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Abstract
Since acute ischemic stroke and transient ischemic attack (TIA) are fundamentally disruptions of
brain hemodynamics, neuroimaging of brain perfusion might be expected to be of clinical utility.
Recently, a noncontrast method of measuring CBF using arterial spin labeling (ASL) has become
feasible in the clinical setting. It has advantages when compared to dynamic susceptibility contrast
(DSC) bolus contrast perfusion-weighted imaging (PWI) that include lack of exposure to
gadolinium-based contrast materials, improved quantitation, and decreased sensitivity to
susceptibility artifacts and motion. Drawbacks of ASL include reduced signal-to-noise (SNR) and
high sensitivity to arterial transit delays. While deleterious for quantitative perfusion
measurements, the sensitivity of ASL to late arriving blood can be beneficial to visualize collateral
flow. This chapter will discuss ASL imaging findings in patients presenting with acute ischemic
stroke and TIA, focusing on typical appearances, common artifacts, and comparisons with bolus
contrast PWI.
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Introduction to ASL
Arterial spin labeling is a noncontrast perfusion imaging method that relies on the magnetic
labeling of arterial water (1,2). This labeling can be performed in a variety of ways; the two
major classes of ASL are distinguished from each other based on whether the label is
applied during a single short-duration pulse (pulsed ASL or PASL) or during an extended
period (continuous ASL or CASL). While CASL techniques typically have higher SNR,
they have been limited in clinical practice by high RF energy deposition and more
demanding requirements from the scanner hardware (3–5). Primarily for this reason, PASL
techniques were the first to enter routine clinical practice (6–10). However, more recently, a
hybrid approach known as pulsed continuous or pseudocontinuous ASL (pcASL) has
become popular, in which many short duration RF pulses can be used to effectively label
arterial water over a longer duration (11,12). This method combines the high labeling
efficiency of CASL with the reduced hardware demands of PASL. Regardless of the
labeling approach, images are then acquired with and without labeling after allowing time
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for the labeled blood to pass from the site of labeling into the tissue of interest. The
difference in signal intensity between the two sets of images is roughly proportional to the
local cerebral blood flow (CBF) (Figure 1).

ASL images are sensitive to the exact parameters used to acquire the image, several of
which are within the user’s control. Choosing the appropriate labeling time for CASL is
often a tradeoff between time and SNR; while longer label times lead to a larger buildup of
labeled spins in the voxel, the increased time may be better spent on acquiring additional
pairs of label and control images for signal averaging (13). Post-label delay (PLD) time, a
parameter shared with both PASL and CASL, is critical. It defines the time duration for
spins to travel from the labeling plane or volume to the imaged slices, and is typically
between 1500 and 2000 ms. Since ischemic stroke is defined by reduced flow via proximal
routes, any remaining flow to the tissue is often supplied via collateral routes, which lead to
increased delays between the labeling of the spins and the arrival of those spins in the
imaged voxel. Alsop et al. (14) demonstrated that longer PLD’s lead to improved CBF
quantification, though at the price of a loss in SNR; the longer one delays between the
labeling and the imaging, the more SNR penalty is paid due to T1-related decay of the
labeled spins. Another approach is to obtain images at multiple PLD’s, effectively mapping
the inflow of label into the tissue (15,16); such approaches offer the potential to quantify
arrival times and then fit CBF to kinetic models (17), though the approach is limited by
reduced SNR in each of the individual images, challenges with non-linear fitting of the
inflow curves, and persistent inaccuracies in regions with severely delayed flow. An
example of improved CBF quantitation with longer PLD times is shown as Figure 2 in a
patient with bilateral Moyamoya disease.

