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Arterial Spin Labeling for Pediatric Central Nervous System
Diseases: Techniques and Clinical Applications

Mika Kitajima'" and Hiroyuki Uetani®

Dynamic susceptibility contrast (DSC) and arterial spin labeling (ASL) are techniques used to evaluate
brain perfusion using MRI. DSC requires dynamic image acquisition with a rapid administration of
gadolinium-based contrast agent. In contrast, ASL obtains brain perfusion information using magnetically
labeled blood water as an endogenous tracer. For the evaluation of brain perfusion in pediatric neurological
diseases, ASL has a significant advantage compared to DSC, CT, and single-photon emission CT/positron
emission tomography because of the lack of radiation exposure and contrast agent administration.
However, in ASL, optimization of several parameters, including the type of labeling, image acquisition,
background suppression, and postlabeling delay, is required, because they have a significant effect on the
quantification of cerebral blood flow (CBF).

In this article, we first review recent technical developments of ASL and age-dependent physiological
characteristics in pediatric brain perfusion. We then review the clinical implementation of ASL in pediatric
neurological diseases, including vascular diseases, brain tumors, acute encephalopathy with biphasic
seizure and late reduced diffusion (AESD), and migraine. In moyamoya disease, ASL can be used for
brain perfusion and vessel assessment in pre- and post-treatment. In arteriovenous malformations, ASL is
sensitive to detect small degrees of shunt. Furthermore, in vascular diseases, the implementation of ASL-
based time-resolved MR angiography is described. In neoplasms, ASL-derived CBF has a high diagnostic
accuracy for differentiation between low- and high-grade pediatric brain tumors. In AESD and migraine,
ASL may allow for accurate early diagnosis and provide pathophysiological information.

Keywords: acute encephalopathy with biphasic seizure and late reduced diffusion, arterial spin labeling,

migraine, pediatric neuroimaging, vascular disease

Introduction

Arterial spin labeling (ASL) is based on the use of blood as
an endogenous tracer by employing spatially selective label-
ing of the inflowing blood that inverts its longitudinal mag-
netization. After an appropriate delay time, a rapid readout
imaging is used to obtain the tissue magnetization. By sub-
traction of an image obtained after labeling from an image
that is identical to the label condition, except for the absence
of inversion of inflowing blood, an image of the labeled
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blood that has reached the brain tissue is obtained.'> ASL
is repeatable with no use of a gadolinium-based contrast
agent (GBCA) and enables calculation of absolute cerebral
blood flow (CBF). No use of GBCA and ionizing radiation
exposure are the advantages of repeated MR examinations in
clinical situations, particularly in pediatric patients and
patients with contraindications to GBCA, including allergy
and renal or liver failure. In addition, repeated administration
of GBCA causes its deposition in the brain.*> Furthermore,
peripheral intravenous catheterization of GBCA administra-
tion may not be feasible in children.

The technical improvement of pulse sequences, includ-
ing labeling, background suppression, and readout, and
the increasing availability of 3-T MR imagers have led to
the rapid widespread clinical use of ASL. Recent techni-
cal advances in ASL have improved the image quality
and accuracy of quantification metrics.®’ Moreover, time-
efficient acquisition of dynamic ASL images provides
hemodynamic information, such as digital subtraction
angiography (DSA) data.®'” In ASL, optimization of
parameters and understanding of the techniques used are
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required. Furthermore, radiologists should understand the
pathophysiology of perfusion in various neurological dis-
eases for the utilization of ASL in clinical practice.

In this article, we review the basic and recently developed
ASL techniques, as well as the pitfalls in pediatric neuroima-
ging. We then conduct a literature review and illustrate our
cases in several relatively common pediatric neurological
diseases in which ASL provides useful brain perfusion
information.

Technical Aspects of ASL

In 2015, Alsop et al. published a consensus statement on the
practical implementation of ASL in clinical practice.'® As a
standard approach, pseudo-continuous labeling, background
suppression, segmented three-dimensional readout without
vascular crushing gradients, and calculation and presentation
of both label and control difference images and CBF in
absolute units using a simplified model are recommended.
Regarding the labeling method, pseudo-continuous ASL
(pCASL) uses a narrow labeling plane and a train of very
short RF pulses plus a gradient pulse. It offers high efficiency
of labeling and induces a higher SNR and reproducibility
than does pulsed ASL (PASL).' In addition, pCASL can
significantly reduce specific absorption rate in comparison
with continuous ASL (CASL) which induces the high tissue
energy deposition and requires high duty cycle. Vascular
suppression is useful to eliminate the intra-arterial signals
from total ASL signals; however, it decreases SNR and may
remove important clinical information, such as the presence
of delayed flow and arteriovenous shunting. Therefore, the
use of vascular crushing gradients is not recommended in
clinical practice.

Postlabeling delay (PLD), the time between the end of
labeling and signal acquisition, is one of the critical factors
that yield accurate perfusion information in ASL; it relates
to the mean arterial transit time (ATT), which is the time
taken for labeled blood to flow from the labeling region to
the tissue compartment. The PLD must be long enough to
allow labeled protons to flow into the imaging slice but not
so long that the majority of measurable tracers have
decayed. Ideally, the PLD is set within this range and just
after the longest ATT in a given patient. When the PLD is
shorter than the ATT, the labeled protons that have not
reached the brain tissue can be recognized as arterial sig-
nals known as ATT artifact (Fig. 1). This finding confounds
the accurate measurement of CBF; however, it indicates the
slow flow rate through the stenosis or the prolongation of
the time for labeled blood to arrive via collateral
pathways.>?®?! The surrounding low signal intensity
reflects more distal parenchyma that the labeled blood has
not yet arrived at the time of signal acquisition. Because the
ATT is required for the quantification of CBF, its accurate
measurement is of great importance. Thus, ASL with mul-
tiple different PLDs (multi-delay ASL) has been proposed
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Fig. 1 A 57-year-old man with the left internal carotid artery
stenosis. A TOF-MRA (@) shows a severe stenosis of the left internal
carotid artery (arrows). An ASL perfusion image obtained using 3D
pCASL with the labeling duration of 1800 ms and the PLD of 2000
ms (b) shows a mix of high and low ASL signal intensity indicating
arterial transit artifact in the left middle arterial territory. Multiple
hyperintense signal bands (arrows) indicate the presence of the
labeled blood in the arteries, and the surrounding low signal inten-
sity reflects the parenchyma that the labeled blood has not reached
at the time of imaging. pCASL, pseudo-continuous arterial spin
labeling; PLD, postlabeling delay; TOF, time-of-flight.

