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REVIEW

Intracranial 3D and 4D MR Angiography Using
Arterial Spin Labeling: Technical Considerations

Yuriko Suzuki, Noriyuki Fujima? and Matthias J.P. van Osch?

In the 1980’ some of the earliest studies of arterial spin labeling (ASL) MRI have demonstrated its ability to
generate MR angiography (MRA) images. Thanks to many technical improvements, ASL has been success-
fully moving its position from the realm of research into the clinical area, albeit more known as perfusion
imaging than as MRA. For MRA imaging, other techniques such as time-of-flight, phase contrast MRA and
contrast-enhanced (CE) MRA are more popular choices for clinical applications. In the last decade, how-
ever, ASL-MRA has been experiencing a remarkable revival, especially because of its non-invasive nature,
i.e. the fact that it does not rely on the use of contrast agent. Very importantly, there are additional benefits
of using ASL for MRA. For example, its higher flexibility to achieve both high spatial and temporal resolu-
tion than CE dynamic MRA, and the capability of vessel specific visualization, in which the vascular tree
arising from a selected artery can be exclusively visualized. In this article, the implementation and recent
developments of ASL-based MRA are discussed; not only focusing on the basic sequences based upon
pulsed ASL or pseudo-continuous ASL, but also including more recent labeling approaches, such as
vessel-selective labeling, velocity-selective ASL, vessel-encoded ASL and time-encoded ASL. Although these
ASL techniques have been already utilized in perfusion imaging and their usefulness has been suggested by
many studies, some additional considerations should be made when employing them for MRA, since there
is something more than the difference of the spatial resolution of the readout sequence. Moreover, extensive
discussion is included on what readout sequence to use, especially by highlighting how to achieve high spa-
tial resolution while keeping scan-time reasonable such that the ASL-MRA sequence can easily be included
into a clinical examination.
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vessel-selective MR angiography

Introduction

For many cerebrovascular diseases, visualization of blood
flow through the large vasculature and microvascular infor-
mation of downstream brain tissue can be crucial for diag-
nosis and monitoring of disease progression and treatment
efficacy. The former is achieved by angiography and the
latter is assessed by perfusion imaging; both can be obtained
by means of arterial spin labeling (ASL) techniques. In ASL,
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the visualization of arterial flow is achieved by labeling the
magnetization of arterial blood using radiofrequency (RF)
pulses, which allows the labeled blood to act as an endoge-
nous tracer, thereby eliminating reliance on the use of con-
trast agents. By taking advantage of this completely
non-invasive feature, many studies were conducted to dem-
onstrate that ASL can be an alternative technique for other
more invasive techniques using X-ray and/or contrast
agent.!”7 This would especially be important for pediatric
patients who need repetitive examinations to monitor disease
progression. Whereas MR contrast agents used to be consid-
ered relatively safe, due to the established link between sev-
eral linear gadolinium contrast agents and nephrogenic
systemic fibrosis in patients with poor renal function as well
as the recent observation of gadolinium deposition in the
brain,® the European Medicines Agency decided to recom-
mend the suspension of the use of four linear MR contrast
agents and advise to limit the use of gadolinium based con-
trast agents to the lowest dose for diagnosis. It is clear that
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there is an urgent reason to pursue the establishment of non-
contrast-enhanced (non-CE) examination. In 2015, a state-
ment for recommended implementation of ASL for clinical
perfusion imaging was published by the perfusion study
group of the International Society for Magnetic Resonance in
Medicine (ISMRM) and European Cooperation in Science
and Technology (EU-COST) action “ASL in dementia”,
which suggests that ASL perfusion MRI has become ready
for clinical use.’

Although less widespread than ASL perfusion imaging,
the use of ASL technique for MR angiography (MRA) has
also been getting more attention recently, especially for appli-
cations in the brain. Even apart from the ability to visualize
arterial flow without using the contrast agent, there are consid-
erable advantages of ASL-based MRA over other MRA tech-
niques such as time-of-flight (TOF) MRA and dynamic
CE-MRA. First, in dynamic CE-MRA, the first passage of the
contrast agent bolus needs to be captured by a real-time
dynamic acquisition. Due to very fast passage of the contrast
agent through the vascular tree and the early appearance of
venous signal, each dynamic must be acquired very quickly,
therefore, the spatial resolution is often compromised.
Although highly undersampled non-Cartesian acquisitions
and several elaborate reconstruction techniques have been
proposed to alleviate some of these limitations,'*' not all
those techniques are already available in clinical setting. In
ASL, on the other hand, it is not necessary to acquire all data
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during a single bolus passage, therefore, both high spatial and
temporal resolution can be achieved by repeating the labeling
of the arterial blood and following data acquisition. The typ-
ical temporal resolution in ASL-based dynamic 3D-MRA
(referred to as “4D-MRA”) is 100-200 ms, which is much
higher than for dynamic CE-MRA. Such high temporal reso-
lution can be very important, especially when evaluating arte-
riovenous shunts. In Fig. 1, for example, TOF-MRA images
show abnormally dilated arterial brunches and enhanced
sinuses, which suggest a dural arteriovenous fistula fed mainly
by the right occipital artery. Additionally, ASL-based 4D-MRA
images acquired with a temporal resolution of about 200 ms
successfully visualized that the labeled arterial blood is
flowing into the sinuses retrogradely (indicated by arrows in
Fig. 1). It can be speculated that such retrograde flow into the
sinuses will continue into the cortical vein, which is signifi-
cantly related to a high incidence of hemorrhage.

