in perfu-
sion images, which may mimic areas of  reduced perfu-
sion[3] (Figures 1 and 2).

Motion artifacts 
Motion is the most commonly seen artifact in clinical 
MRI examinations, particularly in hospitalized patients. A 
well-known motion-related pattern is a peripheral ring of  
high signal intensity[3]. 

Gadolinium effect 
Circulating gadolinium-based contrast agents cause T1 
shortening in all tissues in both control and label condi-
tions. This T1 shortening minimizes the measurable dif-
ferences between tag and control images, thus producing 
maps with almost no usable signal intensity. Therefore, 
in clinical protocols, ASL data must be acquired before 
gadolinium administration[3]. 

CLINICAL APPLICATIONS 
Normal findings
Physiologic regional hyperperfusion: Regional increased 
signal intensity may occur in both occipital lobes corre-
sponding to visual cortex activation[3] (Figure 3). A hyper-
frontal pattern of  regional CBF distribution has also been 
described with various perfusion methods. It is believed 
to be a normal finding in young and middle aged patients 
and may decrease with normal aging[3]. 

Age-dependent variability of  cerebral perfusion: ASL 
can demonstrate age dependent cerebral perfusion if  a 
quantitative measurement is used[3,6]. In pediatric patients 
undergoing ASL, a consistent pattern of  increased SNR, as 
well as globally elevated absolute CBF, has been observed 
compared with adults. This is possibly because there is a 
pediatric higher baseline CBF, faster mean transit time, 
and increased T1 values in blood and tissue. Pediatric CBF 
measurements begin at a low level in the perinatal period, 
increase to a peak at 3-8 years of  age and then gradually de-
crease to adult levels. Decreased susceptibility artifacts at the 
skull base from immature paranasal sinuses also improves 
the image quality[41,42]. After approximately age 30 years, 
there is a gradual decline in gray matter perfusion. Age-
dependent decreases in perfusion signal intensity are well 
documented and must be accounted for when interpreting 
ASL perfusion in older patients[20]. If  bipolar “crusher” 
gradients are used in elderly patients, anterior and posterior 
watershed territories may appear relatively hypoperfused 
because of  the physiological prolonged transit time in these 
regions. A longer delay between labeling and imaging acqui-
sition may improve this apparent hypoperfusion[6]. 

White matter signal: It has been acknowledged that ASL 
does not allow for reliable detection of  the white matter 
(WM) perfusion signal, probably due to technical issues[43]. 
Recently, at least two studies investigated ASL and WM 
perfusion. van Gelderen et al[44] studied WM perfusion us-
ing flow-sensitive alternating recovery ASL (FAIR-ASL, 
which is a PASL technique) at 3.0T. The authors demon-
strated that WM perfusion is significantly weaker than GM 
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Figure 1  Right putaminal hemorrhage, seen as a bright signal intensity lesion on T1W (A), dark signal intensity on SWI (B), and dark signal on an arterial 
spin labeling cerebral blood flow map (C) (white arrows). High signal intensity in an adjacent right sylvian fissure in the arterial spin labeling cerebral blood flow 
map may represent stagnant arterial flow due to a pressure effect from the hematoma.
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and close to the noise level. They believe that poor sensi-
tivity and heterogeneous transit time limit the applicability 
of  ASL for measurement of  WM perfusion. However, van 
Osch et al[43] used PCASL with background suppression 
at 3T to study WM perfusion in normal volunteers. The 
authors concluded that, except within deep white matter, 
ASL is sensitive enough to detect WM perfusion signal and 
perfusion deficits. In this study, 35 averages were neces-
sary to detect significant WM signal, but 150 averages were 
needed to detect signal in deep WM. According to these 
studies, at 3.0T scans, PCASL with background suppres-
sion may be more sensitive in the measurement of  WM 
perfusion than PASL.

Differences between blood and tissue T1 relaxation 
times also lead to errors in ASL quantification. According 

to the original quantification model of  cerebral perfusion, 
it was assumed that the T1 relaxation time of  the tissue 
and the blood are similar at 1.5T in the human brain. This 
implies that CBF quantification is more accurate in gray 
matter (GM) than in the WM, because the GM and blood 
T1s are closer than WM and blood T1s[5,26]. 

Cerebrovascular diseases
One of  the most frequent clinical applications of  perfu-
sion imaging is the evaluation of  cerebrovascular diseases[6]. 
Decreased cerebral perfusion is the common underlying 
cause of  all ischemic strokes and is a predictor of  recur-
rent stroke[45]. The perfusion-diffusion mismatch concept 
is widely used in MR imaging for ischemic acute stroke[46]. 
Potentially salvageable tissue by timely reperfusion (tissue 
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Figure 2  Metallic object at right occipital region, seen as high density focus on computed tomography (A), dark signal with susceptibility artifact on T1W 
magnetic resonance imaging (B) (white arrowheads), and image distortion on arterial spin labeling cerebral blood flow maps (C) (white arrows).