to overcome the issue of the ATT (Fig. 2). Whole-brain
ASL perfusion images at each PLD, CBF map, and bolus
arrival time (BAT) map of Fig.2 are shown in
Supplementary Fig. 1. However, multi-delay ASL typically
extends the imaging time and degrades the sensitivity of
the resulting perfusion images. Recent technical advances
in multi-delay ASL, such as time-encoded ASL, can
shorten the imaging time and decrease the adverse effects
of the ATT.®7? There are several challenges for the accu-
rate quantification of CBF using ASL, and CBF measured
using ASL shows a strong correlation with that measured
using '*O-H,0 positron emission tomography (PET).*?
One of the diversifications of ASL technology is the time-
efficient acquisition of ASL images, yielding time-resolved
MR angiography (MRA). Several ASL-based time-resolved
MRA techniques have been developed, and the clinical
implementation of these techniques has been reported
(Fig. 3). Current vessel-encoded and super-selective
pCASL methodologies have been applied for flow-territory
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ASL for Pediatric Neuroimaging

Fig. 2 An example of multi-delay ASL perfusion images at different PLDs of 200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800, and
2000 ms, CBF map, and BAT map of an 8-year-old girl. The ASL images were obtained using 3D pCASL without vascular crusher, and the
readout sequence was GRASE. BAT, bolus arrival time; CBF, cerebral blood flow; GRASE, gradient- and spin-echo; pCASL, pseudo-

continuous arterial spin labeling; PLD, postlabeling delay.

mapping methods, and they can provide blood flow
information that is highly similar to DSA. Furthermore,
combined 4D angiography and perfusion imaging has been
reported.” 3

Physiological Factors Related to ASL in the
Pediatric Population

When interpreting ASL images, the age dependence of PLD
and CBF should be considered. An appropriate PLD is
determined considering several factors, including patient
age, hemodynamics, brain regions of interest, and the disease
process. The recommended PLD is 2000 ms in neonates,
1500 ms in children, 1800 msec in healthy subjects < 70
years of age, and 2000 ms in adult clinical patients or healthy
subjects > 70 years of age assessment in ASL.'® Another
study of healthy young and elderly volunteers reported that
the limits of agreement were too wide for quantitative ASL
to be considered satisfactorily accurate, with systematic
overestimation of CBF in young subjects and underestima-
tion in elderly subjects.?*

Quantitative CBF values vary depending on the study popu-
lation, imaging sequence, and mathematical modeling, with
approximate ranges as follows: neonates, 5-30 mL/100 g/min;
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infants, 30—70 mL/100 g/min; children, 80—120 mL/100 g/min;
teenagers, 60—100 mL/100 g/min; adult 40-80 mL/100 g/min;
and elderly, 30-60 mL/100 g/min.>*" A study addressed
the correlation of ASL-derived gray matter CBF and ADC
with age in children aged 4 months to 18 years and found that
gray matter CBF increased with age, except for the globus
pallidus and that the ADC of all structures decreased with
age. The most rapid changes in ADC occurred prior to the age
of 5 years.?® Unlike ADC changes, CBF increased with age,
with decreased variability at older ages. Another report of age-
dependent ASL-derived CBF change showed a nonlinear
trajectory of CBF change in children younger than 3 years.*’
In ASL of pediatric patients, a consistent pattern of increased
signal-to-noise ratio and globally elevated absolute CBF has
been observed compared with that of adults.®® This glob-
ally increased signal intensity due to higher baseline CBF,
more rapid mean transit time, increased baseline magne-
tization values in the gray and white matters, and
increased T1 values in the blood and tissue.*® Decreased
susceptibility artifacts at the base of the skull from imma-
ture paranasal sinus development may also play a role in
improving image quality.*’

Sedation and anesthetic drugs also have variable effects
on CBF. Inhalational narcotics and ketamine cause
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Fig. 3 An 11-year-old girl who underwent bilateral vascular repair for moyamoya disease. A TOF-MRA image (a) shows the occlusive
change of the bilateral middle cerebral arteries and the bilateral bypassed arteries (arrows) connecting to the distal site of the bilateral
middle cerebral arteries. Collaterals from the posterior cerebral arteries (arrowheads) are also observed. Additionally, ASL-based time-
resolved MRA using signal targeting with alternating radio frequency with the asymmetric inversion slabs (MASTAR) technique images (b)
successfully visualize that the labeled arterial blood of the bypass arteries is flowing into the bilateral distal middle cerebral arteries
retrogradely (arrows). Collaterals (b) (arrowheads) are also observed. Temporal resolution of ASL-based time-resolved MRA is about 200
ms. ASL, arterial spin labeling; mASTAR, multiple TI MRA with ASTAR (signal targeting alternating radiofrequency using asymmetric

inversion slab); MRA, MR angiography; TOF, time-of-flight.

vasodilation with increased CBF, while intravenous narcotics
decrease CBF.?> By contrast, a recent study of 100 healthy
children aged 4 months to 18 years reported no significant
CBF differences in any brain regions between sedated chil-
dren via intravenous propofol administration and non-
sedated children.®® Other physiological factors, including
hyper- or hypocapnia, hormonal status, circadian rhythm,
nutrition, and hydration, affect CBF.»