Often, on images in which the arterial arrival times are on the same scale or longer than the
PLD, labeled spins will be visualized in the arteries feeding the ischemic tissue, a finding
that has been termed arterial transit artifact (ATA) (18). This is particularly if no vascular
suppression is employed; vascular suppression is a method whereby small diffusion
gradients are applied to the ASL images so that spins moving above a certain velocity
(presumably vascular) are not imaged (19). ATA, while problematic in terms of
quantification, can actually be a useful marker for pathology. ATA in the borderzone
regions, often seen bilaterally, is more sensitive than bolus perfusion-weighted imaging
(PWI) for identifying subtle perfusion alterations (12). Also, a prior study showed that the
presence of ATA in patients with carotid disease was predictive of poor cerebrovascular
reactivity following an acetazolamide challenge (18). One prior stroke study suggested that
patients with ATA had improved outcomes (20), and suggested that ATA may represent
collateral flow (5,21,22).

ASL differs from the more widely used bolus-based dynamic susceptibility contrast PWI
method in several important ways (Table 1). Because of the lack of the use of contrast
agents, ASL can be repeated frequently within the same imaging session, and therefore can
be used for challenge-type paradigms (18,23). It can give some measure of perfusion in
patients in whom gadolinium-based contrast agents are contraindicated, due to poor renal
function or allergy. As mentioned earlier, ASL is more susceptible to errors in patients with
long arterial arrival times, and may overestimate regions of decreased perfusion. Bolus PWI
has higher contrast-to-noise per unit time and is an excellent method for measuring cerebral
blood volume (CBV), assuming that the blood-brain barrier is intact, but measuring CBF
with PWI remains challenging and highly model-dependent (24,25). Recently, an approach
combining ASL and PWI to more accurately measure CBF has been described, which takes
advantage of the superior relative perfusion properties of PWI and used ASL to provide a
proper scaling factor (26).
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While the basic method for measuring CBF with ASL was described over 20 years ago, only
recently has ASL entered the clinical arena. The reasons for this are multifactorial. The more
widespread use of 3T neuroimaging has led to markedly improved ASL, due to the inherent
higher SNR as well as the longer blood T1 at high field. Another important advance was the
recognition of the importance of static background tissue signal suppression. In order to
image the spatial distribution of the labeled blood, brain images acquired with and without
the label (the “control” image) must be subtracted from one another. Typically the
difference between the label and control images is about 1% of the signal intensity of either
image. This fact means that even small amounts of motion between the label and control
scans leads to large errors on subtraction images. By suppressing the static tissue signal
using multiple inversion pulses, errors associated with patient motion can be significantly
reduced; additionally, any biological or Gaussian noise in the individual label and control
images is also reduced using this technique, leading to increased signal-to-noise ratio (SNR)
of the final CBF images.

Another advance that has facilitated clinical ASL imaging is the ability to use more
optimized readout strategies. Traditionally, single-shot echo-planar imaging (ssEPI) has
been used to create the label and control images. This was largely because of the high SNR
efficiency of this sequence, since the center of k-space is acquired during each acquisition.
Many pairs of label and control ssEPI images are collected, and the subsequent difference
images are combined using data averaging to improve SNR. This approach, in theory, also
allows the elimination of image pairs with patient motion. However, once SNR improved
and the sequences became less sensitive to motion with the advent of robust background
suppression as described above, it was possible to use other readout approaches, such as
steady-state free precession (SSFP) (27), gradient and spin echo (GRASE) (28), and fast-
spin echo (FSE) (11). Compared with ssEPI, these methods are much more robust in regions
with high magnetic susceptibility differences, allowing imaging of structures not typically
amenable to ssEPI, such as the posterior fossa, midbrain, and inferior temporal and frontal
lobes. This also improved performance in patients with aneurysm clips, coils, and blood
products. Finally, the use of 3D acquisition methods has entered clinical practice (11,29);
the advantages include the acquisition of isotropic voxels allowing reformatting in different
planes, as well as the fact that all slices can be obtained at the same PLD.

