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Abstract

PHACE syndrome represents the association of large infantile hemangiomas of the head and neck
with brain, cerebrovascular, cardiac, ocular, and ventral/midline defects. Cardiac and
cerebrovascular anomalies are the most common extracutaneous features of PHACE, and they also
constitute the greatest source of potential morbidity. Congenital heart disease in PHACE is
incompletely described, and this study was conducted to better characterize its features. This study
of the International PHACE Syndrome Registry represents the largest central review of clinical,
radiology, and pathology data for cardiovascular anomalies in PHACE patients to date. 62/150
(41%) subjects had intracardiac, aortic arch, or brachiocephalic vessel anomalies. Aberrant origin
of a subclavian artery was the most common cardiovascular anomaly (present in 31/150 (21%) of
subjects). Coarctation was the second most common anomaly, identified in 28/150 (19%), and can
be missed clinically in PHACE patients because of the frequent association of arch obstruction
with aberrant subclavian origin. 23/62 (37%) subjects with cardiovascular anomalies required
procedural intervention. A higher percentage of hemangiomas were located on the left side of the
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head/neck in patients with coarctation (46% vs. 39%); however, hemangioma distribution did not
predict the presence of cardiovascular anomalies overall. In conclusion, PHACE is associated with
a high risk of congenital heart disease. Cardiac and aortic arch imaging with detailed assessment
of arch patency and brachiocephalic origins is essential for any patient suspected of having
PHACE. Longitudinal investigation is needed to determine the long-term outcomes of
cardiovascular anomalies in PHACE.
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Methods

The PHACE acronym was coined in 1996 to describe the association among malformations
of the Posterior fossa, Hemangiomas of the head and neck, Arterial, Cardiovascular, and Eye
anomalies, and ventral developmental defects).1-3 Cervical and cerebral arterial anomalies
are the most common extracutaneous manifestations, occurring in 91%.45 Although cardiac
anomalies are less common, they constitute the greatest source of potential morbidity and
often require early surgical intervention. In addition, the co-occurrence of cardiac anomalies
with cervical and cerebral arterial anomalies significantly increases the risk of acute
ischemic stroke in PHACE.58 Various cardiovascular anomalies have been reported in
PHACE.3:%-19 This study reviews the clinical, radiologic, and pathologic features of
associated cardiac, aortic arch, and vascular bed anomalies in patients with known PHACE
enrolled in a large international registry. Our aim is to better define the incidence,
characterize the clinical and radiologic features of, and provide follow-up data for
cardiovascular anomalies in PHACE.

A total of 155 patients with definite PHACE were identified from the IRB-approved
PHACE Syndrome International Clinical Registry and Genetic Repository housed at the
Medical College of Wisconsin/Children's Hospital of Wisconsin. All available clinical,
radiology, and pathology data for anatomic abnormalities of the heart, aortic arch,
brachiocephalic vessels, and cerebrovascular bed was reviewed by a team of pediatric
dermatologists and a pediatric cardiologist from the Medical College of Wisconsin. Five
subjects were excluded due to insufficient records (Figure 1). Patent foramen ovale (PFO)
was considered a normal variant and excluded. A patent ductus arteriosus (PDA) was
considered pathologic if it persisted past the neonatal period and was not associated with
significant aortic arch obstruction or complex heart disease. Pearson chi-square and Fisher's
exact tests were used to analyze data for hemangioma location and associated cardiovascular
anomalies. Follow-up information (>2 years) was available for 10 subjects with coarctation
cared for at the Medical College of Wisconsin, allowing for preliminary assessment of aortic
disease progression over time.

Aortic coarctation histologic specimens from surgical resection were available for 7 of the
17 PHACE patients who had aorta removed during aortic arch reconstruction. Paraffin
blocks were available for 3/7 PHACE cases and 4/7 had only H&E slides for review. These
samples were reviewed centrally at the Medical College of Wisconsin and compared to
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control specimens from 52 consecutive surgical coarctation repairs (non-PHACE) performed
at Children's Hospital of Wisconsin.