Vascular Diseases

Moyamoya disease (Table 1)

Moyamoya disease is the most common pediatric cerebro-
vascular disease in East Asia. It causes stenosis and occlu-
sion of the terminal segment of the internal carotid artery and
results in the development of compensatory collateral circu-
lation paths called moyamoya blood vessels.*! The main role
of neuroimaging in moyamoya disease is to identify the
parenchyma in which collateral pathways are inadequate to
maintain sufficient oxygen delivery, extent of stenosis and
collateral circulation, and presence of infarcts, and brain
atrophy. Traditionally, the extent of stenosis and collateral
circulation is assessed using DSA, which is the gold standard
for moyamoya disease staging.

ASL can provide information regarding hemodynamic
impairment but is complicated by the long blood arrival
times in moyamoya disease, which can manifest as either
signal voids or hyperintense signals, depending on the
imaging parameters.®> This drawback induces inaccurate
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CBF measurements using ASL. In a comparative study
using simultaneously acquired single- and multi-delay
ASL and ['°O]-water PET, multi-delay ASL did not per-
form differently from ['°OJ-water PET in detecting perfu-
sion abnormalities’™; however, single-delay ~ASL
significantly overestimated the extent of hypoperfusion
in patients with moyamoya disease. In addition, long
PLDs (4000 ms, compared with PLD of 2500 ms) are
needed to achieve good correlations for relative CBF
between PET and ASL. In contrast, Fahlstrom et al. eval-
uated the effect of ATT artifacts on ASL-derived CBF
obtained using single-dealy PLD with and without acet-
azolamide challenge in patients with moyamoya disease
and found that ATT artifacts have negligible overestima-
tion effects on the calculated vascular region-based
CBE** Qiu et al. compared CBF measured by xenon
CT as a reference with that measured by MRI including
multi-delay pCASL, velocity-selective ASL, and DSC in
10 moyamoya disease patients and found that CBF mea-
sured by velocity-selective ASL had the least dependence
of the error on transit delay caused by slow flow.*

The oxygen extraction fraction (OEF) is another important
hemodynamic parameter in brain perfusion and may serve as a
biomarker for tissue health. It increases in patients with moya-
moya disease, when the extent of collateralization and/or
autoregulation is insufficient to maintain adequate oxygen
delivery to the tissue. Hara et al. compared the visual assess-
ment using a four-point grading system for ASL images
obtained with two different PLDs (1525 ms and 2525 ms)
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Table 1  ASL for moyamoya disease

ASL for Pediatric Neuroimaging

Evaluation ASL findings ASL technique  Assessment  Gold standard Eﬁf
CBF Multi-delay pCASL can detect hypoperfusion  Single- and multi-delay aCBF ['*Ol-water PET 33
area comparable to [ ~OJ-water PET, but pCASL
single-dealy ASL overestimated the extent of ~ (3.0T)
hypoperfusion.
ATT artifacts in single-delay ASL is negligible  Single-delay pCASL CBF CBF measured by 34
in CBF overestimation effects. (3.0T) ASL with ATT artifact
Velocity-selective ASL with less sensitivity for Velocity-selective ASL  CBF Xenon CT 35
slow flow is suitable than pCASL for accurate  (3.0T)
measurement of CBF.
OFF Low perfusion detected by ASL using a long ~ Multi-delay pCASL Visual ["°Ol-gas PET 36
PLD has a high specificity for elevated OEF.  (3.0T) assessment
CR CR at pre- and post-revascularization state can Single-delay pCASL rCBF mTc-HMPAO- 37
be assessed by ASL with acetazolamide (1.5T) SPECT
challenge.
Postoperative Agreement for collateral grading and Single-delay pCASL Visual DSA 38
collateral anastomosis patency between ASL and DSA  (1.5T or 3.0T) assessment
circulation was moderate to good.
Distal and Time-resolved ASL-based MRA enables better pCASL with keyhole  Visual DSA 9
collateral vessels  visualization of distal arteries and collaterals  and view sharing assessment&
with higher CNR compared with CINEMA. (3.0M) CNR
AccASL improves the visualization of distal ~ AccASL Visual DSA 14
cerebral arteries and collaterals than TOF- (3.0T) assessment&
MRA. CNR
Time-resolved super-selective ASL-based Super-selective pCASL  Visual DSA 12
MRA is better than 3D TOF-MRA for (3.07) assessment
visualization of collaterals after bypass surgery
and has high consistency with DSA.
Revascularization Superselective ASL precisely depicts the Super-selective pCASL  Visual DSA 15
territory revascularization territory. (3.0T) assessment
Hyper-perfusion  Hyperperfusion syndrome can be detected as  Single-delay pCASL rCBF Clinical symptoms 39
syndrome an increase of perfusion more than 100% (1.5T)

compared to the pre-operative perfusion with
very high sensitivity and moderate specificity.

aCBF, absolute cerebral blood flow; AccASL, acceleration-selective arterial spin labeling; CINEMA, contrast inherent inflow-enhanced multiphase
angiography; CNR, contrast-to-noise ratio; CR, cerebrovascular reactivity; DSA, digital subtraction angiography; MRA, MR angiography; rCBF,

relative cerebral blood flow; TOF, time-of-flight.

and OEF obtained from '>O gas PET in patients with moya-
moya disease.>® Their results showed that the low score on
ASL, indicating hypoperfusion, correlated with the increase of
OEF. The visual assessment using ASL with a long PLD of
2525 ms had the highest specificity (98.5%) for elevated OEF.

