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Abstract

Background: Hereditary hemorrhagic telangiectasia (HHT) is an autosomal dominant
disorder with an overwhelming hemorrhagic phenotype. It is mainly caused by variants
in the ENG and ACVRL1 genes. HHT prevalence is currently estimated to be 1 in 5000
individuals, but the disease is likely underdiagnosed due to variable clinical presen-
tation, misdiagnosis, and delayed recognition.

Objectives: To estimate the global genetic prevalence of HHT-associated variants in
ENG and ACVRL1.

Methods: We analyzed 3 large population-scale genomic databases: gnomAD, All of
Us, and Regeneron Genetics Center-Million Exome. We considered known pathogenic
and likely pathogenic variants of ENG and ACVRL1 and extended the analysis to
potentially pathogenic variants passing the pathogenic criteria established by the
guidelines for HHT of the American College of Medical Genetics and Genomics/As-
sociation for Molecular Pathology.

Results: The genetic prevalence of HHT ranged from 1.753 to 2.555 in 5000 in-
dividuals, when considering only pathogenic and likely pathogenic variants, and from
2.874 to 4.327 in 5000 individuals, when also potentially pathogenic variants were
considered.

Conclusion: This study assesses the prevalence of HHT-associated variants in the
general population. Our unbiased approach demonstrates that the genetic prevalence
of the disease is substantially higher than currently estimated.
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1 | INTRODUCTION

Hereditary hemorrhagic telangiectasia (HHT) is a rare autosomal
dominant disease characterized by recurrent spontaneous epistaxis,
mucocutaneous telangiectasias, and visceral arteriovenous malfor-
mations (AVMs) [1,2]. It is caused by loss-of-function pathogenic
variants in genes encoding proteins in the bone morphogenetic
protein signaling pathway. Most of the disease-causing variants are
observed in ENG and ACVRL1, with SMAD4 and GDF2 less frequently
responsible. The most frequent HHT manifestations in adults are
recurrent epistaxis and bleeding from gastrointestinal telangiecta-
sias, with iron deficiency and anemia. Major complications may occur
because of the presence of AVMs in the lungs, liver, and central
nervous system, with ischemic stroke or cerebral abscesses caused
by right-to-left vascular shunting through pulmonary AVMs, intra-
cranial hemorrhages due to brain AVMs, and high cardiac output with
heart failure due to left-to-right shunting through systemic AVMs.
Management objectives of HHT include control of epistaxis,
screening and treatment of iron deficiency and anemia, screening and
treatment of gastrointestinal telangiectasias, management of AVMs
in the lung and the central nervous system, and genetic counseling
for patients and family members. Novel therapeutic approaches, such
as systemic anti-angiogenic treatments, are being actively investi-
gated [3]. Although HHT is associated with increased morbidity,
appropriate screening and treatment of visceral AVMs, effective
management of anemia, and management of overt or occult bleeding
sites have the potential to improve overall survival and quality of life
(Qol) [4].

Currently, the estimated prevalence of HHT is approximately 1 in
5000 individuals [5]. However, HHT is often not detected until it
reaches an advanced stage, or the full clinical picture becomes
evident in adulthood [6]. In a German analysis, it has been reported
that an average of 18 years elapses between the first signs of the
disease and the diagnosis of HHT [7]. In addition, HHT is extremely
heterogeneous in terms of clinical presentation, even among mem-
bers of the same family that carry the same mutations [8]. This is
another reason why the disease is often underdiagnosed or diag-
nosed later. When a new patient is diagnosed, it is common to
identify previously undiagnosed relatives. A population-based study
conducted in the United Kingdom in 2014 concluded that HHT was
significantly underdiagnosed in subjects from lower socioeconomic
groups, likely due to lower rates of consultation with primary care
services [9]. It is plausible to assume that the same issue exists in
rural and underdeveloped areas worldwide. Therefore, it is likely that
the actual prevalence of HHT is substantially underestimated at the
global level.

