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ABSTRACT

BACKGROUND AND PURPOSE: Arterial stroke is a rare-but-reported complication in patients with posterior fossa brain malforma-
tions, hemangiomas, arterial anomalies, coarctation of the aorta and cardiac defects, and eye abnormalities (PHACE) syndrome.
Currently, stroke risk is inferred by the severity of arterial anomalies identified on MRA, though no evidenced-based data exist.
The purpose of our study was to determine whether arterial spin-labeling MR imaging perfusion can detect alterations in CBF in
patients with PHACE syndrome.

MATERIALS AND METHODS: Records were reviewed from 3 institutions for all patients with PHACE syndrome who underwent arte-
rial spin-labeling from 2000 to 2019. CBF was qualitatively investigated with arterial spin-labeling to determine whether there was
decreased or normal perfusion. Arterial anomalies were characterized on MRA imaging, and parenchymal brain findings were eval-
uated on conventional MR imaging sequences.

RESULTS: Forty-one patients with PHACE syndrome had arterial spin-labeling imaging. There were 30 females and 11 males (age range,
7 days to 15years). Of the 41 patients, 10 (24%) had decreased CBF signal corresponding to a major arterial territory. Ten of 10 patients
had decreased CBF signal in the anterior circulation, 2/10 had decreased anterior and posterior circulation CBF signal, 2/10 had decreased
bilateral anterior circulation CBF signal, and 1/10 had globally decreased CBF signal. Forty of 41 (97.5%) patients had at least 1 arteriopathy,
and in those with decreased CBF signal, the arteriopathy corresponded to the CBF signal alteration in 10/10 patients.

CONCLUSIONS: Arterial spin-labeling can potentially characterize hemodynamic changes in patients with PHACE syndrome.

ABBREVIATIONS: ASL = arterial spin-labeling; PHACE = posterior fossa brain malformations, hemangiomas, arterial anomalies, coarctation of the aorta and

cardiac defects, and eye abnormalities

A rterial ischemic stroke is a rare-but-devastating complication
in a minority of patients with posterior fossa brain malfor-
mations, hemangiomas, arterial anomalies, coarctation of the
aorta and cardiac defects, and eye abnormalities (PHACE) syn-
drome. Stroke has been reported in multiple patients with
PHACE syndrome,'® but the etiology of stroke is poorly under-
stood." Possible mechanisms for stroke with PHACE include the
following: 1) artery-to-artery embolisms, 2) ischemia from
reduced blood flow, or 3) cardioembolism. These etiologies are
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predicated on arteriopathies in the brain, neck, and aortic arch,
which are the most common extracutaneous finding in patients
with PHACE syndrome.” In 1 study, arteriopathies were observed
in 91% of 33 patients® and ranged from an anomalous course to
marked stenosis with a Moyamoya pattern.” Currently, stroke
risk is only inferred by the severity of these arteriopathies identi-
fied on MRA imaging.” Despite knowledge of the types of arterio-
pathies in PHACE,” it is unclear why certain patients with
arteriopathies experience a stroke and others do not, even if there
are severe anomalies in both subsets. To date, no evidence-based
data exist on stroke risk in PHACE syndrome.
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Arterial spin-labeling (ASL) is a noncontrast MR imaging per-
fusion sequence that has been studied in patients with stroke and
vasculopathies, particularly with the Moyamoya pattern and has
proved useful in analyzing CBE.'®" In the setting of PHACE
syndrome, the concept of ASL imaging has been introduced'*>"
as well as for other cutaneous vascular anomalies."** The pur-
pose of our study was to determine whether ASL perfusion can

detect alterations in CBF in patients with PHACE syndrome.

MATERIALS AND METHODS

Study Population

This study was approved by the institutional review boards at each
of the 3 hospitals (University of California, San Francisco; University
of Pennsylvania; Medical College of Wisconsin), which waived the
requirement for informed consent. Electronic medical records were
reviewed from the 3 institutions for all patients with PHACE syn-
drome who underwent MR imaging with ASL from 2000 to 2019.
All patients were discussed in the vascular anomalies clinic or in
subspecialized pediatric dermatology clinics for cutaneous vascular
anomalies at the respective institutions, where the diagnosis of
PHACE syndrome was rendered using the latest PHACE syndrome
consensus guidelines.” Many patients were treated with propranolol
for hemangioma, though this information was not fully available on
each patient and these data were not collected in this study.