Figure 1 summarizes the cardiovascular anomalies: 62/150 (41%) PHACE patients had
associated intracardiac, aortic arch, and/or brachiocephalic vessel anomalies. There were 51
(82%) females and 11 males (18%) with cardiovascular anomalies giving a female-to-male
ratio of 4.6:1. This ratio was similar to that of the entire registry (4.2:1). Importantly, 57/62
(92%) with cardiovascular anomalies also had associated cervical or cerebral arterial
anomalies (dysgenesis, narrowing, nonvisualization, primitive embryonic carotid-
vertebrobasilar connections, and/or anomalous origin or course). In total, 23/62 subjects
(37%) required procedural/surgical intervention for their cardiovascular anomalies.

Coarctation/interrupted aortic arch was found in 28/62 (45%), characterized by unusual long
segment transverse arch narrowing with adjacent segments of aneurysmal dilatation that is
quite distinctive from the typical isolated juxtaductal coarctation anatomy seen in
individuals without PHACE (Figure 2). None of the PHACE patients' aortic arch defects
were associated with bicuspid aortic valve, mitral valve anomalies, or left ventricular
hypoplasia. Intervention for significant aortic arch obstruction was required in 17/28 (61%)
subjects with coarctation of the aorta, and the age range for the intervention was 4 days-3.5
years with a median age of 2 months. Three individuals required interposition grafts as
infants because of the long-segment nature of the obstruction.

Of the 10 individuals with coarctation and follow-up data available, 7 have undergone
surgical repair and 3 have been followed without intervention because of a mild gradient at
presentation. Mean age at follow-up was 8 years (range 3-15 years). All of the patients
without intervention have continued to demonstrate only mild arch gradients without
progression, and none have required late intervention. Of the subjects who had surgery, 5/7
have stable aortic arch patency without progressive narrowing/dilation and have not required
re-intervention. The 2 children who required interposition graft placement as infants have
developed expected progressive narrowing with growth, and 1 graft has been replaced at 11
years of age.

Brachiocephalic abnormalities were the most common cardiovascular anomaly, identified in
35/62 (56%) subjects. Aberrant origin of a subclavian artery (SCA) was found in 31/62
(50%), with 22 having aberrant origin of the right SCA from a left aortic arch, 8 having
aberrant origin of a left SCA from a right aortic arch, and 1 having an aberrant left SCA
origin from a left aortic arch. Of the 28 subjects with coarctation, 16 (57%) also had aberrant
SCA origin so that both SCAs arose distal to the obstruction. Origin of both carotid arteries
from a common trunk (“bovine” arch) was identified in 5/62 (8%), and 1 subject had
isolated aneurysmal dilatation of the right SCA. Abnormal aortic arch sidedness was seen in
10/62 (16%) subjects having a dominant right aortic arch. A vascular ring was present in 5
subjects (all with a dominant right aortic arch), and 3 required surgical division. Finally, 7
subjects had ascending aortic dilatation without evidence of aortic valve pathology.
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Intracardiac anomalies were also found in the cohort, with 19/62 (31%) having a ventricular
septal defect (VSD). Isolated VVSDs without associated intracardiac abnormalities were most
common (16/19), and they frequently did not require surgical intervention (8/8 muscular
VSDs and 5/8 perimembranous VSDs closed spontaneously). Complex congenital heart
disease was rarely seen (3/62), with 2 cases of tetralogy of Fallot and 1 case of tricuspid
atresia, as were other intracardiac heart defects (2 pulmonary stenosis, 1 atrial septal defect,
1 PDA, and 1 bicuspid aortic valve without arch anomalies). 1 subject had dextrocardia with
a left-sided aortic arch and situs solitus without other cardiovascular anomalies. In addition,
superior systemic venous anomalies were identified in 12/62 (19%), with 7 having a
retroaortic innominate vein and 5 having bilateral superior vena cavae with a left superior
vena cava draining to the coronary sinus.