In recent years, the public availability of large-scale genomic
databases has allowed for unbiased estimation of rare disease
prevalence, based on the allele frequency of known or predicted
disease-causing variants. Recent examples of such approach are the
analyses conducted by Seidizadeh et al. [10] to determine the actual
global prevalence of hereditary thrombotic thrombocytopenic pur-

pura and platelet-type von Willebrand disease [11]. In this context, a

very recent study using a research-based approach, estimated HHT
prevalence to be higher than current estimates, ranging from 2.1 to
11.9 in 5000 individuals [12].

Here, using a medical genetics-oriented approach, we estimated
the genetic prevalence of HHT through the analysis of 3 population-
scale genomic databases, gnomAD, All of Us, and the Regeneron
Genetics Center-Million Exome (RGC-ME). To this aim, we consid-
ered HHT disease-causing variants in ENG and ACVRL1 including
pathogenic and likely pathogenic variants, coming from both clinical
databases and passing the pathogenic criteria established by the
Variant Curation Guidelines for HHT of the American College of
Medical Genetics and Genomics/Association for Molecular Pathology
(ACMG/AMP) [13]. Despite the more conservative approach, the
results of these analyses further showed that the genetic prevalence
of HHT is higher than currently estimated, supporting the concept
that the disease might be underdiagnosed and that many individuals

around the world are not receiving appropriate care.

2 | METHODS
Pathogenic variant selection

Pathogenic (P) and likely pathogenic (LP) variants in ENG and ACVRL1
genes were retrieved from 3 clinical databases: the electronic re-
pository curated by the ClinGen HHT Expert Panel (ClinGen)
(accessed in February 2025); “disease causing” (“DM”) and “likely
disease-causing” (“DM?”) variants from the Human Gene Mutation
Database (HGMD), a manually curated collection of published
germline mutations (accessed in December 2024); “pathogenic” and
“likely pathogenic” variants from the ClinVar database, a publicly
accessible archive of human variations associated with diseases
(accessed in February 2025). Variants with conflicting clinical in-
terpretations among the 3 databases were excluded from the
analysis.

Potentially pathogenic (PP) variants were retrieved from popu-
lation databases as those that passed the pathogenic criteria gener-
ally applicable to variants without a priori knowledge of the clinical
information of an individual, that is PVS1, PS1, PM1, PM2, PM4,
PMS5, and PP3, according to the Variant Curation Guidelines for HHT
of the ACMG/AMP (Supplementary Table S1) [13]. Any of these
variants were considered if at least one of the “strong” or “very
strong” criteria was met; variants meeting “moderate” criteria were
retained only if at least a “supporting” criterion was also met. We
excluded variants for which only “supporting” criteria (PM2 or PP3)
could be attributed.

Variant annotation
When available, the genomic coordinates were aligned with the hu-

man genome assembly GRCh38/hg38 for all the collected variants.

Missing coordinates were retrieved using Variant Validator [14], a
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software package that precisely maps genomic variants to the
desired human genome reference. Subsequently, all variants were
annotated using the Ensembl Variant Effect Predictor tool [15]
version 111, with RefSeq version 109 as the reference transcript set.
Human Genome Variation Society (HGVS) nomenclature was pro-
vided based on the MANE transcripts NM_001114753.3 (ENG) and
NM_000020.3 (ACVRL1). The variants were annotated using a
custom pipeline that integrates annotations from dbNSFP 4.1a [16], a
database of functional predictions and annotations of all potential
nonsynonymous single-nucleotide variants in the human genome, and
a wealth of other specific annotations, such as dosage sensitivity,
loss-of-function putative effects, and impairment of the nonsense-
mediated decay biological process. This integrated functional anno-
tation allowed us to identify PP variants according to the established
ACMG/AMP guidelines for HHT [13].