Before surgical vascular repairs in patients with moya-
moya disease, cerebrovascular reserve capacity is usually
assessed by single-photon emission CT (SPECT) with intra-
venous administration of acetazolamide. Yun et al. evaluated
the diagnostic accuracy of ASL to depict impaired cerebro-
vascular reactivity using acetazolamide administration by
comparing the cerebrovascular reactivity index concordance
between ASL and SPECT in patients with moyamoya
disease.’” They found that ASL has excellent performance
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in the identification of impaired cerebrovascular reactivity,
and the area under the receiver operating characteristic curve
for ASL in the detection of impaired cerebrovascular reac-
tivity was at least 0.85.

In moyamoya disease, the assessment of collateral cir-
culation and brain perfusion before and after vascular repair
is important. Lee et al. evaluated the patency of the bypass
arteries and collateral blood flow between ASL and DSA.*®
They defined the bright signal intensity relative to the
cortical signal intensity as poor patency of the bypass
arteries and found that the agreements for collateral grading
and anastomosis patency between ASL and DSA were mod-
erate to good. Furthermore, several studies showed the useful-
ness of superselective ASL imaging for the patients with
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Table 2 ASL for AVM

. - . Gold Ref
Evaluation ASL findings ASL technique standard no.
Detection of AVM The venous ASL signal is the strong predictor ~ Single-delay pCASL DSA 41

of positive findings on DSA in detection of (1.5T)
small (< 2 cm) AVMs.
Degree of arteriovenous shunting ~ AVM signal intensity on ASL correlated well  Single-delay pCASL DSA 47
with the degree of AV shunting. (3.0T)
Delineation of nidus Combined use of 4D ASL and 4D CE-MRA Multi-delay PASL DSA 48
provides sufficient spatio-temporal (3.0T)
angiographic information for delineation of
AVM niduses.
Feeding arteries and venous AccASL better visualizes AVMs with high CNR  AccASL DSA 16
drainage compared with TOF-MRA. (3.0T)
4D-S-PACK can delineate hemodynamics in  ss-pCASL with keyhole DSA 17
AVMs with high sensitivity and specificity in  and view-sharing
identification of feeding arteries and venous ~ (3.0T)
drainage.
Assessment of AVMs after ASL can detect the perfusion change within Single-delay PASL DSA 50
treatment nidus and steal phenomena after gamma knife (3.0T or 1.5T)
therapy for AVMs.
Nidal CBF measured by ASL may enable Single-delay pCASL DSA 51
objective monitoring of AVM obliteration after (1.5T)
radiosurgery or partial embolization.
Combination of ASL and TOF-MRA is superior Single-delay pCASL DSA 53
to gadolinium-enhanced MR imaging in (3.0T)
detecting residual small AVMs (< 20 mm) after
radiosurgery.
ASL has high sensitivity (100%) and specificity Single-delay pCASL DSA 54

(95%) in detection of residual AVMs following

(1.5T or 3.0T)

stereotactic radiosurgery as an abnormal

venous ASL signal.

4D-S-PACK, 4D MR angiography based on super-selective pseudo-continuous arterial spin labeling with contrast inherent inflow-enhanced
multiphase angiography-keyhole and view-sharing; ASL, arterial spin labeling; AVM, arteriovenous malformation; CE-MRA, contrast-enhanced
MR angiography; DSA, digital subtraction angiography; ss-pCASL, super-selective pseudo-continuous arterial spin labeling.

moyamoya disease before and after bypass surgery.'>!”

Superselective ASL imaging precisely depicted the revascu-
larization territory and vascular territory changes after bypass
surgery in patients with moyamoya disease.'

ASL-based time-resolved MRA enables not only visua-
lization of collateral vessels but also obtainment of dynamic
flow information (Fig. 3). Togao et al. proposed a new
ASL-based time-resolved MRA technique for better visua-
lization of distal collateral vessels in patients with moya-
moya disease.’ It employs pCASL for better visualization
of distal collateral vessels and the keyhole and view sharing
technique for improving temporal resolution. This techni-
que improves visualization and yields higher contrast-to-
noise ratios (CNRs) in the distal cerebral arteries and lep-
tomeningeal anastomosis collaterals with a very long transit
time compared with contrast inherent inflow-enhanced
multiphase angiography (CINEMA).” Wang et al. com-
pared the visibility of bypass patency and intracranial col-
laterals between ASL-based time-resolved MRA which
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employed super-selective pCASL in conjunction with the
keyhole and view sharing technique and time-of-flight
(TOF)-MRA in patients who underwent bypass surgery
for extra-intracranial vascular occlusion disease.'? The vis-
ibility of bypass patency and intracranial collaterals was
better in super-selective ASL-based time-resolved MRA
than in 3D TOF-MRA. In addition, the visualization of
intracranial collateral vessels on super-selective ASL-
based time-resolved MRA was highly consistent with that
obtained in DSA. As another ASL-based MRA for better
visualization of distal collateral vessels, the acceleration-
selective ASL (AccASL) has been introduced.'* By
employing an acceleration-dependent preparation which
dephases spins that are accelerating or decelerating,
AccASL can selectively image the arteries, without con-
tamination from venous signal.” Togao et al. compared the
visualization of vessels including collateral vessels and
CNRs between TOF-MRA and AccASL in patients with
moyamoya disease and showed that AccASL MRA yields
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ASL for Pediatric Neuroimaging

Fig. 4 An 11-year-old girl with a small AVM in the left frontal lobe. A source image of TOF-MRA (a) shows a faint abnormal high signal
intensity (arrow) corresponding to the nidus in the left frontal lobe, whereas identification of the nidus is difficult on the MIP image (b). An
ASL perfusion image (c) shows the “venous signal” (arrow) indicating AVM in the left frontal lobe. A DSA image of the left internal carotid
artery (d) exhibits the small nidus (arrow) in the left frontal lobe. ASL, arterial spin labeling; AVM, arteriovenous malformation; DSA, digital
subtraction angiography; MIP, maximum intensity projection; MRA, MR angiography; TOF, time-of-flight.

better visualization of distal cerebral arteries and collateral
vessels than does TOF-MRA..'*

During the early postoperative period of bypass surgery in
patients with moyamoya disease, cerebral hyperperfusion syn-
drome can occur, as reperfusion is established in chronically
ischemic cerebral territories. Agarwal et al.*® reported that
ASL provided high sensitivity (47%—100%) and specificity
(45%—88%) for the detection of cerebral hyperperfusion.