Figure 3  Physiologic hyperperfusion in bilateral occipital cortex (white arrows).
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at risk or ischemic penumbra) can be identified by perfu-
sion imaging. By definition, the ischemic penumbra is an 
area of  reduced perfusion without restricted diffusion[46,47]. 

Previous studies have shown that ASL can be applied 
in acute stroke, in both adult and pediatric populations[4,47]. 
Areas of  focal or hemispheric perfusion deficits, post isch-
emic hyperperfusion or perfusion-diffusion mismatches can 
be depicted by ASL techniques[47,48] (Figure 4). Agreement 
between ASL perfusion maps, conventional MRI, MRA and 
clinical symptoms have been observed[47]. ASL also can be 
used to demonstrate perfusion deficits in patients with a his-
tory of  transient ischemic attacks or significant extracranial 
carotid artery stenosis[6,45]. Studies in normal cerebral tissues 
demonstrate that ASL and DSC (dynamic susceptibility 
contrast) MR perfusion yield comparable values[4,49]. There 
are a few studies describing CBF maps or relative perfusion 
measures from ASL as correlating best with MTT (mean 
transit time) or TTP (time to peak) maps from DSC in the 
setting of  significantly delayed arterial transit time in pa-
tients with severe arterial stenoses or carotid occlusions[4,6]. 

Delayed arterial transit effects (delayed arterial transit 
artifacts or focal intravascular signal) have been widely 
described in ASL studies in patients with cerebrovascular 
disease[4,47,50]. These effects are seen as serpiginous high 
signal intensity in the cortex[40] (Figure 5).This finding may 
represent labeled arterial blood remaining in the feeding 
arteries at the time of  image acquisition[47,50] or presence 
of  collateral circulation through leptomeningeal vessels 

resulting in prolonged transit time for spins to travel from 
the tagging region to the imaging plane[40,45,47,48]. Some 
studies found that the cortical areas where the delayed 
arterial transit was initially seen showed no infarction or 
only a small infarct on follow up images. This pattern may 
herald a protective effect and may predict positive clinical 
outcomes[45-47]. In the presence of  delayed arterial transit 
effects, qualitative interpretation of  perfusion deficits is 
still possible, but there are potential difficulties for the ab-
solute quantification of  CBF[4,6]. As discussed previously, 
some ASL techniques have been developed to minimize 
these effects or to calculate the arterial arrival time.

Zaharchuk et al[50] demonstrated that ASL revealed ad-
ditional abnormalities in patients with normal DSC perfu-
sion due to the sensitivity of  ASL to prolonged arterial 
arrival times. This abnormal finding is seen as low ASL 
signal in the cerebral arterial watershed regions with the 
presence of  delayed arterial transit effects on the sur-
rounding cortical areas, and is termed “borderzone sign” 
(Figure 6). The authors believe that this finding represents 
labeled blood remaining in feeding arteries that has not 
yet reached capillary beds and reflects long arterial arrival 
times, reduced CBF or a combination of  these. Possible 
causes include underlying reduced CBF, reduced cardiac 
output and/or small vessel disease. 

CNS neoplasms
MR perfusion studies in the setting of  CNS neoplasms are 

Figure 4  Acute cerebral infarction of left middle cerebral artery territory seen as two foci of low signal intensity on ADC map (A) (white arrows). Magnetic 
resonance angiography (B) demonstrates left internal carotid artery (ICA) occlusion (white arrowhead) and right middle cerebral artery (MCA) stenosis (white arrow). 
Arterial spin labeling cerebral blood flow maps (C) reveal a large area of perfusion diffusion mismatch in the left cerebral hemisphere and also hypoperfusion in the 
right MCA territory. Delayed arterial transit effects are also seen over the hypoperfusion area in the right cerebral hemisphere (white arrowheads) as well as intravas-
cular signal in the left ICA proximal to the occluded site (white arrows).
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commonly performed with a DSC technique, focusing on 
relative cerebral blood volume (rCBV)[4,51], which has been 
shown to correlate with tumor grade and histologic findings 
of  increased vascularity[52]. Perfusion imaging can be used as 
such to assess tumor grade, heterogeneity, and to target ste-
reotactic biopsy sites at the most malignant portion[53]. Perfu-
sion evaluation in treated tumors also provides a noninvasive 
indicator of  malignant progression or treatment response[51].