Indications for ASL Perfusion Imaging
Given that bolus PWI has gained some level of acceptance in the clinical arena during the
past decade, the question arises as to why one would want to perform a perfusion study
using an alternative method, particularly one with less SNR. The recent recognition of the
relationship between gadolinium-containing contrast agents and nephrogenic systemic
fibrosis (NSF) has led to both absolute and relative contraindications to such agents at many
institutions. In such patients, ASL is the only option for obtaining information about tissue
perfusion. Also, intravenous access is challenging in certain patient groups, particularly
children and intravenous drug users. Finally, ASL sequences can be easily repeated during a
single clinical examination, which is useful to perform cerebrovascular reserve studies using
either acetazolamide or breath-hold paradigms.

Specifically in the patient with cerebrovascular disease, ASL has several potential
advantages. While the acquisition time of the study is often a few minutes longer than that of
bolus PWI, this is offset by the time savings of not needing to place an IV or hook up a
power injector. Additionally, reconstruction times for ASL tend to be shorter than those for
bolus PWI, especially since the background-suppressed ASL variants do not typically
require motion correction, as do many bolus PWI studies. ASL excels at identifying bilateral
disease, which can occur in this patient group, since it can be used in a quantitative rather
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than qualitative manner. Finally, the ability of ASL to detect perfusion alterations that are
more subtle than those seen with bolus PWI make it an ideal methodology to study minor
stroke and TIA, where the ability to ascribe the event to a vascular etiology is of paramount
importance, since this may affect treatment triage and outcome.

Previous Literature on ASL Findings in TIA and Stroke
Several early studies documented that ASL imaging could be used to image cerebrovascular
disease, such as carotid stenosis and occlusion, as well as acute ischemic stroke. Chalela et
al. reported on 15 patients imaged within the first 24 hours following acute ischemic stroke
(20). Using CASL, they found perfusion changes in the ipsilateral hemisphere consistent
with the diffusion and clinical findings. They found that the quantitative CBF levels in the
affected hemisphere correlated with National Institute of Health Stroke Scale (NIHSS) and
Rankin Scales (RS) at 30-day follow-up. Also, they observed arterial transit artifact (ATA)
in approximately half of their patients and suggested that this was a good prognostic sign,
perhaps reflecting the presence of collateral flow. Detre et al. examined the role of ASL
imaging with acetazolamide challenge in patients with symptomatic intracranial internal
carotid artery (ICA) or middle cerebral artery stenosis (18). They showed that the presence
of ATA correlated with poor cerebrovascular reactivity following acetazolamide challenge,
and suggested that ATA could possibly be used to avoid the risks associated with
acetazolamide. ASL has also been applied to large vessel disease, as for example, in a study
by Hendrikse et al. in patients with unilateral ICA occlusion (15). They used a PASL
method with multiple PLD times, which were then fit to a model to determine CBF in the
symptomatic hemispheres of 9 patients and 11 controls. The benefit of their approach was
that the results were presumably independent of arrival time, since this is included in the
model, though the maximum PLD used (1600 ms) is probably not long enough to ensure
that late arriving flow is appropriately counted. They found a 20% CBF decrease in the
hemisphere ipsilateral to the carotid occlusion compared with the contralateral hemisphere
or normal subjects.

More recently, Deibler et al., in a series of articles, demonstrated a clinically feasible ASL
method and further examined various hypoperfusion patterns (8,9). They described the
application of a PASL method called Q2TIPS (7,30), which is relatively insensitive to errors
associated with slow flow in 3000 clinical patients over a 12 month period. They show
examples of the expected CBF changes in the core and penumbra of acute ischemic stroke.
They also point out that ASL is not well-suited to examine the white matter perfusion in
patients with suspected chronic microvascular ischemia, given the low absolute CBF and the
prolonged transit times. Chen et al. showed that ASL was useful clinically in 10 pediatric
patients with acute ischemic stroke (31). They also noted that ATA was often present
surrounding the ischemic core and tended to be associated with lack of progression to infarct
and better clinical outcome.