Vascular malformation (Table 2)

Vascular malformations are defects of normal vascular mor-
phogenesis that can involve capillary, venous, arterial, and/or
lymphatic vessels. Cerebral arteriovenous malformations
(AVMs) are high-flow malformations characterized by an
abnormal nidus of vessels connecting the arterial and venous
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systems. The incidence of pediatric AVMs is estimated to
represent 3% of all AVMs, and they tend to rupture more
frequently than adult AVMs.** The number and origin of
feeding arteries, as well as the degree of shunting and vascular
steal from the brain parenchyma, determine the clinical sever-
ity. ASL can identify AVMs non-invasively as a venous ASL
signal.*' A venous ASL signal is caused by labeled protons
bypassing the normal capillary bed, remaining intraluminal
without tissue exchange, and entering the venous system
before the signal has decayed. Even small malformations (<
2 cm) that may be missed on conventional sequences can be
identified on ASL (Fig. 4).*' In AVM cases with slow or rapid
shunting lesions, multi-delay ASL may be useful. The sur-
rounding brain parenchyma may demonstrate hypoperfusion
due to arterial steal and impaired capillary exchange.*?
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Fig. 5 An 18-year-old man with AVM in the right occipital lobe. A TOF-MRA MIP image (a) shows the nidus (arrows) fed by the right
posterior cerebral artery mainly and the main draining vein (arrowhead). ASL-based time-resolved MRA using mASTAR technique images
(b) successfully visualize that the labeled arterial blood of right posterior cerebral artery is flowing into the nidus (arrows). Subsequently, the
vein of Galen and the straight sinus (arrowheads) are opacified (b). Temporal resolution of ASL-based time-resolved MRA is about 200 ms.
ASL, arterial spin labeling; AVM, arteriovenous malformation; DSA, digital subtraction angiography; mASTAR, multiple TI MRA with
ASTAR (signal targeting alternating radiofrequency using asymmetric inversion slab); MIP, maximum intensity projection; MRA, MR

angiography; TOF, time-of-flight.

Multimodality therapies for AVMs are currently avail-
able, including resection, radiosurgery, and endovascular
embolization. Complete angiographic obliteration of AVMs
is required in the pediatric population, given their longer life
expectancy and higher risk of rupture than adults.*>*?
Traditionally, DSA is performed to evaluate accurate size
of the nidus, feeding arteries, and draining veins before
treatment of AVMs, whereas the value of MRA in nidus
delineation has been investigated.***® When TOF-MRA is
used solely for nidus delineation, the lack of hemodynamic
information might lead to inclusion of the feeding arteries
and draining veins in the nidus definitions.** This results in
the overestimation or displacement of the centers of the nidus
volumes.**** Sunwoo et al.*’ used ASL to evaluate the
degree of arteriovenous shunting within the AVM nidus
and demonstrated that the AVM signal intensity on ASL
correlated well with the degree of early vein opacification
on DSA, which corresponds to the degree of arteriovenous
shunting. The AVM signal intensity also demonstrated a
positive relationship with the AVM size. Ozyurt et al.*®
tested whether the combined use of time-resolved ASL (4D
ASL) and contrast-enhanced MR angiography (4D CE-
MRA) can work as a prospective alternative to DSA for the
delineation of the nidus in stereotactic radiosurgery (SRS)
planning. The reproducibility of the target volumes with high
agreement levels is achievable without using DSA, and the
ASL technique provides sufficient spatiotemporal angio-
graphic information for the delineation of AVM niduses.

For the accurate identification of the feeding arteries, ves-
sel selectivity is necessary. Recently, ASL techniques for
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better visualization of AVM and its hemodynamic information
have been reported (Fig. 5).'*'®!” Togao et al. evaluated a
new ASL technique, 4D MRA based on super-selective
pCASL with contrast-enhanced timing-robust angiography-
keyhole and view-sharing technique and its utility for the
assessment of hemodynamics in AVMs.'” They found that
their ASL-based time-resolved MRA showed good vessel
selectivity: the sensitivity and specificity for the identification
of the feeding arteries were 100%, and those for the identifica-
tion of venous drainage were more than 90%.

After treatment of AVMs, careful follow-up imaging
is required, because AVMs progress over a period of
2-3 years.*” Previous studies have demonstrated the
utility of ASL in the evaluation of cerebral AVMs after
treatment.’®>* Leclerc et al. compared the detectability of
residual AVMs after SRS between non-contrast MRI con-
sisting of TOF-MRA plus ASL and contrast-enhanced MRI
including contrast-enhanced dynamic MRA plus post-con-
trast thin-slice 3D T1-weighted image (T1WI).”* The non-
contrast enhancement method was superior to the contrast-
enhanced methods for the detection of residual AVMs. Heit
et al. compared the detection rate of residual AVMs between
DSA and ASL and found that ASL was highly sensitive and
specific in the detection of residual cerebral AVMs following
SRS treatment.>*

Brain Tumors (Table 3)

In brain tumors, tumor perfusion, angiogenesis, tumor
grading, therapeutic response, and prognosis can be
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Table 3 ASL for brain tumors