The second advantage of ASL-MRA is the ability to
achieve vessel specific visualization, in which the vascular
tree originating from a selected artery can be exclusively
visualized by spatially selective labeling. Figure 2 shows an
example of how vessel-selective ASL-MRA is applied to a
clinical case of an arteriovenous malformation (AVM).!
Whereas TOF-MRA visualizes the large nidus very clearly,
vessel-selective ASL-MRA is providing additional informa-
tion by showing which arteries are responsible for feeding
the nidus. Such information could be useful for pre-operative

Fig. 1 TOF-MRA images show abnormally dilated arterial brunches and enhanced sinuses, which suggest a dural arteriovenous fistula
fed mainly by the right occipital artery. Additionally, ASL-based 4D-MRA images successfully visualized that the labeled arterial blood is
flowing into the sinuses retrogradely (indicated by arrows). The temporal resolution of 4D-MRA is about 200 ms. TOF, time-of-flight; ASL,
arterial spin labeling; MRA, magnetic resonance angiography.
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Right ICA

Left ICA Vertebral A.

Fig. 2 A clinical example of vessel-selective 3D arterial spin labeling-MR angiography (ASL-MRA) applied to an arteriovenous malfor-
mation. Whereas TOF-MRA visualizes the large nidus very clearly, vessel-selective ASL-MRA shows which arteries are feeding the nidus.
Image were reproduced from Jensen-Kondering et al.’® with permission from Dr. Michael Helle, Philips GmbH Innovative Technologies.

TOF, time-of-flight; ICA, internal carotid artery.

preparations for X-ray digital subtraction angiography
(DSA), or could even be a potential alternative to X-ray DSA
as a follow-up examination.

Additionally, it should be also noted that, in dynamic
CE-MRA and X-ray DSA, the contrast agent will be injected
using a power-injector at a high-speed, which may cause an
altered blood flow from the normal physiological condi-
tion.!” In contrast, the information obtained by ASL-based
4D-MRA potentially reflects the natural physiological blood
flow condition.

In this article, the implementation and recent developments
of ASL-based MRA will be reviewed. Although one may
naively assume that “just replacing the readout of an ASL perfu-
sion imaging by a 3D high-resolution sequence” would be all to
say, there are several important considerations before “just”
changing the readout sequence. Since ASL techniques have
already been used widely for perfusion imaging, this review
article will mainly focus on the technical differences between
ASL-MRA and ASL perfusion imaging, which were selected
from the list of PubMed search with the keywords of “Arterial
Spin Labeling” and “Angiography (MRA)”. Additionally, arti-
cles describing clinical applications using ASL-based MRA
were reviewed. More detailed description about the principles
of ASL can be found in several excellent review articles.'82!

Spatial Resolution and Readout Sequence

As mentioned above, the most obvious difference between
the acquisition of ASL-MRA and ASL perfusion image is the
spatial resolution of the readout sequence, which is a
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consequence of the expected ASL-signal produced by the
labeled spins for each image type. In perfusion imaging, the
ASL-signal produced by the labeled spins that traveled all
the way from the labeling plane to the brain tissue is very
small, typically <1-2% of the gray matter signal, which can
be calculated from the cerebral blood flow (CBF) (i.e. a
CBF-value of 60 mL/min/100 mL implies that, in a minute,
arterial blood that would flow into a voxel is equivalent to
60% of the voxel-volume, which means that when labeling is
applied for 2 s, arterial blood equivalent to only 2% of the
voxel-volume would enter the voxel) and T,-relaxation of the
labeled spins. Because such subtle signal differences have to
be visualized, the readout is performed with large voxel-sizes
of typically 3—4 mm in-plane and 3—8 mm through-plane (or
iso-voxel for 3D-readout).” Moreover, this is combined with
repeated signal averaging to further leverage the signal-to-
noise ratio (SNR). For MRA, in contrast, much stronger
ASL-signal will be measured within the arterial vessels,
because the complete lumen is filled by labeled spins, and
data is usually acquired at much shorter delay time
(inversion-time; TI or post-labeling delay; PLD), i.e. less
T,-relaxation. Therefore, a 3D-readout with much smaller
voxel-size is used, which is also required to depict smaller
arteries. Although the ideal spatial resolution has not been
standardized yet, the voxel-sizes from previous studies are
typically 1.0-1.25 mm in in-plane and 1.0-2.0 mm in
through-plane direction (potentially reconstructed at even
higher resolution).!*?>2* Therefore, the entire scan-time
usually needs to be spent for completing k-space, not for
signal averaging as in perfusion imaging.
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Fig. 3 The behavior of the longitudinal mag-
netization (M,) was simulated by means of
Bloch equation simulations, by assuming the
labeled blood (in labeling image) and non-
labeled blood (in control image) enter the
imaging volume and receive excitation
RF-pulses over 1400 ms. The transverse mag-
netization was assumed to be spoiled before
the next excitation pulse is applied. The T, and
T, of blood were assumed to be 1650 ms? and

Time after entering imaging volume (ms)

The typical readout sequence used for ASL-MRA is
based on gradient-echo sequences, such as turbo field-echo
(TFE)>* and spoiled gradient-echo (SPGR),>*?7 in which
quite a number of excitation RF-pulses are applied. For
dynamic MRA, the acquisition of multiple TIs/PLDs is gen-
erally performed using a Look-Locker readout,”® in which
the gradient-echo sequence is segmented into shorter shots
with a duration equal to (or shorter than) the desired temporal
resolution (typically 100-200 ms). Subsequently, the same
k-space lines are repeatedly acquired to obtain images with
different TIs/PLDs. However, this also implies that the blood
spins will receive even more RF-pulses once the labeled
blood has entered the imaging volume. Therefore, it is impor-
tant to consider how those RF-pulses will affect ASL-signal.