Finally, relatively little has been reported on perfusion in general, and ASL in particular, in
TIA patients. A recent study of lacunar syndromes in minor stroke and TIA patients
suggested that the presence of a bolus PWI lesion could predict early deterioration (defined
as >=3 points on the NIHSS in the first 72 hrs) (32). In the only ASL study specifically
focusing on this population, Macintosh et al. describes ASL findings in 4 patients with TIA
and 11 with minor stroke (NIHSS<=6) (33). They used a 3D-GRASE-PASL method with
multiple PLD’s (500–2500 ms) to characterize the CBF and the arterial arrival time (AAT).
This attempt to use ASL to measure arrival times quantitatively in stroke patients is
significant, given that bolus arrival time markers, such as the normalized time-to-maximum
contrast arrival (Tmax), appear to be useful in bolus PWI stroke studies (34,35). They
proposed an asymmetry index to detect the differences in AAT between hemispheres, and
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found that AAT was significantly increased in the affected hemisphere. However, such an
approach is challenging in these patients, since often they have bilateral carotid disease and
are abnormal on both sides to some degree. To evaluate this, Zaharchuk et al. have begun to
systematically examine ASL images in TIA patients with the goal of establishing a vascular
etiology for the symptomatology (36,37). They have found that approximately 50% of such
patients have abnormalities, which exceeds the published yield of bolus PWI in this
population (16%) (38). In particular, in the clinically interesting population of 28 TIA
patients without diffusion abnormalities, they found that 46% of patients had ASL
abnormalities, compared with 18% on PWI, and that all patients with PWI lesions also had
ASL lesions. A common abnormality was a bilateral borderzone sign (12). These findings
suggest that ASL alone may be a feasible perfusion method in TIA patients.

Typical Findings on ASL Studies: Stroke
In this section, I will highlight some of the experience at our institution with a 3D-FSE
pulsed continuous ASL method at 1.5 T in patients with acute ischemic stroke and TIA. In
addition, whenever possible, images from bolus PWI will be included so that the reader may
contrast the information gained from each modality.

Figure 3 demonstrates an example of acute ischemic stroke in a 25 year-old woman 6 hrs
following repair of aortic coarctation. Hypoperfusion is noted within a large region of the
left MCA territory on both ASL and bolus PWI Tmax map. Posterior to this core region, the
ASL images show multiple serpiginous high intensity structures compatible with ATA; this
region on bolus PWI shows a milder Tmax abnormality than the core. The findings are
compatible with collateral flow, and indeed in this patient who did not receive therapy due
to her recent surgery, these regions did not convert to infarction based on a 3-day follow-up
noncontrast CT scan.

Confirmation that this serpiginous high ASL signal is intravascular is shown in Figure 4.
This 74 year-old man presented with right facial droop and received both bolus PWI as well
as two separate ASL scans, one with and one without vascular suppression employing
diffusion gradients (19,39). The MR angiogram showed distal occlusion of the M1 segment
of the right MCA. Here, the diffusion positive region is fairly small, consistent with the mild
symptoms. Bolus PWI Tmax maps show a larger area of abnormality suggesting tissue at-
risk of infarction. ASL without vessel suppression showed low parenchymal CBF with
extensive regions of ATA throughout the affected territory, which was less evident on the
vessel-suppressed ASL images. This suggests that the high serpiginous signal is related to
slow flow in excellent collateral vessels; in this patient, FLAIR images also showed
evidence of slow flow (22). The patient was not treated due to the mild initial symptoms and
did not show progression either clinically or on follow-up MR imaging.

Not all stroke patients show the same pattern of central hypoperfusion with surrounding
ATA. Figure 5 demonstrates a case of a right M1 MCA occlusion in an 79 year-old woman
with a dense left hemiparesis, who received intra-arterial thrombectomy with removal of the
main clot 8 hrs following symptom onset. ASL images obtained 3 days later demonstrate a
large right MCA infarct with associated region of hypoperfusion without significant ATA;
the lack of ATA may reflect the loss of any collateral circulation at this time.