Several studies demonstrated that DSC and ASL per-
fusion are comparable for distinction between low grade 
(WHO grades Ⅰ and Ⅱ) and high grade (WHO grades Ⅲ 
and Ⅳ) glioma[4,53]. A good correlation between ASL and 

DSC imaging for determination of  relative tumor blood 
flow (rTBF) has also been observed[54]. In comparison to 
DSC, ASL provides quantitative CBF values that are unre-
lated to disruptions of  the blood-brain barrier, while DSC 
provides information about tumor blood volume and vessel 
permeability[40].

To evaluate tumor response after treatment, Weber et al[55]  
used PASL and DSC to study metastases post stereotactic 
surgery. The authors found that relative tumor blood flow 
(TBF) measurements at 6 wk were predictive of  outcome. 
Increased TBF predicted tumor progression while de-
creased TBF predicted tumor response.

CBA

Figure 5  Post gadolinium T1WI with fat suppression (A) demonstrates left cavernous sinus meningioma encasing left internal carotid artery (black arrow). 
Magnetic resonance angiography (B) shows marked narrowing of the cavernous portion of the left internal carotid artery (arrow). An arterial spin labeling cerebral 
blood flow map (C) shows delayed arterial transit effects over the left middle cerebral artery territory at the level of the centrum semiovale (white arrowhead).
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Figure 6  A 77-year-old female underwent magnetic resonance imaging of the brain due to cognitive impairment. Arterial spin labeling cerebral blood flow 
maps (A) show a borderzone sign, seen as low signal intensity in arterial watershed regions with serpiginous high signal intensity in the surrounding cortex. FLAIR im-
ages (B) reveal nonspecific high signal intensity in periventricular deep white matter without other abnormality. Magnetic resonance angiography (MRA) of the brain (C), 
MRA of the neck and dynamic susceptibility contrast magnetic resonance perfusion (not shown) were unremarkable.
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Ozsunar et al[56] studied a series of  30 postoperative 
glioma patients treated with proton-beam therapy com-
paring ASL, DSC and PET to distinguish predominantly 
recurrence or progression from predominantly radiation 
necrosis. The authors used quantitative single slice ASL 
and compared results with the contra-lateral normal ap-
pearing brain. They found that ASL is more accurate in 
distinguishing predominantly recurrent high-grade glioma 
from radiation necrosis, especially in regions of  mixed 
radiation necrosis, in which DSC-CBV underestimated 
blood volume, probably because of  leakage artifacts[56]. 

In qualitative clinical interpretations, high grade pri-
mary brain tumors usually demonstrate high perfusion on 
ASL maps while low grade tumors usually show hypo-
perfusion. As described earlier, hypoperfusion in tumors 
on ASL maps must also be correlated with hemorrhage, 
cysts and/or calcifications, which may show artificially 
low signal intensity[6,57]. Hyperperfusion is also observed in 
meningiomas (Figure 7), oligodendrogliomas, hemangio-
blastomas[6,58] and glomus tumors (Figure 8). Metastases 
can demonstrate either hypo- or hyperperfusion patterns 
on ASL maps[57] (Figure 9). 

Vascular malformations
Arteriovenous malformations (AVMs) are vascular mal-

formations with arteriovenous shunting. AVM nidus and 
draining veins may appear as high signal intensity on ASL 
perfusion maps representing AV shunting or rapid tran-
sit (Figure 10). The presence of  hemorrhage or embolic 
material may produce dark signal due to susceptibility 
artifacts. Small AVMs may be difficult to detect with any 
other technique, particularly in an acute setting when 
hemorrhage is present. ASL can provide evidence of  AV 
shunting, which may be the clue for detecting subtle le-
sions[59]. Perfusion abnormalities in regions adjacent to 
AVMs reflect various states of  hyperemia and/or steal 
phenomenon[43,58,59]. 

Developmental venous anomalies (DVAs) are fre-
quently identified in contrast brain MRI. DVAs and their 
surrounding parenchyma may show increased CBF, CBV, 
MTT and TTP on DSC MRI perfusion studies[60]. In-
creased perfusion in the brain parenchyma adjacent to the 
DVAs also can be demonstrated on the ASL perfusion 
maps[6,58] (Figure 11). 

Dementia and cognitive disorders 
In cognitive disorders, imaging modalities are becoming 
increasingly important for differential diagnosis, for moni-
toring disease progression, and as surrogate markers in 
treatment trials[61]. Besides PET and SPECT, several MRI 
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Figure 7  Right cerebellopontine angle meningioma, seen as well circumscribed extra-axial slightly high signal intensity mass on T2WI (A), intense homoge-
neous enhancement on post gadolinium T1WI (B), and markedly increased perfusion on arterial spin labeling cerebral blood flow map (C) (white arrows). 