Histologic examination of surgically excised aortic segments demonstrated strikingly similar
abnormalities in the 7 PHACE specimens. In 5/7 specimens, there were large, well-
delineated mural zones of scarring and necrosis with almost complete loss of arterial smooth
muscle cells and elastic fibers in the intima and media (Figure 3). The remaining 2 PHACE
coarctation segments had smaller areas of decreased arterial smooth muscle cells in the
tunica media and evidence of increased adventitial collagen deposition.

The excised aortic segments from patients without PHACE were notably different from
those with PHACE, with 47/52 (90%) of the non-PHACE coarctation control specimens
exhibiting typical coarctation findings with a short, asymmetrical post-ductal narrowing,
often viewed as an intimal shelf. In addition, there was intimal fibrosis and tunica media
showing multiple fascicles of muscular elastic tissue occasionally extending from the ductus
onto the adjacent aortic wall. Only 5/52 non-PHACE segments contained zones of medial
necrosis similar to the PHACE specimens, and 3 of those were likely related to suture scar
formation from previous surgical intervention. Although the adventitial layer appeared
thicker in the PHACE specimens compared to the non-PHACE specimens, the majority of
excised segments in both cohorts lacked extra-adventitial soft tissues so that analysis of
adventitial thickness was difficult.

All PHACE patients with cardiovascular anomalies had a segmental infantile hemangioma
of the head and neck region. A higher percentage of infantile hemangiomas were located on
the left side of the head/neck in patients with coarctation (46%) when compared to those
without coarctation in our registry population (39%) (p=0.048). However, hemangioma
laterality (left, right, or bilateral) did not predict the presence of congenital heart disease
overall (p=0.243). Additionally, there was no ipsilateral association between the aortic arch
direction and cervicofacial hemangioma location. Of the 10 patients with a right-sided aortic
arch, 4 had right-sided I1H, 2 IH were left-sided, and 2 were bilateral (p=0.216).
Hemangioma distribution involving the mandibular (S3) facial segment20 was not associated
with cardiovascular anomalies, as 47% of subjects with S3 involvement had cardiovascular
anomalies versus 38% of those without S3 involvement (p=0.316). The presence of a
midline anomaly (sternal cleft or median raphe) did not significantly differ between subjects
with (31%) or without (24%) congenital heart disease (p=0.448). Additionally, there did not
seem to be differences in the prevalence of other features of PHACE.
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Discussion

This study is the largest comprehensive investigation to date addressing cardiovascular
anomalies in PHACE. Cardiovascular anomalies were present in 41% of our PHACE cohort.
Previous publications have reported an incidence of cardiovascular anomalies in PHACE
ranging from 21-67%.24:21-23 prior studies have used variable definitions of cardiovascular
anomalies, often including normal cardiac variants such as PFO or PDA. In addition, these
studies lacked detailed assessment of the brachiocephalic arterial and venous vessels and
had fewer subjects than our cohort. The incidence of cardiovascular anomalies in PHACE is
significantly higher than the general population and many other syndromes well-known to
be associated with congenital heart disease. The 19% incidence of coarctation in our cohort
is higher than reported in Turner syndrome (6.9-15.7%)24:25 and syndromes associated with
microdeletions of chromosome 22911 (DiGeorge syndrome, velocardiofacial syndrome, and
conotruncal anomaly face syndrome). Brachiocephalic vessel and aortic arch sidedness
abnormalities are also much more common in PHACE than the general population. A
review of CT angiograms of 1005 adults found aberrant subclavian artery in 1.2%, right
aortic arch in 0.1%, and systemic venous anomalies in 0.7% (compared to 21%, 7%, and 8%
in our cohort, respectively).26