The value of repeated quantitative CBF imaging is suggested by the case of a 58 year-old
man who underwent elective angioplasty for symptomatic MCA stenosis (Figure 6). His
initial ASL images showed ATA in the left MCA territory as would be expected from his
severe stenosis. Immediately following the procedure, the patient clinically deteriorated,
with aphasia and right hemiparesis. ASL images acquired at this time, showed markedly
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reduced CBF and ATA in the left MCA territory, which was associated with rapid in-stent
restenosis. The patient underwent emergent repeat angioplasty with stenting with resolution
of his symptoms. Follow-up imaging 3 days later demonstrated hyperperfusion to the left
MCA territory as well as the bilateral posterior cerebral artery (PCA) territories. Subsequent
ASL studies over the next several months showed a persistent but less pronounced region of
increased CBF in the same distribution.

Typical Findings on ASL Studies: TIA
Imaging plays an important role in the work-up of TIA, given that patients are asymptomatic
at clinical presentation. While clinical scales, such as the ABCD2 scale (40), have gained
acceptance as a way to predict the risk of recurrent stroke, numerous studies have shown
that imaging can improve the predictive ability of these scales (41,42). Since approximately
30% of TIA patients have diffusion changes, it is not unexpected that such patients also may
demonstrate perfusion lesions, either with bolus contrast PWI (38) or ASL (Figure 7).
However, we have also seen patients without DWI changes who have perfusion
abnormalities, which are most evident as ATA on ASL imaging. Figure 8 shows an example
in a 79 year-old man presenting with transient left leg weakness. Initial studies were DWI
negative, but there was evidence of subtle ATA in the right paramedian frontal lobe,
suggesting a vascular etiology for the patient’s symptoms. He was discharged, but returned 2
days later with a new DWI lesion in the right MCA-ACA borderzone region, associated with
increased conspicuity of the previously noted ATA. This case highlights the high sensitivity
of ASL to minor perfusion alterations, which can be particularly helpful in TIA patients.

Another finding that can be seen in the setting of TIA is the borderzone sign; this finding,
that of ASL signal dropout in the MCA-ACA borderzone regions with associated ATA, is
most commonly seen in a bilateral distribution (12). Because of this, it is frequently occult
on bolus PWI, since this is usually interpreted in a qualitative fashion in which the two
hemispheres are compared with each other. While the etiology of this finding is unclear,
given that it is rarely associated with significant large vessel stenosis or occlusion, it may
represent overall decreased cardiac output or microvascular disease. Figure 9 shows an
example of the bilateral borderzone sign in a 79 year-old man with transient expressive
aphasia. In this case, a subtle DWI lesion is present in the left centrum semiovale,
suggesting a vascular etiology. While there is some suggestion of bilateral mild Tmax
prolongation in the borderzone regions, the ASL images demonstrate a moderate borderzone
sign. In our limited experience, the presence of a borderzone sign is a poor prognostic
feature.

Finally, we have begun to explore whether there is a role for cerebrovascular reserve (CVR)
assessment in TIA patients. ASL can be used in this setting, since it can be repeated easily.
Also, the relatively mild perfusion abnormalities in TIA lessen the impact of delayed flow in
this population. An example of reduced CVR following acetazolamide challenge in the
hemisphere thought to be responsible for clinical symptoms is shown as Figure 10. This
patient had several hours of transient left lower extremity weakness, and had reduced CVR
in the right hemisphere, consistent with her symptoms. We hypothesize that such a finding
points to a vascular cause of symptoms and may put her at higher risk for subsequent
infarction in this territory.

Problems with ASL imaging in Stroke and TIA
While it is likely that ASL will have an important role in the diagnosis or monitoring of
stroke and TIA, it is important to recognize its limitations. The most important of these is
the sensitivity of ASL to delayed transit times. As mentioned earlier, this is a double-edged
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sword; the sensitivity allows the recognition of subtle changes based on ATA. However, in
severe cases and in the presence of large artery stenosis and occlusion, ASL may
overestimate the region of CBF abnormality. This is frequently seen in patients with chronic
occlusions, such as Moyamoya disease (Figure 11). Longer PLD sequences mitigate this
problem, but it remains a problem for very long transit times. Also, while the borderzone
sign is helpful to identify a vascular etiology, in some cases it obscures the presence of a
more focal lesion (Figure 12).