ASL for Pediatric Neuroimaging

. T . Gold Ref
Evaluation ASL findings ASL technique standard no.
Tumor grade and/or A strong positive correlation between TBF derived from Single-delay pCASL Histological 57
differentiation ASL and histopathological vascular density. (3.0T) vascular

density
CBF is higher in high-grade tumors than that in low-  Single-delay pCASL Histological 58
grade tumors, and CBF is correlated with tumor (1.5T) vascular
microvascular density. density
DWI, ASL, and'®F-DOPA PET provide useful Signle-delay PASL Histology 59
complementary information for pediatric diffuse (1.5T)
astrocytic tumor grading.
Single-del CASL Histol 60
® Combining ADC and CBF measurements can be (1|n5gTean(ej a3yOpT) IStolo8Y
correctly classified as either low- or high-grade ' '
tumors.
® ADC and CBF of diffuse midline glioma were similar
to those of low-grade tumors. Single-delay pCASL Histology 61
® Max rTBF of high-grade tumors is significantly higher (3 oT)
than that of low-grade tumors.
® (TBF of posterior fossa medulloblastoma is signifi-
cantly higher than that of posterior fossa pilocytic
astrocytoma.
rCBF measured by ASL is significantly higher for Single-delay pCASL Histology 62
choroid plexus carcinomas than that for choroid plexus (1.5T)
papillomas.
Outcome prediction Combining ADC, ASL, and '8F-DOPA provides the high Single-delay PASL PFS 59
predictive power for prognosticating tumor progression. (1.5T)
Tumor vascularity Feeding vessels of meningiomas are reliably predicted Single-delay ss-pCASL DSA 63
by ss-pCASL. (3.0T)
Differentiation between  ASL is superior to DSC for differentiation predominant  Single-delay pCASL histology or 66
recurrence and treatment- recurrent high-grade glioma from radiation necrosis. ~ (3.0T) clinical follow-
related changes up
pCASL and DSC have nearly equivalent performance  Single-delay pCASL mRANO 67
for the differentiation of progressive disease from (3.07) criteria and
pseudoprogression in adult patients with glioblastoma. clinical follow-
up

max rTBF, maximal relative tumor blood flow; mRANO, modified Response Assessment in Neuro-Oncology; PFS, progression-free survival; ss-
pCASL, super-selective pseudo-continuous arterial spin labeling; TBF, tumor blood flow.

assessed using perfusion MR imaging. Dynamic suscept-
ibility contrast (DSC) imaging has been widely used; how-
ever, it requires injection of a GBCA via high-flow power
injectors and intravenous cannulas, which is a technical
challenge in pediatric patients. In contrast, ASL is of par-
ticular interest in cases in which gadolinium-based perfu-
sion is contraindicated, such as allergy and renal failure.
Furthermore, repeated administration of a GBCA may
induce its deposition in the brain.** ASL can provide
perfusion information of brain tumors without GBCA
injection. Moreover, there is no need for complicated leak-
age correction of GBCA algorithms to obtain CBF in ASL.
Much of the previous perfusion MR studies using DSC
focused on relative cerebral blood volume (CBV) changes,
because the DSC measurement of CBV is simpler than that
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of CBF. Eliminating intra-arterial signals from total ASL
signals using vascular suppression enables the measure-
ment of arterial cerebral blood volume. There have been
some papers focusing on the measurement of CBV with
ASL; however, clinically available methods have not yet
been established.>>>® Therefore, CBF is used instead of
relative CVB in clinical practice (Fig. 6).

ASL-based studies have shown promising results for the
assessment of pediatric brain tumors, including stratification
of malignant and/or high-grade brain tumors, outcome predic-
tion, and vascularity.’”®® Kikuchi et al. compared the tumor
blood flow derived from ASL and the histopathological vas-
cular density in pediatric brain tumors and found that the
histopathological vascular density had a significant positive
correlation with tumor blood flow, which correlated with the
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Fig. 6 A 7-year-old boy with thalamic glioma exhibiting high signal intensity on T2WI (a). There is no enhancement on post-contrast TTWI
(b); however, on a DSC-CBV map (c), CBV increases within the tumor (arrow). On ASL-CBF maps (d), CBF of the tumor increases (arrows),
and a remarkable increase of CBF (arrowheads) is observed at the area where CBV increases. ASL, arterial spin labeling; CBF, cerebral blood
flow; CBV, cerebral blood volume; DSC, dynamic susceptibility contrast; TITWI, T1-weighted image; T2WI, T2-weighted image.

tumor grade.”’ Dangouloff-Ros et al. evaluated ASL-derived
CBEF in 129 pediatric patients with brain tumors for differen-
tiating low- from high-grade neoplasms and assessing the
correlation between CBF and the quantitative histological
microvascular density.”® They found that the cutoff value
determined according to the tumor location yielded a high
accuracy for differentiation, with more than 88% in 1.5-T
MRI and 77% in 3.0-T MRI, and CBF was strongly correlated
with the microvascular density.”® A meta-analysis demon-
strated that ASL-derived CBF measures showed a high diag-
nostic accuracy for discriminating low- from high-grade
tumors in pediatric patients.64 Further, the relative CBF,
defined as the ratio of signal intensity in the lesion to that in
the contralateral normal-appearing cortical gray matter,
showed less variation among studies than did the absolute
CBF.%* Combining CBF derived from ASL and other image
information including ADC and '®F-DOPA PET has a high
diagnostic power for differentiation between low- and high-
grade pediatric brain tumors or for prognosticating tumor
progression.””*® ASL and DSC are useful to evaluate tumor
perfusion; however, Vidyasagar et al. reported the different
sensitivity for physiology of tumor tissues between ASL and
DSC: ASL provided comparable information to DSC in
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healthy tissues, but no significant correlations existed between
DSC and ASL measures in the tumor region.®®

