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Abstract: Hereditary hemorrhagic telangiectasia (HHT), a rare autosomal dominant disease mostly
caused by mutations in three known genes (ENG, ACVRL1, and SMAD#4), is characterized by the
development of vascular malformations (VMs). Patients with HHT may present with mucocutaneous
telangiectasia, as well as organ arteriovenous malformations (AVMs) of the central nervous system,
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lungs, and liver. Genotype—phenotype correlations have been well described in adults with
HHT. We aimed to investigate genotype—phenotype correlations among pediatric HHT patients.
Demographic, clinical, and genetic data were collected and analyzed in 205 children enrolled in the
multicenter Brain Vascular Malformation Consortium HHT Project. A chi-square test was used to
determine the association between phenotypic presentations and genotype. Among 205 patients
(age range: 0-18 years; mean: 11 years), ENG mutation was associated with the presence of pulmonary
AVMs (p < 0.001) and brain VM (p < 0.001). The presence of a combined phenotype—defined as
both pulmonary AVMs and brain VMs—was also associated with ENG mutation. Gastrointestinal
bleeding was rare (4.4%), but was associated with SMAD4 genotype (p < 0.001). We conclude that
genotype-phenotype correlations among pediatric HHT patients are similar to those described among
adults. Specifically, pediatric patients with ENG mutation have a greater prevalence of pulmonary
AVMs, brain VMs, and a combined phenotype.

Keywords: Hereditary hemorrhagic telangiectasia; pediatrics; genotype—phenotype correlation;
arteriovenous malformation; ENG; ACVRL1; SMAD4

1. Introduction

Hereditary hemorrhagic telangiectasia (HHT) is a rare autosomal dominant disease affecting
approximately 1 in 5000 people [1-4]. HHT can be diagnosed clinically using the Curagao clinical
diagnostic criteria [5] or by genetic testing [6]. Mutations in the endoglin (ENG) and activin
A receptor-like kinase 1 (ACVRL1) genes account for approximately 96% of cases, when the Curacao
clinical diagnostic criteria are strictly applied [7]. In addition, less than 2% of patients present
with an HHT-Juvenile Polyposis (JP) overlap syndrome, caused by mutations in the SMAD4
gene [7-9]. HHT is characterized by the development of arteriovenous malformations (AVMSs) in visceral
organs, including the brain, lungs, liver, and rarely the spine. AVMs carry risks of life-threatening
complications, including hemorrhage and paradoxical embolisms [6,10,11]. Additionally, smaller
vascular malformations—called telangiectases—occur on mucocutaneous surfaces [11]. Bleeding from
telangiectases in the nasal mucosa results in spontaneous recurrent epistaxis. Additionally, patients
can have chronic bleeding from telangiectases in the gastrointestinal (GI) mucosa, often complicated
by secondary iron-deficiency anemia [12].

Genotype-phenotype correlations have been well described in adult cohorts [10,13-19].
Most conclusively, the ENG genotype (HHT1: OMIM# 18730) has been associated with the presence
of pulmonary AVMs [10,13-15,17,19-21] and brain VMs [10,13-16,21] in adults. While there are
multiple brain VM subtypes seen in HHT, including arteriovenous fistulas (AVFs), nidus-type AVMs,
and capillary vascular malformations, no correlations between brain VM subtype and genotype have
been described [22]. The ACVRL1 mutation (HHT2: OMIM# 600376) has been associated with the
presence of liver VMs [10,13,14,20,21]. However, there is a relative paucity of literature regarding
genotype—phenotype correlations, as well as HHT manifestations and complications in pediatric
patients. Smaller pediatric cohorts have demonstrated that the ENG genotype is correlated with
pulmonary AVMs and brain VMs [23-25]. The visible features of HHT—mucocutaneous telangiectases
and spontaneous recurrent epistaxis—increase with age [26-28]. This, combined with the rarity of the
disease, can result in delayed presentation and diagnosis in children [5,6,29,30]. Thus, a more robust
understanding of genotype—phenotype correlations will have implications for diagnosis of HHT and
organ screening in children. Accordingly, we aimed to report data from a large pediatric cohort of
patients with HHT and describe the genotype-phenotype correlations.
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2. Materials and Methods