Finally, other artifacts that can mimic stroke exist. One of particular concern is that of poor
labeling of arterial spins due to magnetic susceptibility inhomogeneities, which can occur if
there is a poor shim of the magnet or if the patient has metallic substances in his or her body,
such as dental hardware, stents, or surgical clips. In these situations, often the labeling from
one artery is affected and can mimic a large artery occlusion. An example of this, in a
patient who was scanned for acute ischemic stroke, is shown as Figure 13. In this patient,
there was partial reperfusion of the left basal ganglia region, but no ASL signal was seen in
the right ICA territory. Given the lack of any clinical symptoms referable to the right MCA
territory, it was decided that this represented an artifact related to poor proximal labeling due
to susceptibility related to dental hardware in the right neck.

Other issues with ASL include the advanced age of most patients with acute stroke and the
corresponding reduced CBF levels associated with age. Also, it has been suggested that
arterial arrival times are longer in elderly patients (43). Both of these lead to reduced SNR,
suggesting the need for increased signal averaging and subsequently longer imaging scans.
Since the efficacy of stroke treatment is known to decrease with time, increasing scan time
is suboptimal. Longer scan times are more susceptible to artifacts related to patient motion,
though motion correction methods can be applied to ASL (44).

Future of ASL in Stroke and TIA
Two newer ASL methods may prove to be useful in the workup of patients with
cerebrovascular disease. Velocity-selective ASL (VS-ASL) is a method in which the blood
is labeled in or near the voxel of interest rather than at a distant labeling plane, and this may
mitigate the errors and artifacts associated with delayed transit (45). Despite theoretical
advantages, this technique has not yet been applied in a systematic fashion to patients with
long delay times. However, some initial evidence at our institution suggests that VS-ASL
images in Moyamoya disease patients with high-grade stenoses and occlusions are less
affected by ATA or ASL signal loss in regions known to have normal CBF on stable xenon
CT studies (Figure 14). The current drawbacks to routine clinical use of VS-ASL is that
currently feasible velocity selective RF pulses saturate rather than invert affected spins,
resulting in 2-fold reduction in SNR. Also, it has yet to be integrated into a sequence with
background-suppressed 3D imaging readout, limiting its clinical utility.

Perfusion territory imaging strives to provide separate CBF images that demonstrate how
much flow is provided from individual cerebral arteries (46–48). In theory, such information
may be helpful to distinguish antegrade from collateral flow (21) and to assess the perfusion
territories supplied by bypass grafts (49). As such, it yields a more complete view of the
cerebrovasculature, and for this reason is likely to provide clinical value. It is not yet in
widespread clinical use, as most implementations require additional time either for the
imaging itself or for the planning of which arteries are to be interrogated.