Regarding the difference of CBF depending on each
tumor pathology, Yeom et al. evaluated the ASL-derived
relative tumor blood flow in various pathologic types of
pediatric brain tumors and reported that it did not distinguish
individual histology in their cohort, but it was significantly
higher for medulloblastoma compared with pilocytic astro-
cytoma among posterior fossa tumors.®' For diffuse midline
glioma, ADC and CBF were similar to those of low-grade
tumors.®® For choroid plexus carcinomas, relative CBF was
significantly higher than that of choroid plexus papillomas.®*

Differentiation between tumor recurrence and treatment-
related changes using MRI is challenging. In adult cases,
combined analysis of CBF derived from ASL and '®F-
DOPA-PET uptake achieves high diagnostic performance
in differentiating between progression and pseudo-progres-
sion in treated gliomas.®°Also, ASL and DSC perfusion have
nearly equivalent performance for the differentiation of pro-
gressive disease from pseudoprogression in adult patients
with glioblastoma.®’

ASL is also beneficial for the evaluation of hypervascular
brain tumors, such as meningioma and hemangioblastoma.

Magnetic Resonance in Medical Sciences




ASL for Pediatric Neuroimaging

Fig. 7 An 11-month-old girl with AESD. An axial DWI 19 hours after early seizure (a) shows normal finding, but an ASL perfusion image (b)
shows severe hypoperfusion in the bilateral frontal and parietal cortex (arrows). An axial DWI 1.5 hours after late seizure (c) shows
hyperintensity in the bilateral cerebral subcortical white matter (BTA, arrows). The distribution of BTA is consistent with the area exhibiting
hypoperfusion on ASL after early seizure. An ASL perfusion image 4 days after late seizure (d) shows mild hypoperfusion in the bilateral
parietal lobes. AESD, acute encephalopathy with biphasic seizure and late reduced diffusion; ASL, arterial spin labeling; BTA, bright tree

appearance; DWI, diffusion-weighted image.

In particular, for the pre-treatment assessment of tumor
vascularity and the feeding arteries, ASL may assist in
selecting potential candidates for preoperative DSA and
embolization in clinical practice, which may reduce radia-
tion exposure.®

Acute Encephalopathy with Biphasic
Seizure and Late Reduces Diffusion: AESD

Acute encephalopathy with biphasic seizure and late reduced
diffusion (AESD) is the major etiology of acute infectious
encephalopathy in Japanese children (approximately 200
patients per year), and the most common causative pathogen
of AESD was human herpesvirus 6.°® AESD is clinically
characterized by biphasic seizures and characteristic
diffusion-weighted image (DWI) findings. Typically, a
prolonged febrile seizure (early seizure) appears on day 1,
followed by a cluster of complex partial seizures (late
seizures) on days 4—6. Reduced diffusion in the subcortical
white matter (so-called the bright tree appearance [BTA])
appears on days 3-9.%°

Excitotoxic injury with delayed (or apoptotic) neuronal
death is hypothesized to be a possible pathomechanism of
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AESD.®® Takanashi et al. suggested that excitotoxic injury
that induces an increase of glutamate concentrations during
early seizures contributes to the pathomechanism of AESD
based on MRS findings.®® They also evaluated a postmortem
case of AESD and compared its pathological findings with
MR findings.”® In pathological specimens, reduction of mye-
linated axons with early stage of astrocytosis at the cortico-
medullary junction in the absence of neuronal loss and an
increased number of gemistocytic astrocytes at the cortico-
medullary junction were observed. These pathological
changes may cause the development of BTA.

CBF change in AESD has been reported in several
cases.”' " Cerebral perfusion on ASL changed over time
in patients who underwent follow-up ASL, and various
perfusions were noted more than 3 days after late seizures.
Several case reports of AESD showed the perfusion
change observed on ASL: a shift from hypoperfusion at
approximately 20 hours after early seizures to hyperperfu-
sion several days after late seizures.”"’? In contrast,
Yamanouchi et al. reported hypoperfusion in the subacute
phase or later on SPECT.” Uetani et al. evaluated the
time course of cerebral perfusion in 20 patients with
AESD, and ASL showed hypoperfusion from 8.5 to
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Fig. 8 A 15-month-old boy with AESD. Axial DWIs (a) 1.5 hours after late seizure show hyperintensity in the bilateral cerebral subcortical
white matter (BTA, arrows), with a spared central sulcus area (arrowheads). ASL perfusion images show the hyperperfusion in bilateral
frontal lobe and the left parietal lobe (b) 1.5 hours after late seizure. Axial DWIs (c) and ASL perfusion images (d) 3 days after late seizure
show the disappearance of BTA and recovery of the perfusion abnormality. AESD, acute encephalopathy with biphasic seizure and late
reduced diffusion; ASL, arterial spin labeling; BTA, bright tree appearance; DWI, diffusion-weighted image.
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22 hours after early seizures and hyperperfusion within 24
hours after late seizures (Figs. 7 and 8).”® Various perfu-
sions were found later than 3 days after early seizures,
including equivalent or decreased perfusion compared
with that of normal brain perfusion regions. In addition,
the distribution of perfusion abnormalities was consistent
with that of BTA (Fig. 7).

The pathomechanism of decreased perfusion around
early seizures has not been clarified; however, previous
studies have suggested that post-ictal hypoperfusion at
approximately 60—90 mins following seizures and vaso-
constriction with glutamate, cyclooxygenase-2, and
L-type calcium channels may contribute to perfusion
abnormality and the BTA in AESD.”>’® Therefore,
hypoperfusion from 8.5 to 22 hours after early seizures
might reflect postictal hypoperfusion and predict later
development of AESD.”’