ASL Technique

Details of the ASL imaging technique varied depending on the insti-
tution, MR imaging vendor, and type of ASL acquisition scheme.
ASL performed on 3T MR imaging systems (GE Healthcare)
included pseudocontinous labeling with a background-suppressed
3D spiral acquisition with the following parameters: TR/TE =
4409/10.6 ms; labeling period = 1500ms; postlabel delay =
1500 ms; FOV = 20 cm; matrix = 128 x 128. ASL performed on
1.5 or 3T (Siemens) MRI systems included 2D or 3D pulsed label-
ing with the following parameters: TR/TE = 2500/14 ms; labeling
period = 700 ms; postlabel delay = 1800-1990 ms; FOV = 20 cm;
matrix = 64 x 64. The postlabel delay on each MR imaging system
was specified using the vendor’s prefixed setting, and the parameter
was not adjusted for age.

Imaging Review
Five neuroradiologists with 1, 7, 13, 16, and 16 years of postresi-
dency experience in neuroimaging and arterial spin-labeling

FIG 1. Decreased CBF in PHACE syndrome. A, Axial T2-weighted fat-suppressed image shows a
left periorbital hemangioma. B, Axial time-of-flight MRA shows absence of the left cavernous ICA
(arrow), which was reconstituted on the relatively more superior images (not shown). C, Axial ASL

imaging shows decreased CBF signal in the left ICA territory (arrows).

2 Mamlouk ® 2020 www.ajnr.org

techniques and participation in a vascular anomalies clinic
reviewed the MR images. CBF maps derived from ASL were quali-
tatively evaluated to determine whether there was decreased or
normal perfusion within a major arterial territory. At least 1 neuro-
radiologist reviewed the images at each institution. In certain
instances, 2 neuroradiologists assessed the imaging, and the evalua-
tion was made by consensus. Arterial anomalies were characterized
on the available noncontrast or contrast-enhanced MRA. The
MRA images were evaluated in the same setting as the ASL images,
and the neuroradiologists were not blinded to each set of images.
The types of arteriopathies evaluated included the following: dys-
genesis, narrowing, nonvisualization, persistent embryonic carotid-
vertebrobasilar arterial connections, and abnormalities in the arte-
rial course and/or origin.” The descriptor “dysgenesis” was used to
describe bizarre looping, elongation, kinking, and aneurysmal
enlargement.” Parenchymal brain findings were assessed on DWI
and T2/FLAIR, including the presence of acute or chronic infarct
and any other developmental anomalies. The location of hemangi-
omas was also noted. If the hemangioma had involuted by the time
of scanning, the location was recorded from the physical examina-
tion findings or previous assessments in the electronic chart.

RESULTS

Patient Characteristics and ASL Findings

Forty-one patients with PHACE syndrome had MR imaging
examinations with ASL imaging (Online Table). There were 30
females (73%) and 11 males (27%). The ages ranged from 7 days to
15 years (median, 1year; interquartile range, 3 months to 6.5 years).
Of the 41 patients, 10 (24%) had decreased CBF signal correspond-
ing to a major arterial territory. Ten of 10 patients had decreased
CBF signal in the anterior circulation, 2/10 had decreased anterior
and posterior circulation CBF signal, 2/10 had decreased bilateral
anterior circulation CBF signal, and 1/10 had globally decreased
CBF signal. Forty of 41 (97.5%) patients had at least 1 arteriopathy,
and in those with decreased CBF signal, the arteriopathy corre-
sponded to the CBF signal alteration in 10/10 patients. The 10
patients with decreased ASL signal had arteriopathies that demon-
strated nonvisualization or narrowing of the major vessels supply-
ing that vascular territory. Representative cases are seen in Figs 1-3.

Conventional MR Imaging Findings

None of the patients in this cohort had MR imaging evidence of
acute or chronic infarct. Twenty-two of 41 (54%) patients had poste-
rior fossa abnormalities, such as cere-
bellar dysgenesis or Dandy-Walker mal-
formation. Sixteen of 41 (39%) patients
had trigeminal cistern enlargement,
which has been described in PHACE
syndrome and is possibly related to
aberrant migration of the cephalic neu-
ral crest in a metameric distribution."
Fourteen of 41 (34%) patients had he-
mangiomas identified on imaging, while
the remaining hemangiomas had invo-
luted by the time of scanning. The he-
mangiomas were ipsilateral to the
arteriopathy in 16 of the 17 patients



FIG 2. Decreased CBF in PHACE syndrome. A, Axial Tl-weighted contrast-enhanced fat-sup-
pressed image shows hemangiomas in the left frontoparietal scalp. B, Axial time-of-flight MRA
shows a hypoplastic left cavernous ICA (arrow). C, Axial ASL imaging shows decreased CBF signal
in the left ICA territory (arrows). The scalp hemangiomas show hyperintense signal (arrowheads)

due to their arterial vascularity.