Finally, it should be noted that ASL has not yet been incorporated into a major imaging-
based stroke or TIA trial. More clinical experience is necessary to better understand the role
of ASL and whether it adds value in this population.
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Conclusions
ASL is a promising technique to evaluate patients with cerebrovascular disease. Recent
improvements in pulse sequence design, the more widespread use of 3 T neuroimaging, and
the recognition of NSF have driven renewed clinical interest in this technique. While
prolonged transit times can lead to quantitative errors in ASL CBF maps, the increased
sensitivity to minor perfusion alterations may be of clinical value in patients with TIA and
minor stroke. Initial experience with ASL in this patient population is encouraging and
suggests that the time may be ripe to consider including ASL in imaging-based stroke and
TIA protocols to better understand its practical utility.
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Figure 1.
ASL methodology. Images are acquired without (control) and with (label) application of
arterial inversion at the site of the labeling plane. In this schematic, the inverted blood in the
label image is shown in blue. Proton density images are acquired following the labeling and
the post-label delay time. The label image has slightly less signal intensity due to the
infusion of inverted magnetization provided by the inflowing labeled blood. When
subtracted from the control image, the ASL difference images are roughly proportional to
CBF. At the right are CBF images of the central 20 slices of a 32 slice whole-brain 3D-FSE
imaging set acquired at 3T requiring 4:30 min to acquire.
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Figure 2.
CBF quantitation is improved on long post-label delay (PLD) images using pcASL at 3 T in
this patient with bilateral Moyamoya disease. On images with relatively short PLD’s, there
is less ASL signal in the bilateral MCA territories (arrows). As PLD increases, these regions
with arterial arrival delay “fill in,” indicating that CBF in these regions is normal. However,
longer PLD images have lower SNR, requiring longer acquisition time. In practice, a
compromise must be made between these two competing effects, with most clinical ASL
images having PLD’s between 1.5 and 2 s.
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Figure 3.
25 year-old woman 6 hrs following aortic coarctation repair and inability to speak or move
her right side. MR angiogram (not shown) demonstrated no flow-related enhancement in the
left middle cerebral artery (MCA). Diffusion-weighted images (DWI) confirm acute
ischemic stroke in the left MCA territory. ASL CBF images show hypoperfusion in the
regions with high DWI signal, with arterial transit artifact (ATA) in the periphery. Bolus
contrast normalized time-to-maximum (Tmax) maps show a severe abnormality in the
regions corresponding to the DWI lesion, with a milder abnormality in the region of ATA on
ASL. The patient received no treatment due to her recent surgery. Coregistered slices from a
follow-up noncontrast CT examination 3 days later reveals that there was no increase in the
size of the lesion into the region with ATA on ASL. This is consistent with prior reports
suggesting that ATA may reflect the beneficial effects of collateral flow and that such tissue
has a good prognosis.
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Figure 4.
74 year-old man with mild right facial droop. (a) DWI shows small, scattered infarcts in the
right MCA territory. (b) Bolus PWI shows a mild Tmax lesion in a larger region. ASL
images (c) without and (d) with vessel suppression demonstrate a similar region of
abnormality. Serpiginous high ASL signal is seen throughout the affected territory, much of
which is removed on the vessel suppressed ASL images, confirming that the high signal is
indeed vascular. (e) Difference images between the two ASL images yield an image of the
region of collateral flow. The patient was not treated due to his mild symptoms and did not
have any worsening of his symptoms and no change in the pattern of infarcts on a 2 day
follow-up MRI.
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Figure 5.
79 year-old woman with dense left hemiparesis. (a) Large right MCA diffusion lesion is
present. (b) ASL shows hypoperfusion in a region larger than the DWI lesion without
significant ATA. Bolus contrast PWI (c) relative CBF and (d) Tmax in the same slices. The
ASL lesion appears slightly larger than either of the bolus PWI maps. The lack of ATA
suggests that this patient lacks significant collateral flow to the right MCA territory.
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Figure 6.
Repeat ASL CBF imaging in a 58 year-old man with symptomatic left MCA stenosis. (a)
Initial ASL images show ATA in the left MCA territory as expected due to the stenosis of
the M1 segment of the left MCA. (b) Immediately following angioplasty, the patient had
clinical deterioration, and reduced CBF in the affected territory. This was determined to be
related to rapid in-stent restenosis. (c) Imaging following emergent angioplasty and stenting