In ASL-MRA, the control image will show the arterial
blood signal with high intensity (like TOF-MRA), while the
labeled blood will have negative or small signal, and the dif-
ference between these two states constitutes the ASL-signal.
Therefore, both obtaining high arterial blood signal in the
control image and maintaining the label in the labeling image
is important to generate strong ASL-signal in the arteries.
Importantly, excitation RF-pulses applied in the readout
sequence will saturate the arterial signal in the control image
(again just same as TOF-MRA), while T ,-relaxation of the
labeled magnetization is accelerated by the same RF-pulses
(Fig. 3). Taken both effects together makes clear that ASL-
signal in the subtracted angiographic image will be also
decreased. This attenuation will especially be problematic in
later phases of dynamic acquisition. To preserve as much as
magnetization for later phases, rather low excitation flip-
angle (FA) (typically 6-10°) is used compromising overall
signal intensity.

This attenuation of ASL-signal can be alleviated by
reducing the number of RF-pulses by acquiring more than
one k-line per excitation pulse by e.g. using echo planar
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150 ms,”® respectively. RF, radiofrequency;
FA, flip-angle.

EPI direction = AP

Fig. 4 ASL-MRA obtained by TFEPI sequence. Typical ghosting
artefacts due to pulsatile flow is shown in (a) when the phase-
encoding direction is set in the anterior—posterior (AP) direction
(see arrows). By changing the phase-encoding to the right-left (RL)
direction, the artefacts were substantially reduced (b). ASL-MRA,
arterial spin labeling-magnetic resonance angiography; TFEPI,
turbo field echo planar imaging.

imaging (EPI) readout. In a turbo field EPI (TFEPI)
sequence,” a segmented EPI readout (with typical EPI-factor
of 5-743031) is performed after each excitation pulse of the
TFE sequence to reduce the number of excitation RF-pulse,
thereby limiting the attenuation of the ASL-signal. The
downside of inserting an EPI readout is that it causes ghosting
artefacts due to pulsatile flow, which happens more fre-
quently in young subjects, typically at the M1 section of the
middle cerebral artery (arrows in Fig. 4a). In many cases,
however, setting the phase-encoding direction to the right—
left direction (instead of the anterior-posterior direction)
helps to reduce the apparent artefacts (Fig. 4b).

Another option is balanced steady-state free precession
(bSSFP) sequence,?>3>33 in which the transverse magneti-
zation is recycled for the next TR without being spoiled,
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thereby alleviating both the saturation of arterial blood in
the control image and the acceleration of T,-relaxation of
the labeled blood in the labeling image. In a previous study
by Okell et al.,3? the behavior of the magnetization with
several scenarios was simulated, e.g.: (i) bSSFP sequence
with TR of 4.2 ms and excitation FA of 40° and (ii) SPGR
sequence with TR of 12.0 ms and FA of 8°. Please note that
the scan-time of scenario-(i) will be much shorter than (ii)
due to shorter TR. The results showed that the longitudinal
magnetization of (i) and (ii) behaved very similarly over
1000 ms readout duration even though much shorter TR and
higher FA were used in scenario-(i). Moreover, much higher
ASL-signal can be obtained using scenario-(i) due to high
FA. The downside of bSSFP sequence is, however, its sen-
sitivity to off-resonance, which causes signal-loss not only
in regions of strong field inhomogeneity, but also in down-
stream vessels (Fig. 8 of Okell et al.’?). Therefore, scanning
should be performed using short TR to minimize phase
accrual between excitation pulses, and better performances

a) PASL Look-Locker

PASL labeling

can be expected at lower field strength due to less severe B
inhomogeneities.

Labeling Module (General)

Arterial spin labeling technique can be divided into three
major categories by the means of the labeling mechanism:
pulsed ASL (PASL), pseudo-continuous ASL (pCASL) and
velocity-selective (VS) ASL. In PASL, as its name implies,
a single RF-pulse inverts all spins within a large area as
determined by the profile of the RF-pulse (typically 10-20
cm thick slab located proximal to the imaging volume).
Such an inversion pulse inverts all spins regardless of its
condition, i.e. whether the spins are flowing or static. The
typical duration of the labeling RF-pulse is 5-20 ms, which
allows depicting the inflow of the labeled arterial blood
into the intracranial vascular tree when the readout is
started shortly after the labeling pulse (Fig. 5a). Although
there are several elaborate PASL techniques designed for

3rd phase

1st phase 2nd phase

b) pCASL Look-Locker

pCASL labeling

4th phase Sth phase 6th phase

2
‘,%

2nd phase

1st phase

¢) pCASL Inflow-subtraction

1st—2nd 1st —3rd 1st — 4th

4th phase 5th phase 6th phase

1st — 5th

1st — 7th
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Fig. 5 Simplified sequence diagrams and typical subtracted MRA images obtained using (a) PASL Look-Locker and (b) pCASL Look-Locker.
(c) To enable the visualization of the early inflow phase using pCASL data, inflow subtraction was proposed previously.?#32 MRA, magnetic
resonance angiography; PASL, pulsed arterial spin labeling; pCASL, pseudo-continuous arterial spin labeling.
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accurate CBF quantification in perfusion imaging, i.e.
QUIPSS II** and Q2TIPS,* for conventional dynamic
MRA (i.e. qualitative visualization of arterial vessels), a
simple module with a single labeling pulse such as ‘signal
targeting with alternating radiofrequency’ (STAR)*%37 and
‘flow-sensitive alternating inversion recovery’ (FAIR)3® is
sufficient.