FIG 3. Normal CBF signal in PHACE syndrome. A, Time-of-flight MRA
reconstruction shows absence of the right cervical and intracranial
ICA (arrow). The right Al anterior cerebral artery segment is also
absent (arrowhead). B, Axial ASL imaging shows symmetric CBF bilat-
erally. This case shows that despite a severe arteriopathy, ASL pro-
vides additional value by showing normal CBF signal.

(94%) with unilateral arteriopathy, which is in keeping with findings
in another publication.” The physical examination findings of these
remaining hemangiomas are described in the Online Table.

DISCUSSION

To our knowledge, this multicenter study of 41 patients repre-
sents the largest cohort to date of patients with PHACE syn-
drome scanned with ASL perfusion imaging. While nearly every
patient (40/41) had an arteriopathy, only approximately one-
quarter of patients (10/41) had decreased CBF signal in at least 1
major arterial territory. All patients with decreased CBF signal
had involvement of the anterior circulation. None of the patients
had acute or chronic infarction.

These findings suggest that ASL may serve a role in the imag-
ing evaluation of patients with PHACE syndrome. The addition
of ASL to the MR imaging/MRA protocol for PHACE can pro-
vide a potential physiologic assessment of stroke risk in future
studies, as has been demonstrated in other intracranial arteriopa-
thies.">'" Relying solely on the structural arterial anomalies may
overestimate the risk of stroke because the CBF may still be nor-
mal, given the collateral supply (Fig 3). This physiologic metric
can potentially aid with risk stratification.

The risk of stroke in PHACE syndrome is not based solely on
the complex arteriopathies but is likely multifactorial. Stroke risk
may be potentially related to beta blocker use. Propranolol is the
widely accepted first-line pharmacologic treatment agent for

complicated infantile hemangiomas.'®'”

Beta blockers could decrease cardiac
output, reduce cerebral perfusion, and
result in watershed infarcts, especially if
there is a corresponding arteriopathy
such as an absent vessel or severe steno-
sis.'® Increasing research related to pro-
pranolol therapy in PHACE syndrome
has shown that the drug is well-toler-
ated with respect to stroke risk. A recent
multicenter retrospective study of 76
patients treated with propranolol for in-
fantile hemangioma in PHACE syn-
drome showed no serious adverse effect

or stroke."®

Despite these reassuring
data, stroke is still possible. One case report described an infant
receiving propranolol at 11 months of age and developing a large
right MCA infarct on MR imaging at 18 months of age. It is unclear
whether the patient was still receiving propranolol at the time of the
infarct, but the propranolol could have been a risk factor.” ASL
could be used as a helpful adjunct before propranolol therapy to
help inform and potentially mitigate stroke risk.

In our practice, we have started to use the combination of
ASL and MRA to provide a more complete picture of cerebrovas-
cular hemodynamics in this group of patients before propranolol
therapy. If there is a high risk of stroke based on CBF data and ar-
terial anatomy, then propranolol is administered at the lowest
possible dose and titrated judiciously in a monitored setting.
Obviously, further research is needed to show the utility and effi-
cacy of this practice. Hypoglycemia is another potential side effect
of propranolol therapy for children with infantile hemangiomas.
The mechanism is not fully understood but is possibly related to
inhibition of B-adrenergic-mediated glycogenolysis, gluconeo-
genesis, and lipolysis, which impairs glucose homeostasis."

The pathogenesis of arteriopathies in PHACE syndrome is
poorly understood. In addition, the genetics of PHACE syndrome
has not been well-elucidated but is hypothesized to be secondary to
low-level postzygotic variants.”® Despite a candidate potential locus
identified on 7q33 in 2 individuals,”' more recent research suggests
that the affected gene in PHACE syndrome has not been discovered
because the variant allele frequency of the mosaic mutations is
extremely low.*® Further analysis with next-generation sequencing
may provide causative mutations in PHACE syndrome.