Population-scale databases

To estimate the genetic prevalence of HHT, we considered single
nucleotide variants (SNVs) and small insertions and deletions (small
indels, <50 bp) in coding exons, introns, UTRs, and splicing regions of
ENG and ACVRL1 genes (MANE transcripts NM_001114753.3 and
NM_000020.3, respectively) from the following databases: gnomAD
4.1 (accessed in December 2024), a database of 807,162 unrelated
individuals which were not affected by pediatric diseases and that
were collected from various disease-specific and population genetic
studies [17]; All of Us (Public Tier accessed in February 2025), a
database that compiles data from 414,840 genome sequences from
volunteer participants, resident in the USA, to focus on populations
historically underrepresented in biomedical research [18]; and the
RGC-ME (accessed in March 2025), which contains genomic variants
from 821,979 adult and unrelated individuals sequenced through
exome sequencing and coming from dozens of collaborations,
including large biobanks and health systems [19]. High-quality ENG
and ACVRL1 variants were retrieved from gnomAD and RGC-ME.
Because the All of Us database did not publicly indicate quality
flags, we treated all retrieved variants from this database as high
quality.

Prevalence estimation

To assess the genetic prevalence of HHT, we used genotype data
from gnomAD, All of Us, and RGC-ME population databases. Initially,
we searched for ENG and ACVRL1 variants that are known to be
associated with HHT (P or LP), as documented in clinical databases, in
gnomAD, All of Us, and RGC-ME databases. Following this, we
searched for PP variants in the same large-scale databases, guided by
the ACMG/AMP Variant Curation Guidelines for HHT [13]. We
identified individuals carrying at least one pathogenic allele and
calculated the prevalence as the proportion of heterozygous variant

carriers among the total number of genotyped individuals. When only

jth--

TABLE 1 Effects of the 1239 known pathogenic and likely
pathogenic nonredundant variants of ENG and ACVRL1 found in the
ClinGen, Human Gene Mutation Database, and ClinVar databases.
The effects were reported based on the sequence ontology
nomenclature (http://www.sequenceontology.org/). Variants
generally defined as “protein-altering” cause the deletion and sub-
sequent insertion of one or more amino acids, and therefore cannot
be classified as inframe or frameshift variants.

ENG ACVRL1

Total Total

number Frequency number Frequency
Missense 115 17.7% 263 44.6%
Frameshift 305 47.0% 179 30.3%
Start lost 7 1.1% 0 0.0%
Stop gained 84 12.9% 69 11.7%
Intronic 3 0.5% 8 1.4%
Splice donor/ 81 12.5% 42 7.1%

acceptor?

Splice region® 28 4.3% 9 1.5%
Inframe indel® 19 2.9% 17 2.9%
Synonymous 1 0.2% 1 0.2%
UTR® 3 0.5% 1 0.2%
Protein-altering 3 0.5% 1 0.2%

2 Some effects were grouped as follows:

1) splice donor/acceptor: splice_donor_variant and splice_acceptor_variant
2) splice region: splice_donor_5th_base_variant, splice_donor_region_
variant, splice_region_variant and splice_polypyrimidine_tract_variant
3) inframe indel: inframe_deletion and inframe_insertion

4) UTR: 5_prime_UTR_variant and 3_prime_UTR_variant

allele counts were available and genotype counts were not directly
reported, as for RGC-ME, we resorted to the Hardy-Weinberg
equilibrium (p? + 2pq + ¢?), where p represents the population fre-
quency of the major allele and g denotes the population frequency of
the minor allele. Given that HHT is a dominant disorder, our preva-
lence estimation focused on the frequency of heterozygous (2pq) and
homozygous individuals (g?). Statistical analyses were performed

using a two-sided binomial test.

RESULTS

The search of the clinical databases led to the identification of 17 P
or LP variants from the electronic repository curated by the ClinGen
HHT Expert Panel, 869 disease-causing (‘DM”) or likely disease-
causing (“DM?”) mutations in HGMD, and 769 P or LP variants in
ClinVar, for a total of 1239 nonredundant variants (Figure). The ef-
fects of the 1239 P and LP variants, based on the sequence ontology
(SO) nomenclature, are shown in Table 1. Of note, using the ACMG/
AMP guidelines for HHT [13], we were able to classify 609 of these
variants as LP. For this latter analysis, we modified the criteria out-

lined in the Supplementary Table S1. Since PS1 is a “strong” criterion
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Known pathogenic and likely pathogenic variants

L

17PandLP
from ClinGen

@ C

769 P and LP
from ClinVar*

)