In CASL, a long and continuous RF-wave is applied for
1-3 s with a very thin effective labeling plane. The mecha-
nism of labeling is based upon flow-driven adiabatic inver-
sion, in which only the magnetization of the spins flowing
through the labeling plane achieve the inversion. In recent
years, pCASL?* has been used more widely than CASL, in
which the long continuous RF-wave of CASL is replaced by
a train of very short RF-pulses (with typical duration of about
0.5 ms). pCASL labeling brought benefits of easier imple-
mentation on clinical MRI scanners and higher labeling effi-
ciency than the conventional CASL.

In PASL, the temporal width of the labeling bolus is
determined by the thickness of the labeling pulse, which is
limited by the RF-transmit coverage. In contrast, pCASL
allows the generation of more labeled arterial blood by
applying the labeling for a long duration. This wider tem-
poral width generated by pCASL is very advantageous for
perfusion imaging, in which the larger amount of labeled
blood directly translates to more accumulation of labeled
spins in the brain tissue and thus a higher SNR. Therefore,
pCASL is advocated by the above-mentioned consensus
statement’ for ASL perfusion imaging. Also, a previous study
in 3D ASL-MRA has shown that substantially higher arterial
signal was obtained by pCASL than PASL.*® However, a
dilemma shows up when using pCASL for dynamic MRA:
because of its long labeling duration, the earliest labeled
blood has already reached the distal arteries even for the first
phase acquired immediately after the end of the labeling,
thereby making it difficult to depict the early inflow phases
(Fig. 5b), which are easily depicted by PASL. As a solution,
inflow subtraction was proposed previously,?*3? in which the
second and subsequent phases of the dynamic MRA (sub-
tracted) is further subtracted from the first phase (Fig. 5¢). It
should be noted, however, that only the labeled blood
depicted in the first phase will be visualized, which means
that arteries with (very) late arrival (i.e. the label has not
arrived by the first phase) will not be visualized even though
the labeled blood will reach these distal segments in later
phases. Several options could avoid such missed depiction of
distal arteries, for example: (i) use very long labeling to make
sure the labeled blood has reached the targeted distal arteries
(e.g. 3 seconds?), (ii) evaluate both the images generated by
the conventional subtraction (Fig. 5b) as well as those cre-
ated by inflow-subtraction (Fig. 5c), (iii) extend the inflow-
subtraction using all phases as the reference image.’!
However, none of these three options should be considered to
provide a perfect solution, which explains why PASL is
still considered as one of preferred labeling techniques for
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dynamic ASL-MRA, and has proved its clinical usefulness in
several previous clinical studies.>™

When imaging static 3D-MRA, however, the above-
mentioned dilemma is no longer relevant, and long pCASL
labeling duration will ensures visualization of the complete
arterial trees from proximal to distal vessels with adequate
SNR.!62527 Moreover, a hybrid of pCASL and PASL was
suggested when using large FOV for imaging of extracranial
carotid arteries, which could also minimize disappearance of
the arterial signal due to fresh unlabeled blood flowing into
the imaging volume.*!

Velocity-selective Labeling

In contrast to the labeling of PASL and pCASL which are
based upon spatially selective labeling (i.e. labeling the
upstream arterial blood and only flowing blood will move
from the labeling location into the imaging volume), the
labeling in VS-ASL* is based upon velocity: spins flowing
above a predefined cut-off velocity are saturated, whereas
static tissue remains untouched. Saturation of flowing spins
is achieved by a sequence module consisting of non-selective
90°, 180°, 180, —90° pulses in combined with velocity-
encoding bipolar-gradients around the 180°-pulses. This
labeling module restores the magnetization of non-moving
spins from static tissue while moving spins are dephased by
the motion-sensitizing gradients, which is very similar to
motion-sensitized driven-equilibrium (MSDE) preparation
used to suppress blood signal from vessels.**** Such flow
sensitive labeling enables the labeling of blood spins within
the imaging volume, i.e. label is created much closer to the
capillaries, thereby making perfusion measurements less
sensitive to arterial transit time differences. Also, for MRA,
better visualization of peripheral arteries can be expected as
compared with TOF-MRA which often suffers from poor
visualization of peripheral arteries due to the saturation
effects especially when slow arterial flow is present.

The drawback of the use of VS-labeling is, however, that
both arterial and venous blood (and even cerebrospinal fluid)
are labeled as long as they are moving faster than the deter-
mined threshold velocity. For perfusion imaging, therefore,
an elaborate sequence design is proposed to avoid the signal
contribution from the venous blood by means of the fol-
lowing three elements: (i) after the VS-labeling, a delay time
of about 1600 ms is inserted before the readout to make sure
the labeled arterial blood has reached the capillaries, (ii) another
(second) VS-labeling is performed just before the readout,
and (iii) this second labeling has the flow-sensitizing gradi-
ents for both the labeling and control images. When the
second labeling is performed, most of the labeled arterial
blood (labeled by the first labeling) will move into the micro-
vascular bed, where the flow velocity is below the threshold
velocity of VS-labeling. In contrast, the labeled venous blood
flows into larger venous vessels during the delay time, where
the flow is expected to be faster than when the venous blood
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was labeled by the first labeling. The second labeling will
therefore crush the label of venous blood, whereas it will
leave most of the labeled arterial blood untouched.