2.1. Cohort

Demographic, clinical, and genetic data were collected from 205 pediatric patients (age at
recruitment <18) enrolled in the Brain Vascular Malformation Consortium (BVMC) HHT Project.
The BVMC HHT Project includes 1679 HHT patients with a definite clinical or genetic diagnosis
of HHT, enrolled at multiple recruiting centers in the US, Canada, and the Netherlands between
2010 and 2019. Cohort recruitment has been previously described [18,31]. The 205 pediatric patients
in this study were recruited from nine of the BVMC recruiting centers. Informed written consent
was obtained from all patients to be included in all BVMC related projects. The study protocol was
approved by the institutional review board at each recruiting center (SMH REB#09-212 for lead site at
St. Michael’s Hospital). Patients were screened for organ VMs and other clinical features according to
standard clinical practice (not as study procedure) and International HHT Guidelines [6]. Organ VM
screening typically included: comprehensive history, physical exam, and routine investigations;
pulmonary AVMs screening with contrast echocardiography or positional oximetry (protocols varied
by center); brain VM screening by magnetic resonance imaging (MRI); clinical screening for liver
VMs (chronic right upper quadrant pain, portal hypertension, high-output heart failure, liver bruit on
examination); clinical screening for recurrent spontaneous epistaxis (>1 episode per month for >1 year);
and screening for HHT-related GI bleeding (history of anemia, iron deficiency, known GI telangiectases
on endoscopy, melena, rectal bleeding). If screening was positive for pulmonary AVM or brain VM,
patients underwent confirmatory diagnostic imaging and treatment where appropriate. If clinical
assessment was suggestive of symptomatic liver VM, diagnostic imaging was recommended and
therapy was initiated where appropriate. Finally, if the initial clinical assessment was suggestive of GI
bleeding, diagnostic endoscopy was recommended and endoscopic, medical, and supportive therapies
were undertaken on a case-by-case basis. The BVMC HHT cohort targets 25% of brain VM-positive
patients, while other characteristics are similar to other cohorts [13,16].

2.2. Analysis

We tested whether HHT genotype (ACVRLI1, ENG, SMAD4) was associated with clinical features
including the presence of epistaxis, typical mucocutaneous telangiectasia, anemia, pulmonary AVMs,
brain VMs, GI bleeding, and symptomatic liver VMs. For the purposes of our analysis, patients
with micro-pulmonary AVMs were considered to be negative for pulmonary AVMs. All brain VM
subtypes met the criteria for the brain VM phenotype. A combined phenotype was defined as the
presence of both pulmonary AVM(s) and brain VM(s). Statistical analysis was conducted using the
SPSS version 21.0.0. All p-values calculated were two-sided and significance was defined at p < 0.05.
The Kruskal-Wallis test was used to compare the association between continuous variables (age)
and genotype. To determine the association between clinical features and genotype (ACVRLI, ENG,
SMAD4), a chi-square test was used.

3. Results

Table 1 shows demographic and clinical characteristics of the 205 pediatric HHT patients
comprising our cohort, as well as the phenotype characteristics by genotype. Our cohort was 47%
female with an average age of 9.9 years. There was no significant difference in the distribution of age or
sex between the three genotypes. Among the 205 patients, 176 (85.9%) had epistaxis, 107 (52.2%) had
typical mucocutaneous telangiectases, 62 (30.2%) had at least one pulmonary AVM, seven (3.4%) had
symptomatic liver VMs, and 70 (34.1%) had one or more brain VM. There was evidence of GI bleeding
in nine patients (4.4%) and 30 patients (14.6%) were anemic.
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3.1. Genotype

A total of 171 (83.4%) patients in our cohort had a known genetic mutation, confirmed by genetic
testing of the patient (156/171 (91.2%)) or a family member (15/171 (8.8%)). The ENG genotype was the
most common in our cohort, present in 101 of 171 patients (59.1%) with a known mutation. In our
cohort, 6/162 (3.7%) patients who underwent genetic testing did not have an identifiable mutation.