Clinically, differentiation of AESD from the febrile sei-
zure which is the common neurological disorder in infants
and young children is difficult during early seizures.
Differentiation between these two diseases is important,
because the outcomes after prolonged febrile seizures are
usually good, but mental deficits and/or epilepsy often
remain in AESD. In addition, no useful imaging biomarkers
for AESD have been identified. Therefore, the ASL findings
in early seizures can improve the discrimination between
AESD and prolonged febrile seizures. The timing from sei-
zure cessation to MR examination and the distribution of
hypoperfusion are very important in differentiating AESD
from prolonged febrile seizures. Takanashi et al.”” evaluated
the prognostic value of MR spectroscopy in patients with
acute excitotoxic encephalopathy and proposed that a
decreased N-acetylaspartate (NAA) is the most effective
metabolite for neurological prognosis prediction. The MR
imaging information obtained from ASL and MR spectro-
scopy may have a useful prognostic value for AESD.

Migraine

The prevalence of migraine in the pediatric and adolescent
populations has been reported to be 4.8% in Japanese junior
high school students aged 12—15 years.”® Approximately
30% of patients have migraine with aura.”® Migraine aura
is characterized by recurrent attacks of reversible neurologi-
cal symptoms lasting between 5 and 60 minutes, with gra-
dual spread over at least 5 minutes and accompanied by or
followed within 60 minutes of headache.

The pathophysiology of migraine is still unclear; how-
ever, several theories, including vascular, cortical spreading
depression (CSD), and trigeminal vascular theories have
been proposed. In these theories, CSD plays an important
role in the initiation of aura. It is characterized by a brief
neuronal excitation, which initiates a depolarization wave
that moves across the cortex at a rate of 3—5 mm/min,
followed by prolonged inhibition of neuronal activity and
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Fig. 9 A 14-year-old boy with migraine. Mild hyperperfusion in the
right occipital lobe (arrows) is overserved on an ASL perfusion
image 26 hours after disease onset. ASL, arterial spin labeling.

changes in vascular function. CSD is associated with signif-
icant vasoconstriction, and subsequent vasodilatation can
start in the occipital cortex.””

Several ASL studies on migraine have been reporte
Cadiot et al.* reported that hypoperfusion was detected in
94% of patients with migraine with aura. Further, a shift of
brain perfusion from hypoperfusion to hyperperfusion over
time has been reported, and the time of the perfusion shift
ranged from 6.7 to 17 hours.®"** Uetani et al.** evaluated
brain perfusion in 49 pediatric and adolescent patients with
migraine using ASL and reported that 11 of the patients
(22%) exhibited perfusion abnormalities. Except for one
patient with mild hyperperfusion, the remaining patients
showed hypoperfusion predominantly in the occipital lobe
(Figs. 9 and 10). The patients examined within 24 hours after
onset showed hypoperfusion, whereas those examined 26
hours after onset showed hyperperfusion. All patients with
perfusion abnormalities examined 4 days after onset showed
normal perfusion. Occipital vulnerability is consistent with
the pathophysiology of CSD, which is associated with the
significant vasoconstriction followed by vasodilatation and
could start in the occipital cortex; this finding is consistent
with previous reports.””** Furthermore, the presence of aura,
motor disabilities, confusion, and hospitalization are related to
abnormal perfusion.®

Hemiplegic migraine is a variant of migraine with aura,
characterized by hemiplegia preceding headache. Attacks of
hemiplegic migraine can manifest as acute neurological
symptoms and signs. Thus, the differentiation between hemi-
plegic migraine and other diseases, such as acute brain
infarction presenting hemiplegia, is important, because the
treatment strategy depends on the underlying diseases.
When the attack is over, the neurological deficit should
resolve fully; however, residual neurological deficits may
be observed. susceptibility-weighted imaging (SWI),

d.80—83
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Fig. 10 An 11-year-old boy with hemiplegic migraine. Severe hypoperfusion in the left cerebral hemisphere (arrows) is observed on an ASL
perfusion image (a) 7 hours after disease onset. Mild vasoconstriction in the left middle cerebral artery (b) is observed on a TOF-MRA (arrow). A
prominent hypointense cortical vein (c) is observed on a T2*WI (arrow). The perfusion abnormality improves (d) 48 hours after disease onset.
MRA, MR angiography; T2*WI, T2*-weighted image; TOF, time-of-flight.

T2*-weighted imaging (T2*WI), MRA, and ASL also pro-
vide useful information on brain perfusion in hemiplegic
migraine (Fig. 10).* Each technique provided data support-
ing the following pattern: apparent constriction of the distal
vessels on MRA and the presence of deoxygenated blood in
the cerebral veins on SWI and T2*WI. Multimodal MR
imaging sequences, including ASL, SWI, T2*WI, MRA,
and DWI, distinguish hemiplegic migraine from stroke,
with ASL being the most sensitive sequence to detect hemi-
plegic migraine.

Conclusion

ASL provides information on pediatric brain perfusion non-
invasively. Knowledge of common artifacts and parameters
affecting ASL findings is important when interpreting ASL
images. ASL can help in the diagnosis and evaluation of
vascular diseases and brain tumors, as well as the patho-
physiology of AESD and migraine. ASL-based time-
resolved MRA provides additional information on vascular
diseases and may reduce the number of candidates for
preoperative DSA with radiation exposure. ASL can be
also used to assess the brain perfusion in a wide variety of
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pediatric neurological diseases, not discussed in this review,
such as epilepsy, spectrum disorders, and mild traumatic
brain injury.
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Supplementary Fig. la—1d

Whole brain ASL prefusion images at each PLD (200,
400, 600, 800, 1000, 1200, 1400, 1600, 1800, and 2000
ms) of Fig. 2. The ASL images were obtained using 3D-
pCASL without vascular crusher, and the readout sequence
was GRASE.

Supplementary Fig. 2a
Whole brain CBF map of Fig.2.

Supplementary Fig. 2b
Whole brain BAT map of Fig.2.
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