show high CBF in the left MCA and bilateral PCA territories, presumably related to luxury
perfusion.
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Figure 7.
59 year-old man with transient L arm weakness, ABCD 2 score was 5. (a) DWI images show
a small infarct in the right frontoparietal region. This is accompanied by a subtle region of
ATA on (b) ASL CBF images and (c) mild Tmax prolongation on bolus PWI.
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Figure 8.
79 year-old man with transient left leg weakness. ABCD2 score was 5. (a) Initial DWI was
normal. (b) ASL shows mild ATA in the right paramedian region (orange arrows)
suggesting a vascular etiology for the patient’s symptoms. Two days later, the patient
returned with new onset of left leg weakness and the DWI study shows new small infarcts in
the right paramedian region (yellow arrows) near the prior ATA abnormality from the initial
ASL. (d) ASL shows slightly more pronounced ATA in the same territory.
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Figure 9.
79 year-old man with 10 min of transient expressive aphasia. (a) There is a small subtle
DWI lesion in the left centrum semiovale (yellow arrow). (b) ASL imaging shows a
moderate bilateral borderzone sign, evidenced by ASL signal dropout in the MCA-ACA and
MCA-PCA borderzone regions (e.g., orange arrows). (c) Bolus PWI Tmax maps show mild
prolongation bilaterally, but was read as normal. The presence of the borderzone sign
suggests a vascular etiology for the patient’s symptoms.
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Figure 10.
Cerebrovascular reserve (CVR) abnormality detected with MRI ASL CBF study in a 51
year-old woman with 3 hours of transient left leg weakness. ABCD2 score was 3. ASL CBF
maps obtained (a) before and (b) 20 minutes following 1 g of IV acetazolamide. (c) The pre-
post difference image demonstrates that both sides show CBF augmentation, with the left
increasing by about 30–50 ml/100 g/min. The right hemisphere also increases, but not as
much as the left, with CBF augmentation of about 10–30 ml/100 g/min. The lower CVR
localizes to the expected hemisphere of the patient’s symptoms, and may put her at higher
risk of future infarct in this territory.
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Figure 11.
65 year-old man with bilateral Moyamoya disease, as demonstrated on (a) MR angiogram.
(b) ASL images show normal signal in the deep gray matter, but no ASL signal in the
bilateral MCA cortices. The patient did not have any evidence of low flow in these regions
based on xenon CT (not shown), (c) FLAIR, or (d) DWI. This demonstrates that severely
delayed flow will be underestimated using ASL with a PLD used for routine clinical work (2
s)
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Figure 12.
93 year-old woman with recent cerebrovascular accident and new onset confusion. A small
infarct (arrow) is seen on the (a) DWI study. (b) ASL shows bilateral ATA with more
prominent signal dropout in the right borderzone region. (c) Bolus PWI Tmax shows
asymmetric prolongation in the same region.
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Figure 13.
Poor proximal labeling can mimic large vessel infarct. Patient with small DWI lesion in the
left putamen (a). (b) ASL images show a small region in the left hemisphere with low CBF,
but a much larger region extending over the entire right ICA territory. Given the lack of
symptoms referable to the right MCA territory, it was concluded that this represented a
labeling artifact. (c) This is further suggested by the region of signal dropout (arrow) on
coronal B0 maps obtained as part of the diffusion study, indicating magnetic susceptibility
artifact in this region, possibly due to dental hardware.
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Figure 14.
Velocity-selective ASL (VS-ASL) mitigates CBF errors due to arterial arrival delays. Co-
registered images from pulsed continuous ASL (pcASL) and VS-ASL are shown in a patient
with Moyamoya disease and bilateral MCA occlusion. The pcASL images were obtained
using a PLD of 2 s, which is too short to image the CBF in the high right frontal lobe. There
is preserved ASL signal on the VS-ASL images in this region (arrows), suggesting that the
errors associated with conventional ASL are reduced with this technique. Note the lower
SNR in the VS-ASL images, which is largely due to the fact that the label images can only
saturate rather than invert flowing blood.
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Table 1

Comparison between ASL and Bolus Contrast PWI

ASL Bolus PWI

• Powerful technique to measure CBF

• Cannot measure CBV

• Noncontrast

• Spin echo

• Repeatable

• Microvascular measurement of perfusion

• Insensitive to blood-brain barrier damage

• Errors in tissue with long arrival time

• 3–5 min scan time

• Powerful technique to measure CBV and Tmax

• CBF challenging

• Requires gadolinium-containing agents

• High contrast-to-noise

• Gradient echo (primarily)

• Clinical experience

• Errors due to blood-brain barrier damage

• 2 min scan time
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