Coarctation or interrupted aortic arch in PHACE is unique and complex, both in its location
and character, compared to typical coarctation anatomy. The coarctation is most often in the
transverse aortic arch, rather than the aortic isthmus, and can be characterized by multiple
areas of long segment arch narrowing with adjacent segments of bizarre aneurysmal
dilatation (Figure 2). Also notable is the absence of associated left heart valve pathology
classically seen with coarctation, emphasized by the fact that none of our PHACE subjects
with coarctation had aortic valve or mitral valve anomalies (compared to the 50-80%
incidence of bicuspid aortic valve associated with typical coarctation).1! Most importantly,
these unusual and severe aortic arch anomalies may be difficult to appreciate clinically in
PHACE patients due to the commonly associated aberrant SCA origin, as almost 60% of our
cohort has both subclavian arteries arise distal to the obstruction (making 4 extremity blood
pressure assessment of obstruction ineffective in identifying the arch gradient). Follow-up
data for a small subset of PHACE patients with coarctation cared for at the Medical College
of Wisconsin did not show evidence of aortic arch narrowing; however, longer-term data
from larger numbers of patients is needed to determine risk for progression. The PHACE
Syndrome International Clinical Registry will facilitate longitudinal evaluation of PHACE
patients with coarctation and other cardiovascular anomalies into adolescence and
adulthood.

Histopathologic examination of affected aortic tissue from 7 of our PHACE subjects
demonstrated markedly similar zonal bands of smooth muscle loss, elastin loss, and fibrosis
of the inner tunica media. These findings parallel other histologic descriptions of affected
aortic and arterial tissue in PHACE.?:10.13.19 ith extensive post-mortem microscopic
examination in a PHACE patient with coarctation, Chad et al. identified widespread aortic
abnormalities including medial changes and fibro-intimal thickening.13 Additionally, their
case report identified diffuse arteriopathy in medium to large arteries without venous or
small vessel disease found on histopathology. Although our series identified a few patients
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with structural venous anomalies, the clinical, radiologic, and histopathologic evidence
suggests that the primary vascular defect in PHACE is developmental dysplasia of large and
medium sized arteries. The identification of ascending aortic dilatation without aortic valve
disease also suggests a primary vasculopathy and emphasizes the need for long-term major
artery surveillance of all PHACE patients.

Previous studies have suggested that IH location could predict the risk for associated
anomalies.*2327 A hemangioma pattern map with four facial segments corresponding to
developmental facial prominences has been developed.20 Prior publications have noted an
ipsilateral association between aortic arch direction and cervicofacial hemangioma
laterality®10 and hypothesized a relationship between mandibular hemangioma distribution
and cardiovascular or midline anomalies.23:27 Neither pattern was supported by our data.
Although a higher percentage of hemangiomas were located on the left side of the head/neck
in patients with coarctation (46% vs. 39%), hemangioma distribution did not predict the
presence of cardiovascular anomalies overall. Hemangioma location should not dictate
screening exams; all children with large segmental hemangiomas of the head and neck need
a careful cardiac and aortic arch assessment. A comprehensive evaluation for a patient at
risk for PHACE syndrome includes a history and physical with special attention for midline
defects (sternal pits, tags, and clefts or supraumbilical raphe), an ocular exam, structural
brain imaging, cervical/cerebral arterial and aortic arch/brachiocephalic imaging with
magnetic resonance angiography, and intracardiac imaging using echocardiography.

Limitations in this study included the retrospective study design and lack of longitudinal
data on some patients. Some of the subjects enrolled in our registry have been previously
reported in the literature. Although it is possible that patients with more complex anomalies
may be referred to our tertiary institution or to the registry, reviewing the entire registry
population provided a large sample size and allowed us to approximate the incidence of
cardiovascular anomalies in PHACE.
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Flowchart demonstrating subject inclusion process and cardiovascular anomaly frequencies.
Individual subjects may have more than 1 anomaly. Values are expressed as percent of total

eligible registry population (n=150). PFO, patent foramen ovale; PDA, patent ductus

arteriosus; SCA, subclavian artery; VSD, ventricular septal defect.
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2A 2B

Figure 2.
Three dimensional MRI aortic reconstruction in this PHACE patient with severe coarctation

with multiple areas of narrowing and aneurysms in the transverse arch (as outlined by
arrows in 2A). Both subclavian arteries arise distal to areas of obstruction (arrows in 2B),
and the right subclavian artery has an aberrant origin.
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Figure 3.
Low power H&E of aortic coarctation tissue from a PHACE patient demonstrating intimal

hyperplasia and large arcuate zones with loss of smooth muscle and elastic tissue. Inset
shows elastin stain.
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