3.2. Epistaxis

The most common clinical manifestation of HHT in pediatric patients was spontaneous recurrent
epistaxis, present among 172/205 (83.9%) of our patients. There was no significant association between
genotype and the presence of epistaxis (p = 0.865).

Table 1. Demographic and clinical characteristics of pediatric HHT patients.

All Patients

ENG

ACVRL1

SMAD4

Characteristic n =205 (101/171, 59%) (59/171, 35%) (11/171, 6%) p-Value
Female Sex (%) 97 (47%) 51/101 (50.5%) 28/59 (47.5%) 2/11 (18.2%) 0.125
Mea‘g’:fizt(z) rj)(;:iz;dard 9.9 (£6.5) 9.4 (£5.4) 9.2 (+5.5) 11.27 (£4.9) 0.430

Age range 1 month-18 years 1 month-18 years 1 month-18 years 4-17 years -

Epistaxis 172/205 (83.9%) 86/101 (85.1%) 51/59 (86.4%) 10/11 (90.9%) 0.865
Telangiectasia 104/205(50.7%) 47/101 (46.5%) 28/59 (47.5%) 4/11 (36.4%) 0.790
Pulmonary AVM 62/205 (30.2%) 44/101 (43.6%) 4/59 (6.8%) 1/11 (9.1%) <0.001
Brain VM 70/205 (34.1%) 45/101 (44.6%) 10/59 (17.0%) 0/11 (0%) <0.001

GI bleeding 9/205 (4.4%) 2/101 (1.8%) 1/59 (1.7%) 5/11 (45.5%) <0.001
Anemia 28/205 (13.7%) 13/101 (12.9%) 10/59 (17.0%) 2/11 (18.2%) 0.735
Liver VM 7/205 (3.4%) 1/101 (0.9%) 4/59 (6.8%) 0/11 (0%) 0.093

Any VM 103/205 (50.2%) 65/101 (64.4%) 17/59 (28.8%) 1/11 (0.9%) <0.001
Combined phenotype ! 33/205 (16.1%) 24/101 (23.8%) 2/59 (3.4%) 0/10 (0%) 0.001

I Combined phenotype: combined presence of both pulmonary AVM(s) and brain VM(s). HHT: hereditary
hemorrhagic Telangiectasia; VM: vascular malformation; AVM: Arteriovenous malformation; GI: gastrointestinal.

3.3. Mucocutaneous Telangiectases

Approximately half (50.7%) of patients in our cohort had typical mucocutaneous telangiectases.
The prevalence by genotype was almost equivalent between patients with ENG and ACVRLI mutations
at 46.5% and 47.5%, respectively. Four (36.4%) patients with a SMAD4 mutation had typical
mucocutaneous telangiectases. There was no significant association between genotype and the
presence of telangiectasia (p = 0.790).

3.4. GI Bleeding

A history of GI bleeding was reported in 9/205 (4.4%) patients. Patients with a SMAD4 mutation
were significantly more likely to experience GI bleeding (p < 0.001), compared to patients with ENG
or ACVRLI mutations. Clinical and endoscopic data was available in 7/9 (77.8%) patients with GI
bleeding. All 7/7 (100%) had lower GI bleeding; none reported upper GI bleeding. In 5/7 (71.4%)
patients, polyps were identified as the cause of GI bleeding. No cause was identified in the remaining
2/7 (28.6%) patients with GI bleeding and GI bleeding resolved spontaneously

3.5. Anemia

A history of anemia was reported in 28/205 (13.7%) patients. No genotype was significantly
associated with current or historical anemia (p = 0.735). Notably, history of anemia was not significantly
associated with epistaxis or GI bleeding.

3.6. Organ Vascular Malformations

Pulmonary AVMs were reported in 62/205 (30.2%) patients in our cohort. Brain VMs were reported
in 70/205 (34.1%) patients. Pediatric patients with an ENG mutation were significantly more likely to
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have pulmonary AVMs (p < 0.001) and brain VMs (p < 0.001). Patients with an ENG mutation were
also more likely to have any organ VM (pulmonary, brain, liver) compared to patients with ACVRL1
or SMAD4 mutations (p < 0.001). While a higher proportion of patients with an ACVRLI mutation
had liver VMs compared to patients with an ENG gene mutation, this was not statistically significant
(p = 0.093).