However, this elaborate sequence as designed for perfu-
sion imaging is not applicable to MRA, because it would
eliminate the arterial blood signal within arteries as well.
Another option to separate the signal of arterial blood from
venous blood is by labeling blood spins based upon accelera-
tion and deceleration, while the blood spins flowing with a
constant velocity are restored. This would discriminate arte-
rial blood from venous blood, because arterial flow is strongly
pulsatile. Such an “acceleration” selective labeling can be
achieved by replacing the two pair of bipolar-gradients in
VS-labeling module with four unipolar-gradients,*¢ or
alternatively by making the polarity of the second refocusing
180°-pulse negative while keeping the bipolar-gradients.*’
The clinical benefits of acceleration-selective labeling was
demonstrated by superior depiction of Moyamoya arteries
and collateral arteries*® and complex flow of AVMs including
slow draining flow*’ over TOF-MRA.

In all above-mentioned ASL techniques, i.e. PASL, pCASL
and VS-ASL, a subtraction is performed to eliminate the signal
from static tissue. Such a subtraction operation could experience
artefacts induced by subject’s motion. There is an interesting
extension of VS-labeling approach that does not require subtrac-
tion: VS “excitation”, which excites only spins flowing within a
defined velocity range, while leaving other spins untouched.*%!
For MRA, this allows the exclusive excitation of flowing blood
spins, thereby enabling elimination of signal from static tissue
even without subtraction.>>33 Such VS-excitation is achieved by
Fourier-transform of the B,-field (a similar idea to the excitation
k-space that produces spatially selective excitation’), which
consists of a train of composite pulses incorporating velocity-
sensitive bipolar-gradients and refocusing 180°-pulses. This
technique was applied for visualization of arteries in lower
extremities,? and further optimization was made for immunity
to By/B, inhomogeneities, which results in better visualization
of peripheral intracranial arteries than TOF-MRA 33 In the brain,
however, it was found that the flow velocity of peripheral
arteries and veins do not differ significantly enough to be clearly
separated. Subsequently, a new design of the labeling module
exhibiting additional RF-pulses was proposed to achieve
separated visualization of the arteries and veins.>

Vessel-selective Labeling

As shown in Fig. 2, the exclusive visualization of the vascular
tree originating from a single selected artery can be performed
by spatially selective labeling, which can be achieved by both
PASL and pCASL, albeit based upon completely different con-
cepts. In PASL, a spatially selective inversion slab is applied to
the target artery. This can most easily be achieved by planning
the inversion slab parallel to the target artery in the neck in the
inferior—superior direction (as an angulated coronal or sagittal
slab). In this manner, the labeling slab will cover the target
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artery over a large distance, thereby producing a sufficient
amount of labeled blood. However, it also implies that the
inversion slab will intersect with the imaging volume, because
the labeling slab is not spatially limited in the inferior—superior
direction. To avoid this intersection causes artefacts on sub-
tracted image, pre- and post-saturation of the imaging volume
should be performed. Such vessel-selective labeling approach
using PASL was at first designed for perfusion imaging,* and
many clinical applications were reported, such as the assess-
ment of collateral circulation,’” and the contribution of the
blood flow via external carotid artery (ECA)® in patients with
steno-occlusive disease. The same selective labeling approach
can be used for 4D-MRA,* and an application to intracranial
AVM patients was reported.!” The advantage of the use of
PASL for vessel-selective labeling is its sharp profile between
the labeled and non-labeled area, which can clearly separate
the targeted artery from other arteries. However, due to non-
selectivity in the inferior—superior direction (except for the
limited coverage of the RF-transmit coil), it can frequently
result in unwanted inclusion of other non-targeted arteries, for
example, due to tortuous vascular anatomy. Also, the separa-
tion of the internal carotid artery (ICA) from the ECA is diffi-
cult because the labeling slab usually includes the common
carotid artery, which feeds both ICA and ECA.

In pCASL, on the other hand, labeling of arterial blood is
performed within a thin labeling plane which needs to be
planned perpendicular to the flow direction. Therefore, the
labeling plane will not be reoriented as done in PASL.
Instead, it is achieved by applying additional in-plane gradi-
ents (G, in between the labeling RF-pulses (Fig. 6).° The
application of G,, will generate the phase differences in the
direction of G, which results in a sinusoidal-like pattern of
the labeling efficiency. Such in-plane change of the labeling
efficiency can be used for vessel-selective labeling without
being much bothered by tortuous vascular anatomy outside
of the labeling plane. However, it should be noted that the
transition between the labeling and control conditions can be
very smooth as shown in Fig. 6, which could cause difficul-
ties in the separation of the targeted artery(ies) from other
arteries, when they are located close to each other. By looking
more into the labeling process, it becomes clear that the tran-
sition between the labeling and control condition depends on
the pCASL labeling parameters.®! First, the strength of G,
determines the distance between the center of the labeling
and control conditions and needs therefore to be set according
to the arterial layout. Second, there are two approaches how
to apply G,,: (a) G, is applied alternately positive and nega-
tive (Fig. 6a),%° or (b) kept in positive without alternation
(Fig. 6b)%%; (a) will be referred to as “bipolar approach™ and
(b) as “unipolar approach” throughout this article, respec-
tively. The shape of the spatial inversion modulation is influ-
enced by this choice in G,, approach, the strength of the
gradient as used during the pCASL labeling (G,pay)> and the
strength of the nonzero mean gradient in the z-direction
(G,...)-%" Figure 7 shows an example of the optimized shape

mean
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Fig. 6 Simplified diagrams of

vessel-selective pCASL label-

ing module and examples of
the resultant spatial modula-
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of the inversion modulation; a steeper transition from the
labeling condition to the control condition, and a narrower
labeling condition in combination with a broader and flatter
control condition were achieved by unipolar approach. Using
this optimized settings, clear separation between the ICA and
ECA can be achieved (Fig. 7).