Figure 8  A case of non-small cell lung cancer with left frontal metastases. The lesion shows low to isosignal intensity on T2WI (A), peripheral and central en-
hancement on post gadolinium T1WI (B) and hyperperfusion on arterial spin labeling (ASL) cerebral blood flow (CBF) map (C) (long white arrows). The area of perile-
sional edema (short white arrows) also shows hypoperfusion on ASL CBF map.
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techniques, including anatomic or volumetric imaging, 
BOLD fMRI, MR perfusion and diffusion tensor imaging, 
are currently being used for these purposes[4,61]. 

Several studies have demonstrated the ability of  ASL 
in detecting regional hypoperfusion in frontotemporal de-
mentia (FTD), Alzheimer’s disease (AD), and mild cogni-
tive impairment (MCI), consistent with previous PET and 
SPECT studies[4,62]. 

A preliminary study of  AD using PASL demonstrated 

decrease parieto-occipital and temporo-occipital perfu-
sion compared with controls[63]. A subsequent ASL study 
showed significant temporal, parietal, frontal and posterior 
cingulate hypoperfusion in ASL subjects[64]. More recently, 
PASL revealed hypoperfusion in AD patients bilaterally 
in the inferior parietal and inferior frontal cortex, as well 
as the posterior cingulate[65]. Although areas of  hypoper-
fusion in these studies differ, likely related to differences 
in brain coverage, they are consistent with previous PET 
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Figure 9  Residual glomus tumor in right jugular foramen, seen as low signal intensity on T1W (A), heterogeneous iso- to high signal intensity on T2WI (B), 
homogeneously enhancement on post gadolinium T1WI with fat suppression (C) and markedly increased perfusion on arterial spin labeling cerebral blood 
flow map (D) (white arrows).

Figure 10  Right temporal arteriovenous malformation. Arterial spin labeling cerebral blood flow maps (A) demonstrate oval-shaped bright signal intensity lesion 
in right temporal lobe (long white arrows) with linear bright signal intensity adjacent to the right sphenoid ridge and superficial to the right frontal lobe (short white 
arrows), representing AV shunting in the AVM with venous drainage in to the cortical veins. The findings correspond with right internal carotid artery angiography (B 
and C) showing rapid filling of the AVM nidus (arrowheads) and venous drainage into the cortical vein over the right frontal and temporal lobes (black arrows). Slightly 
decreased perfusion in the right middle cerebral artery territory is noted, probably reflecting a steal phenomenon.
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findings as well as the pathophysiology and neuropsy-
chological deficits characteristic of  AD[22]. ASL perfusion 
techniques may also predict cognitive decline and conver-
sion from MCI to dementia, and may be useful for identi-
fying candidates for AD treatment trials[66]. According to 
Du et al[62], regional cerebral hypoperfusion, as detected by 
ASL, may help in the differentiation of  FTD from AD.

Epilepsy
Epileptic foci have been studied extensively using nuclear 
medicine techniques. These methods require an ictal and 
a subsequent interictal injection of  radiotracer[67]. As-
sessment of  tissue metabolism is standard practice in 
epilepsy pre-surgical work-up with the assumption that 
the epileptogenic focus is abnormal tissue that has a de-
creased metabolic rate and blood flow between seizures 
and increased metabolism and blood flow during seizure 
activity[38,68]. The hypoperfusion interictal pattern is prob-
ably related to neuronal loss[40,68], but the mechanism of  
ictal hyperperfusion is not completely understood. It may 
be related to transient loss of  autoregulatory function in 
the surrounding vasculature or to the release of  excitatory 
neurostimulators in areas of  increased neuronal activity[58]. 
Controversy exists as to whether the interictal hypoper-
fused region or the ictal hyperperfused region is more 
sensitive in identifying seizure foci[57]. 