Potentially pathogenic variants

193 ACMG* classified
variants from
population databases

(

J

1239
nonredundant

SNVs and indels

156 known and likely
pathogenic
variants in population
databases

349
nonredundant

SNVs and indels in population
databases

FIGURE Known pathogenic (P) and likely pathogenic (LP) variants of ENG and ACVRL1 were retrieved from the ClinGen (n=17), HGMD
(n=869), and ClinVar (n=769) databases; 1239 of these variants were not nonredundant among the 3 clinical databases; of these, 156
variants were found in population databases and used for a first estimation of HHT prevalence. Potentially pathogenic variants of ENG and
ACVRL1 were retrieved from population databases using the criteria of the American College of Medical Genetics and Genomics/Association
for Molecular Pathology guidelines for HHT (n=193). These potentially pathogenic variants were added to the 156 pathogenic and likely
pathogenic variants outlined above, resulting in 349 variants which were used for a further estimation of HHT prevalence. *Variants collected
from the HGMD and ClinVar databases were considered only if reported to be associated with HHT. ¥Only automatically applicable criteria
were used (see “Methods” section for specification, Supplementary Table S1). HGMD, Human Gene Mutation Database; HHT, hereditary
hemorrhagic telangiectasis; P, pathogenic variants; LP, likely pathogenic variants; DM, disease-causing variant from HGMD; DM?, likely

disease-causing variant from HGMD.

that can significantly contribute to a likely pathogenic classification
and is applicable when a variant results in the “same amino acid
change as a previously established pathogenic variant,” we aimed to
prevent the recursive classification of HGMD and ClinVar variants as
likely pathogenic. Therefore, we considered only pathogenic amino
acid changes if the HHT VCEP guidelines indicated them. Of the 1239
P or LP variants identified in the clinical databases, a total of 156
nonredundant were found in the genomic-population databases: 87
in gnomAD, 58 in All of Us, and 80 in RGC-ME (Figure 1). Based on
these data, the estimated prevalence of HHT ranged from 1.753 in
5000 individuals in gnomAD, 1.788 in 5000 in RGC-ME, and 2.555 in
5000 in All of Us (Table 2 and Supplementary Table S2). When
considering the different genetic ancestry groups available in gno-
mAD, the estimated genetic prevalence of HHT was significantly
different from the current prevalence in African/African Americans
(6.526/5000) and in Europeans (1.551/5000) (Table 3).

Then, to identify PP variants in the genomic-population data-
bases gnomAD, All of Us, and RGC-ME, we used the criteria estab-
lished by the ACMG/AMP guidelines for HHT, as outlined in the
Methods section. This research led to the identification of 193 PP
variants, out of the 30,629 variants occurring in the ENG and ACVRL1
genes and reported in genomic databases (Table 4, Figure, and
Supplementary Table S3; see Methods for details on the inclusion
criteria). These 193 PP variants were added to the 156 P and LP
variants identified through the search of the clinical databases,
resulting in a total of 349 variants that were used for further prev-
alence estimation (Figure). The HHT estimated genetic prevalence
based on these 349 variants was 2.874 in 5000 individuals in gno-
mAD, 3.120 in 5000 in RGC-ME, and 4.327 in 5000 in All of Us
(Table 5 and Supplementary Table S4). When we considered the
different genetic ancestry groups available in gnomAD, the estimated

genetic prevalence of HHT was again significantly different from the

current estimated prevalence, especially in African/African Ameri-
cans (9.455/5000) and in Middle Easterners (6.598/5000) (Table 6).

DISCUSSION

HHT is a rare autosomal genetic disorder with an estimated preva-
lence of 1 in 5000 individuals. However, such estimates are derived
from a combination of clinical observations, analysis of representa-
tive primary and secondary care databases, and cross-sectional
studies based on existing or new diagnoses of HHT in dedicated
centers [5]. Thus, the actual prevalence of HHT might be substantially
higher, as the signs and symptoms of the disease are heterogeneous
and may be misinterpreted, the typical clinical features might become
evident only in adulthood, and many potential patients fail to be
screened because of low access to medical services. In this study, we
estimated the prevalence of HHT using genetic analyses. We used 3
distinct databases and focused firstly on P and LP variants in the ENG
and ACVRL1 genes and extended the analysis to PP variants passing
the pathogenic criteria established by the ACMG/AMP guidelines for
HHT [13]. The findings revealed a higher than currently known
prevalence. Depending on the methodology used, prevalence ranged
from 1.753 to 4.327 per 5000 individuals. This result is in line with
the results coming from a very recent work, in which, using a
different methodological approach, the authors found that HHT
prevalence ranged from 2.1 to 11.9 in 5000 individuals [12].