The labeling mechanism of pCASL is sensitive to off-

resonance, which can result in loss of labeling efficiency.®>64

Additional shimming and fO-determination at the labeling
plane might circumvent such loss in labeling efficiency. It
may be worth noting that off-resonance effects are affecting
above-mentioned unipolar approach differently compared to
the bipolar approach.®? In the bipolar approach, the inversion
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tion shape of the labeling effi-
ciency: (a) “bipolar approach”
in which G is applied alter-
nately positive and negative,
and (b) “unipolar approach”
in which G, is kept in positive
without alternation.

0
Phase alternation (radians)

Fig. 7 An example of opti-
mizing the spatial modulation
shape of in-plane pCASL label-
ing efficiency simulated by
means of Bloch equation sim-
ulations (using parameters used
in Suzuki et al.’"), and 4D-MRA
images obtained using this opti-
mized pCASL labeling settings.
Arterial trees originating from
internal carotid artery (ICA) and
external carotid artery (ECA) are
clearly separated by a narrow
labeling condition in combi-
nation with a broader and flat-
ter control condition. pCASL,
pseudo-continuous arterial spin
labeling.

of the longitudinal magnetization will be incomplete, i.e. a
lower labeling efficiency (Fig. 1A in Wong and Guo®?). In
contrast, off-resonance in the unipolar approach will result in
a shift of the inversion profile in the direction of G, while
keeping the similar degree of inversion (Fig. 1B in Wong and
Guo®?). Although such shifted inversion will not affect the
maximally achieved labeling efficiency, it could cause labe-
ling of the wrong artery. In both cases, therefore, very good
shimming of the labeling plane is essential to gurantee a reli-
able image quality.

Furthermore, vessel-selective pCASL can be extended to
a focal labeling spot that can target a very single artery, rather
than the conventional rectangular-like inversion band. Such
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a labeling spot can be achieved by rotating the effective
direction of G, pseudo-randomly,® or by rotating the direc-
tion of G, in combination with an amplitude modulation of
G,.% Using such a “rotating” G, the flowing spins are
inverted only at the center of G, rotation, where the addi-
tional phase accrual produced by G, remains close to zero
over the labeling period. By adapting the phase of the pPCASL
RF-pulses, the location of the labeling spot can be controlled.
Such a focal labeling spot enables selective labeling of an
intracranial artery, even above the Circle of Willis.!%¢7

When multiple arteries need to be labeled consecutively,
e.g. theright-ICA (RICA), left-ICA (LICA) and vertebrobasilar
arteries (VAs), pairwise acquisitions of labeling/control condi-
tions for each artery would require six acquisitions, which
takes considerable scan-time. To address this issue, several
time-efficient approaches have been proposed. For example, a
single control image can be shared by three labeling images of
RICA, LICA and VAs, which reduces the scan-time by two-
third of the original pairwise acquisition.®®® Alternatively,
dual-vessel labeling scheme can also shorten the scan-time by
two-third by labeling two arteries simultaneously as follows:
(i) LICA + VAs and (ii)) RICA + VAs (pairwise labeling/
control acquisition). After a subtraction is performed between
the labeling and control images for each acquisition of (i) and
(i1), arterial signal from either of RICA and LICA can be iso-
lated by assigning ASL-signal present in both acquisitions (i)
and (ii) as arterial blood originating from VAs. A theoretical
issue with this approach is that mixed blood coming from both
ICAs will be misinterpreted as blood from VAs.

Such misinterpretation can be avoided using vessel-
encoded (ve)-ASL, in which the labeling patterns are played-
out according to a Hadamard-matrix.%*’! For example, the
labeling pattern of four Hadamard-encodings which sepa-
rates RICA, LICA and VAs from static tissue signal is as
follows (Equation [1]):

1 1 1 1)(RICA
1 -1 1 1||LICA

YT 1 21 1] Vas [1]
-1 -1 1)L s

where y is the measured signal and S is static tissue. Each arterial
tree arising from RICA, LICA and VAs is calculated by applying
the pseudo-inverse matrix of Equation [1]. Very conveniently
when applying this approach to perfusion imaging, the multiple
vessel-encoding acquisition can be performed as a replacement
of signal averaging, which means vessel-selective perfusion
imaging can be obtained without extra scan-time or loss in SNR
as compared with non-vessel-selective perfusion imaging. In
ASL-MRA, however, the entire scan-time is usually spent to
obtain high spatial resolution, without performing signal aver-
aging as done in perfusion imaging. The scan-time will there-
fore increase by the number of Hadamard-encodings divided by
two. However, when compared with the traditional one-by-one
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acquisition, ve-pCASL still results in a scan-time reduction and
SNR efficiency.** The minimum number of Hadamard-encod-
ings required to separate the three arterial trees of RICA, LICA
and VAs is four as shown in Equation [1]. For successful appli-
cation of ve-pCASL for ASL-MRA, it is essential to have (i) a
sharp spatial transition between the labeling and control condi-
tions to accurately separate the targeted artery from other non-
targeted arteries (—1 versus 1 in Equation [1]), and (ii) a broad
and flat control condition to provide the same control condition
for all non-targeted arteries (1 for all non-targeted arteries in
Equation [1]) even though they are located separately. This is
important to avoid partial labeling which would cause subtrac-
tion artefacts in the reconstructed images, as well as achieve
high SNR-efficiency. In our previous study,®’ ve-pCASL
4D-MRA using four Hadamard-encodings resulted in better
suppression of non-targeted arteries after the optimization of the
spatial inversion modulation, as described earlier in this section
and with an example in Fig. 7.