3.7. Combined Phenotype

Thirty-three (16.1%) of patients in our cohort had a combined phenotype, characterized by the
presence of both pulmonary AVM(s) and brain VM(s). The majority (72.7%) of the patients with this
combined phenotype had an ENG mutation and this association was found to be statistically significant
(p < 0.001). Notably, sex was not a risk factor for the combined phenotype; 17/33 patients (51.5%) with
a combined phenotype were male.

4. Discussion

Here, we report data from a large pediatric cohort of patients with HHT and describe
genotype—phenotype correlations. Most significantly, our data demonstrate that in pediatric patients,
pulmonary AVMs and brain VMs are more frequent in patients with an ENG mutation, as reported
in adult studies [10,13-15,17,19-21]. Moreover, the ENG genotype is associated with a combined
phenotype, characterized by the presence of both pulmonary AVM(s) and brain VM(s), in pediatric
patients. Finally, while GI bleeding is rare in pediatric HHT patients, it is associated with an SMAD4
mutation and seen commonly in patients with this genotype.

In our cohort, ENG mutation was associated with increased prevalence of brain VMs and pulmonary
AVMs. This is consistent with previous literature describing genotype—-phenotype correlations in adults,
in which the ENG genotype was associated with the presence of pulmonary AVMs [10,13-15,17,19-21]
and with the presence of brain VMs [10,13-16,21]. Our results also confirm those of previous smaller
pediatric series reported by Giordano et al. [23] and A-Saleh et al. [24], comprised of 44 and 61 patients,
respectively. While certain clinical features of HHT are age-dependent, including telangiectasia and
epistaxis, a similar prevalence of pulmonary AVMs in children as in adults has been reported [25].
This suggests that the pulmonary AVM phenotype is consistent across age groups and may not be age
dependent [25].

These observations may have important implications for clinical care and diagnostics in HHT.
First, given the similarities in genotype—phenotype correlations, children, like adults, are at risk of
complications from organ VMs. Thus, organ screening should be considered. The rationale for
pulmonary AVM screening is to identify children at risk of serious complications and who might benefit
from preventative management with transcatheter embolization. The rationale for brain VM screening
is similar; screening allows for the identification of children at risk of life-threatening and debilitating
complications and allows for the consideration of preventative management. The decision to treat
brain VMs is typically made on a case-by-case basis, with an expert neurovascular team, balancing the
risks of the brain VM with those of the treatment. There is some controversy internationally regarding
the role for brain VM screening, resulting in regional practice variation. In North America, the current
standard of practice is to screen for brain VMs at the time of diagnosis using MRI. Currently, if initial
screening for brain VMs is negative, in childhood, some centers repeat screening every five years or at
least once in early adulthood [32].

Second, while children with an ENG mutation are at greater risk of having pulmonary AVMs,
this feature is present across all genotypes, as in adults. There is, therefore, no evidence to support
genotype based pulmonary screening recommendations. Similarly, while the literature suggests
increased prevalence of brain VMs in adult patients with an ENG mutation [10,13-16,21], brain VMs
have been described across all genotypes in adult patients [16]. Our observations are consistent with
this; while an ENG mutation is associated with brain VM in children, brain VMs are also reported in
children with an ACVRLI mutation. Although we reported no brain VMs in children with an SMAD4
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mutation, this may have been due to small numbers in this group. Notably, the presence of brain VMs
in 34% of patients in our series is higher than previous adult and pediatric reports. Giordano et al.
reported brain VM presence in 7/44 (15.9%) children [23]. In adult patients with HHT, the current data
suggests that approximately 23% will have a brain VM [33-35]. The increased representation in our
cohort was expected due to the explicit recruitment strategy of the BVMC HHT project, which targets
recruiting HHT patients but with a 25% recruitment target for patients with brain VMs [31]. Third,
as organ VMs are common in children, testing for their presence may be helpful in confirming the
clinical diagnosis of HHT in children of families where genetics are not informative.