Changes in perfusion have also been demonstrated 
using ASL techniques[38]. Most patients who have clinical 
seizures have been imaged in the interictal state and unless 
they have epileptic activity, have shown hypoperfusion in 
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Figure 11  Developmental venous anomaly in the left frontoparietal lobe, seen as enhancing dilated medullary veins draining into the transcortical collec-
tor vein on coronal (A and B) and axial (C) post gadolinium T1WI (white arrows). Arterial spin labeling cerebral blood flow maps (D) demonstrate hyperperfusion 
in the developmental venous anomaly and surrounding brain parenchyma (white arrows).
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Figure 12  A case of abscess in the left frontoparietal lobe. T2WI  (A) shows  
internal high signal intensity with peripheral dark signal intensity (black arrow). 
ADC map (B) shows low signal intensity of the abscess content, representing 
restricted fluid diffusion (black arrow). Smooth rim enhancement is noted on post 
gadolinium T1WI (C) (white arrow). An arterial spin labeling cerebral blood flow 
map (D) shows hypoperfusion with minimal hyperperfused rim (white arrow).
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Figure 13  Posterior reversible encephalopathy syndrome seen as high 
signal intensity in parasagittal subcortical white matter in bilateral parietal 
lobes on FLAIR images (top row) (white arrowheads). Arterial spin labeling 
cerebral blood flow maps (bottom row) demonstrate decreased perfusion in the 
affected area (white arrows). Minimal bilateral subdural fluid is also noted.

the involved cortex[6]. In the rare instance of  post ictal im-
aging, hyperperfusion has been shown with ASL studies 
up to 1 h after seizure onset[6]. 

As described earlier, the inferior temporal lobe may 
be difficult to image using EPI ASL perfusion techniques 
because of  the susceptibility artifacts caused by the skull 
base. However, Wolf  et al[39] reported asymmetry in inter-
ictal mesial temporal lobe function in patients with tem-
poral lobe epilepsy using EPI CASL perfusion MRI. Fur-
thermore, other non-EPI sequences are available for ASL 
perfusion studies. Liu et al[69] detected perfusion abnormal-
ities in temporal lobe epilepsy using PASL perfusion with 
a pulse sequence that is insensitive to susceptibility effects 
(FAIR-HASTE). Both studies also found a significant cor-
relation between the ASL results and PET measurements 
of  CBF[69] or glucose PET[39] rate.

ASL perfusion techniques can complement the tradi-
tional evaluation of  seizures. When compared with nu-
clear medicine studies ASL is completely noninvasive and 
involves no radiation exposure. It also can be performed 
multiple times during and after the ictal event and pro-
vides superior temporal resolution due to the very short 
half  time of  the spin tag[57].

CNS infections 
Little has been reported about ASL perfusion and CNS 
infections. In a recent review of  ASL clinical applications, 
the authors found that most CNS infections demonstrate 

ASL hypoperfusion, but they also found some infections 
presented with hyperperfusion, such as herpes encepha-
litis[6]. One diagnostic dilemma in immunocompromised 
patients is differentiating toxoplasmosis from lymphoma. 
In the same study, the authors found that ASL hypoperfu-
sion was seen in toxoplasmosis while hyperperfusion was 
seen in lymphoma[6]. 

It is commonly accepted that cerebral abscesses show 
decreased perfusion in the lesion itself  as well as in the 
surrounding edema, however the enhancing rim can dem-
onstrate increased perfusion signal intensity[57] (Figure 12). 
Cortical hyperperfusion was also reported in epidural ab-
scesses[6]. This may be secondary to compression of  the 
cortical venous outflow or malfunction of  the local cerebral 
regulatory mechanisms secondary to infection.

Other disorders
Posterior reversible encephalopathy syndrome (PRES) can 
have variety of  appearances on perfusion studies that may 
be related to the time course of  the disease. Patients who are 
imaged acutely show hyperperfusion in occipital and frontal 
regions while those imaged in the subacute phase show hy-
poperfusion in the aforementioned areas[6] (Figure 13). 

Crossed cerebellar diaschisis, or reduced perfusion in 
the cerebellum contralateral to acute cerebral infarction, 
is a condition mostly reported by PET but has also been 
demonstrated with DSC MRI perfusion showing pro-
longed TTP and diminished CBF[70]. This condition can 
be detected by ASL perfusion as well[31] (Figure 14). 

Figure 14  A case of old infarction with encephalomalacic change in left 
cerebral hemisphere. Arterial spin labeling cerebral blood flow maps (bottom 
row) demonstrate no perfusion to the encephalomalacic brain (white arrowhead) 
and decreased perfusion in the mildly atrophic right cerebellar hemisphere (white 
arrow), consistent with cross cerebellar diaschisis.
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CONCLUSION
ASL provides an important method for measuring cere-
bral perfusion. The feasibility of  measuring tissue perfu-
sion with ASL has clearly been demonstrated in several 
clinical neuroimaging studies. A number of  investigations 
have demonstrated that ASL perfusion is comparable with 
other more invasive methods such as DSC MRI perfu-
sion and PET. These characteristics make ASL likely to 
become widely used in research and clinical practice.
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