Scan-time

While ASL-based 4D-MRA is flexible to achieve both high
spatial and temporal resolution, as mentioned above, the scan-
time tends to be relatively long. In previously reported studies
of non-vessel-selective 4D-MRA, the mean scan-time was
approximately 6:45 min (ranging 5-8.5 min),"2422242627
which is sometimes too long to be included into clinical exam-
inations. This long scan-time can be partly attributed to the fact
that, in Look-Locker 4D-ASL, all phases for not only labeling
image but also control image are acquired as shown in Fig. 8a.
A recently developed technique, ‘Acquisition of control and
labeled image in the same shot” (ACTRESS) shortens the
scan-time of Look-Locker 4D-MRA by avoiding the acquisi-
tion of complete Look-Locker cycles for control image.’
Instead, in ACTRESS as Fig. 8b shows, a single control image
is acquired before applying the labeling pulse, which is fol-
lowed by traditional Look-Locker readout that acquires labeled
images at multiple TIs. Subsequently, all labeled images are
subtracted from the single control image, thereby providing
4D-MRA images with similar image quality to traditional
4D-MRA even though the scan-time is nearly half (Fig. 9). It
should be noted that the ACTRESS approach is specifically
designed for 4D-MRA and could not be applied to quantitative
perfusion imaging. When applied to perfusion imaging,
ACTRESS would not lead to complete elimination of the
background signal from the static tissue, because of slightly
different MT-effects for the control image and the labeling
images at multiple TIs. For 4D-MRA, however, such residual
signal from the static tissue is very minor compared with the
high intravascular ASL-signal, and does not hinder visualiza-
tion of arteries. Although this ACTRESS approach was
designed for non-vessel-selective 4D-MRA using PASL, it can
be also extended to vessel-selective 4D-MRA using pCASL.3!

Undersampled 3D radial acquisition technique is an
another option to shorten the scan-time. In fact, ASL-based

Magnetic Resonance in Medical Sciences




a) Traditional Look-Locker ASL
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1st phase ‘ 2nd phase 3rd phase 4th phase Nth phase
Control phase  Labeled 1st phase L-2nd phase L-3rd phase coe Labeled (N-1)th phase
@ = /

Subtracted
ACTRESS images

Fig. 8 Simplified diagrams of (a

angiography is very suitable for undersampling combined
with radial acquisition: because of the high sparsity of ASL-
based angiographic images [i.e. only small number of pixels
have bright signal, while other pixels are (ideally) zero], the
artefacts that appear as a result of undersampling behave like
diffusive background noise that does not really affect image
quality, thereby allowing high undersampling factors and
shorter scan-time suitable for clinical examinations.?> Also,
radial acquisition with a Golden-ratio angle increment has
been suggested as an optimized sampling order for 4D-MRA.
With this sampling scheme, subsequent radial lines are
acquired with a constant azimuthal increment based on the
Golden-ratio increment of 111.25°,7> which ensures that any
combination of consecutively acquired spokes will result in a
homogeneous filling of k-space. This allows flexible recon-
struction approaches such as sliding-window’® and ‘k-space
weighted image contrast’ (KWIC)" to achieve high temporal
resolution.

Additionally, compressed-sensing reconstruction will
benefit from the sparsity of ASL-MRA and allows acquisi-
tion of images with high spatial and temporal resolution
within a short scan-time, while avoiding the typical temporal

Vol. 19, No. 4

A=

) traditional PASL with Look-Locker readout, and (b

2

) ‘acquisition of control and labeled images in the
same shot’ (ACTRESS) approach The labeled and unlabeled blood are illustrated in black and white, respectively. PASL, pulsed arterial
spin labeling.

smoothness observed when using techniques such as view-
sharing and KWIC reconstruction.”

Combined Acquisition of 4D-MRA and
Perfusion Image

As mentioned earlier, for 4D-MRA and perfusion imaging,
the optimal timing of the readout (i.e. TI/PLD) usually dif-
fers: in perfusion imaging, a long enough TI/PLD needs to be
chosen so that all (or at least most of ) the labeled blood has
reached the brain tissue and little signal arises from arteries.
In 4D-MRA, on the other hand, the readout is started shortly
after the labeling and repeated several times using Look-
Locker readout to dynamically visualize the inflow of labeled
blood into the arterial tree. These differences suggest some-
thing very interesting: during the long PLD of perfusion
imaging, 4D-MRA can be acquired, while both acquisitions
exploit the same label as generated by a single labeling
module. However, there are three major challenges that make
such approach difficult. First, the desired spatial resolution of
4D-MRA and perfusion imaging are very different. Second,
the optimal labeling duration is different: for perfusion
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ACTRESS approach (3:40 min)

Traditional approach using PASL (6:50 min)

B

ol |

o

2nd phase 3rd phase

4th phase

Sth phase 6th phase

Fig. 9 An example comparison of the traditional 4D-MRA obtained using the STAR sequence and ACTRESS 4D-MRA. MRA, magnetic
resonance angiography; STAR, signal targeting with alternating radiofrequency; ACTRESS, acquisition of control and labeled image in the

same shot.

image, a labeling duration of approximately 1.8 s is advised
to obtain sufficient SNR (as recommended by the white-
paper’). Such a long labeling duration would, however,
already fill up almost the complete arterial tree, and spoil the
opportunity to depict the labeled blood flowing into the vas-
cular tree by 4D-MRA. At last but not least, when 4D-MRA
is acquired by Look-Locker readout, the longitudinal mag-
netization of the labeled blood will be consumed too much
due to the repetitive excitation RF-pulses, therefore, the SNR
of the perfusion image acquired after 4D-MRA will be barely
sufficient for clinical use.