We also demonstrated that, overall, GI bleeding was a rare clinical manifestation in children with
HHT, but was frequent in children with an SMAD4 mutation. This is not surprising given the known
overlap between HHT and Juvenile Polyposis (OMIM# 175050) in patients with SMAD4 mutations [8,9].
The overall low prevalence of GI bleeding in our pediatric cohort is consistent with previous literature
demonstrating later-life onset of GI bleeding in HHT patients [1,28,36]. In fact, Plauchu et al. reported
that only 1.5% of patients had GI bleeding at ages younger than 30 [28]. In adults, anemia is a typical
complication of chronic GI bleeding in HHT [6,36-38], and Kasthuri et al. described GI bleeding as an
independent predictor of anemia in adult HHT patients [12]. Given the typically later-life onset of GI
bleeding, the current HHT guidelines [6] recommend monitoring hemoglobin and hematocrit after the
age of 35, as a marker of GI bleeding. Our data corroborates the appropriateness of delayed screening
for GI bleeding in children with an ENG or ACVRLI mutation until adulthood. However, children
with an SMAD4 mutation should be considered at risk for earlier GI bleeding and secondary anemia.

Children with an ENG gene mutation are at higher risk of a combined phenotype, with the presence
of both brain VM(s) and pulmonary AVM(s). The ENG genotype has been previously implicated
in this combined phenotype in adults [13]. In our cohort, two patients with an ACVRLI mutation
demonstrated a combined phenotype presentation. Additionally, a causative mutation was unknown
in over 20% of cases. The frequency of the combined phenotype in our cohort (16.1%) is higher than
the prevalence of 8.7% reported by Letteboer et al. in an adult population [13] and higher than the
prevalence of 11.4% reported by Giordano et al. in a pediatric population [23]. Though our prevalence
of the combined phenotype may have been overestimated due to selection bias, the association with
an ENG mutation is highly significant and clinically important. In addition, the presence of the
combined phenotype in non-HHT1 children was also an important observation, which once again
suggests that organ VM screening in children with HHT should not be reserved for children with ENG
mutations only. This is in line with the recommendations made by the International HHT guidelines,
that genotype should not guide screening practices [6].

We believe our results can be generalized to children with HHT for several reasons. The clinical
characteristics of the children in our cohort are similar to other previously published pediatric cohorts.
In addition, the multi-center nature of the data supports generalizability. The ENG and ACVRLI
genotype distribution in our data set—59% of patients with an ENG mutation, 35% of patients with
an ACVRL1 gene mutation—are in the usual range for North American and some European HHT
populations [10,39,40]. In addition, our results align with genotype-phenotype correlations from
earlier smaller pediatric cohorts [20,23-25], as well as the previously described trends in the adult
population [10,13-16,21].

There are several limitations to our study that warrant discussion. Firstly, the prevalence of
brain VMs in our cohort was intentionally enriched in the recruitment design. The BVMC HHT
Project aims for 25% of patients with brain VMs. Thus, our cohort likely over represents the brain
VM prevalence. Moreover, given that our cohort consisted of patients that were <18 years of age
at the time of recruitment, we did not include patients diagnosed in childhood, but recruited in
adulthood. Additionally, the data collection in the BVMC HHT project is retrospective. While we
did not distinguish between brain VM subtypes, this is a topic of interest for future research. Finally,
we collected and reported on the presence of anemia based on patient reports and chart review, but
we did not collect laboratory data for confirmation or to classify type of anemia. Though this may
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have led us to underestimate the prevalence of anemia in the cohort, our observed low prevalence of
anemia in children with HHT is in keeping with clinical experience [41]. Despite these limitations, the
results remain robust and clinically important given the larger size of the patient cohort, the statistical
significance of the genotype—phenotype correlations and the consistency of the results with adult
observations in HHT.

5. Conclusions

From the largest genotype—phenotype cohort of pediatric patients with HHT to date,
we demonstrate that organ involvement and associated genotype-phenotype correlations in children
with HHT are similar to those previously described in the adult population. Specifically, the ENG
genotype is associated with pulmonary AVMs and brain VMs in children with HHT. Moreover,
pediatric patients can present with a combined phenotype, with both pulmonary AVM and brain VM,
which is also associated with the ENG genotype. Our results highlight the importance of organ VM
screening in pediatric patients with HHT.
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