ASL can provide additional assessment in PHACE beyond
analysis of CBF. Hemangiomas are vascular tumors and show
markedly hyperintense signal on ASL (Fig 2C)."*'* While he-
mangiomas are usually well seen on postcontrast T1 imaging,
particularly with the use of fat suppression, ASL could increase
lesion conspicuity for improved hemangioma detection, espe-
cially if fat suppression is not used or in locations that could be
overlooked such as the internal auditory canals.”* Another
advantage of ASL is its noncontrast technique. While we gener-
ally administer contrast to all patients with PHACE being
scanned, ASL could also be performed to evaluate deep hemangi-
omas if contrast cannot be given or if refused by the patient or
family. A sample MR imaging/MRA PHACE syndrome protocol
is listed in the Table.
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Sample MR imaging protocol for suspected PHACE syndrome®

Sequence

Feature Evaluated

Coronal and axial T2 fat-suppressed head and neck

Axial DWI brain

Sagittal T1 or spoiled gradient-echo head and neck

Axial ASL head and neck

Axial time-of-flight MRA head and neck

Coronal contrast-enhanced dynamic MRA/MRYV neck, if needed

Axial contrast-enhanced T1 fat-suppressed head and neck

Coronal contrast-enhanced T1 fat-suppressed internal auditory
canals

Facial hemangioma, extent of lesion, possible hemangioma in
airway

Acute ischemia

Midline intracranial structures including pituitary gland, myelination

Cerebral blood flow, hemangioma

Arterial abnormalities

Arterial abnormalities, including evaluation of the aortic arch

Enhancement pattern

Hemangioma in the internal auditory canals

*Modified from Mamlouk et al”® with permission from Elsevier.

The utility and appearance of ASL imaging in cerebrovascular
arteriopathies such as those seen in PHACE syndrome are depen-
dent on a few factors that can potentially be a limitation if not
properly recognized. Depending on the postlabel imaging time and
severity of cerebrovascular stenosis, and hence arterial transit time,
the appearance of ASL maps may be different. Typically, in single-
delay ASL evaluations, the postlabel delay time is chosen so that by
the time the brain is imaged, most of the label has ideally moved
from the large arteries into the brain parenchyma, allowing more
accurate parenchymal evaluation of CBF. In cases of arterial nar-
rowing, slow flow, or flow through proximal collaterals, the label
may still be mostly within the larger arteries and not yet transited
into the parenchyma. There is also an additional confounder. The
ASL label signal is T1-based and, therefore, has a very short time
before inevitable longitudinal relaxation rapidly decreases the label
brightness, which eventually loses signal very quickly and returns
to normal. Therefore, in cases of more severe transit time delays,
the low signal on ASL CBF maps may be due to the paucity of the
remaining label in the assessed parenchyma rather than a true pro-
portional decrease in CBF. In these cases of severe transit time
delays, the parenchymal CBF map may be more transit time—
weighted than being truly CBF-weighted.

This underestimation of parenchymal CBF should be recog-
nized in these physiologic states. This phenomenon can lead to
errors and bias in the quantitative measurement of CBF in patients
with PHACE syndrome with severe stenoses. Multidelay ASL,
which is less commonly used and not commercially available from
all MR imaging vendors, can partially mitigate this problem,
though in severe arterial transit delay, this problem of underesti-
mated CBF remains a potential problem. Velocity-selective ASL
has been shown to be less sensitive to arterial transit delay inaccur-
acies of CBF measurement and may also be useful.*>

Our study has limitations, including its retrospective nature.
Different ASL techniques were used across our various institutions.
Although these may be perceived as a limitation, use of different
ASL techniques may potentially be a strength as well because it
demonstrates the utility of the technique across a range of imaging
schemes. On the other hand, differing parameters such as the label-
ing period and postlabel delay time could result in different CBF
appearances in the same patient. In addition, these labeling periods
and postlabel delays were not changed when scanning neonates
versus children, the former having faster heart rates, possibly
requiring a different postlabel delay.** Another limitation is that
because CBF changes were evaluated qualitatively, there was a
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subjective component in the assessment. However, the neuroradi-
ologists in this study were experienced in the use and limitations of
ASL for cerebrovascular disease evaluation. Finally, the lack of pro-
pranolol data in our study is another limitation of the assessment
on whether the decreased CBF signal in some of our patients was
due to PHACE syndrome or propranolol or both. Further research
is needed in this specific patient cohort.

CONCLUSIONS

This study of 41 patients with PHACE syndrome shows the poten-
tial role of ASL imaging in demonstrating the hemodynamic
changes in this patient group. In this cohort, only one-quarter of
the studied patients had decreased CBF corresponding to a major
arterial distribution, and none of the patients had acute or chronic
ischemia. In all patients with decreased CBF, the arteriopathies
demonstrated nonvisualization or narrowing of the major vessels
supplying that vascular territory. Further studies are needed to vali-
date these results.
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