Two interesting approaches have been proposed that
achieve combined acquisition of 4D-MRA and perfusion
imaging by addressing those challenges. The first approach’®
proposed to use time-encoded (te)-pCASL,” in which
images with multiple delays (e.g. N) are obtained by dividing
the long pCASL labeling train into N-segments (sub-boli)
which condition (label/control) varies according to (N + 1)
Hadamard-matrix. Using an appropriate decoding step, only
the ASL-signal from a single sub-bolus can be reconstructed
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and N-images with different PLD can be obtained. The ben-
efit of using te-pCASL for combined acquisition of 4D-MRA
and perfusion imaging is twofold. First, multi-PLD images
can be obtained without relying on Look-Locker readout,
thereby largely alleviating the above-mentioned third chal-
lenge. Second, a sub-bolus with long labeling duration and
PLD for perfusion imaging and several sub-boli with short
labeling duration for dynamic MRA can be implemented into
a single labeling module, which solves the second challenge.
To solve the first challenge, in this study, a 3D-TFEPI
sequence with high spatial resolution for MRA is immedi-
ately followed by multi-slice single-shot EPI sequence with
low spatial resolution for perfusion imaging using a special
setup. Figure 10 shows that perfusion image was success-
fully acquired after the acquisition of 4D-MRA, which also
shows asymmetrical arrival of the labeled blood.

In the second approach,”® a radial acquisition with a
Golden-ratio angle increment was employed by taking the
advantages of its good compatibility with ASL-MRA and the
capability of flexible temporal and spatial reconstruction, as
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Fig. 10 A sequence diagram of the simultaneous acquisition of 4D-MRA and perfusion image by means of te-pCASL. Example images
show that perfusion image was successfully acquired after the acquisition of 4D-MRA, which also shows asymmetrical arrival of the
labeled blood. MRA, magnetic resonance angiography; pCASL, (pseudo-)continuous arterial spin labeling.

reviewed in the previous section. High temporal resolution  artefacts will not hinder the visualization of arteries. In con-
for dynamic-MRA can be achieved by limiting a number of  trast, perfusion imaging is not very suitable for such high
spokes acquired after each labeling. Although the labeling undersampling factors, because the perfusion image is less
and acquisition can be repeated to obtain more spokes, it  sparse and the SNR is much lower. However, since the signal
would result in longer scan-time. Therefore, the reconstruc-  change of tissue perfusion is not as dynamic as the one at
tion of dynamic-MRA has to be performed under highly arteries, the perfusion image can be reconstructed at a much
undersampled conditions. However, as discussed earlier, lower temporal resolution using more spokes. Finally,
thanks to the high sparsity of ASL-MRA as well as contrast-  because the spatial resolution can be much lower than for
to-noise ratio of arterial signal, the expected undersampling ~MRA, perfusion image can be generated without relying on
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Jpre= 1400 ms
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saturation<
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Continuous Golden Ratio Imaging

v
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Fig. 11 A sequence diagram of the combined acquisition of angiographic and perfusion image by means of the radial acquisition with
a Golden-ratio angle. Example images show temporal changes in angiographic and perfusion images. Image were reproduced from the
Okell”® with permission from Dr. Thomas Okell, University of Oxford.

a high undersampling factor. Figure 11 shows the sequence
schema and example dynamic 2D-MRA and perfusion
images obtained by this technique. Another interesting
advantage of this approach is that the image for dynamic-
MRA and perfusion image can be reconstructed retrospec-
tively at arbitrary time point. Such “tailored” reconstruction
could be very helpful for patients who have altered flow
hemodynamics due to their clinical conditions, such as rapid
shunting or slow collateral flow.

Although such a combined acquisition of dynamic-MRA
and perfusion image has not been applied to clinical cases
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yet, the ability to obtain both macro- and microvascular flow
information in a single acquisition would be useful for many
cerebrovascular diseases. In a qualitative way, for example,
dynamic-MRA could show asymmetrical flow difference
caused by mild stenosis at the neck even before intracranial
TOF-MRA or the ASL CBF-map (obtained with a single
PLD) would depict this. Also, when hyperintensity signal
appears on perfusion images after vascular treatment for the
steno-occlusive diseases (such as carotid endarterectomy and
stenting), the macrovascular flow information could help to
distinguish hyperperfusion from residual arterial transit
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delay artefacts. Moreover, in a quantitative way, dynamic-
MRA could provide macrovascular flow information such as
bolus delay and dispersion for more accurate quantitative
analysis of perfusion data.

Conclusion

In this article, the implementation and recent developments
in ASL-based MRA were discussed, especially by high-
lighting the differences between ASL-MRA and ASL perfu-
sion imaging. Apart from the fact that ASL does not rely on
contrast agent, there are more benefits of using ASL for
MRA, e.g. by enabling vessel-specific visualization of the
vasculature. Although its clinical use is still limited, we hope
this article will encourage the use of ASL-MRA and help the
spread into clinical protocols, just as ASL perfusion imaging
has been experiencing in the last few years.
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