It is important to note that these are genetic, rather than clinical,
estimates. Nonetheless, HHT is generally considered a condition with
incomplete, age-related penetrance and variable expressivity [13].
This means that carrying a P, LP, or PP variant does not necessarily
correspond to having clinically evident disease. However, since

penetrance increases with age, most people with a pathogenic
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TABLE 2
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Prevalence of hereditary hemorrhagic telangiectasia estimated considering the 156 pathogenic and likely pathogenic nonre-

dundant variants of ENG and ACVRL1 found in population databases. The proportion of subjects carrying pathogenic and likely pathogenic
variants was directly observed in the gnomAD and All of Us databases. In contrast, in the Regeneron Genetics Center-Million Exome database,

this proportion was estimated using the Hardy-Weinberg equation.

Total number of
heterozygous individuals

Total number of
sequenced individuals

gnomAD 807,162 283 0
All of Us 414,840 212 0

Total number of
sequenced alleles

1,643,958 294

Total number of
alternative alleles

Regeneron Genetics
Center-Million Exome

mutation in one of the HHT-associated genes will develop clinical
signs of the disease over time. Moreover, due to the fact that the
severity and combination of symptoms can vary widely, many
affected individuals remain undiagnosed. Based on this, the results of
our study support the concept that, at the global level, there is a
conspicuous number of subjects who have the clinical signs of HHT,
or will develop them over time, who are unknown to health services
and do not receive appropriate screening and therapy.

Our study also provides evidence that the prevalence of HHT
differs among various genetic ancestry groups in the gnomAD data-
base. Looking only at the already known pathogenic and likely
pathogenic variants, we found the highest prevalence in Africans/
African Americans (6.526/5000). Regarding the Europeans (and
Finnish), the estimated prevalence was 1.551/5000 (more than 55%
higher than currently estimated). In contrast to the findings reported

by Anzell et al. [12], our results suggest that HHT prevalence may

TABLE 3

Total number of
homozygous individuals

Estimated Prevalence in 5000

prevalence individuals P value

3.51E-04 1.753 5.48E-18

5.11E-04 2.555 2.35E-32
Estimated frequency of Estimated Prevalence in 5000 P

individuals value
3.58E-04 1.788 0.057

alternative alleles
1.79E-04

prevalence

vary across genetic ancestries, further supporting the hypothesis
that the Afro-Caribbean population might have the highest preva-
lence [20].

In this analysis, we did not identify any homozygotes in either
gnomAD or All of Us. This suggests that either, as supported by
Hardy-Weinberg expectations, such homozygous individuals would
occur at a frequency of roughly 1 in 5.3 million, far below the
detection threshold of our cohorts, or that, a homozygous pathogenic
phenotype would be extremely severe, and therefore potentially le-
thal [21]; nonetheless, a novel homozygous missense variant has
been recently reported [21].

To classify variants, we adopted the ACMG/AMP classification
framework specific for HHT [13], applied here with the sole purpose
of identifying those that could be defined as potentially pathogenic.
Interestingly, among the 193 variants considered across the popu-

lation databases, as many as 37 could already be classified as LP. By

Prevalence of hereditary hemorrhagic telangiectasia in different genetic ancestry groups of the gnomAD database estimated

considering the 156 pathogenic and likely pathogenic nonredundant variants of ENG and ACVRL1 found in population databases. Genetic
ancestry groups follow the definitions used in gnomAD, as described on the gnomAD website.

Total number of Total number of Total number of Estimated Prevalence in
sequenced individuals heterozygous individuals homozygous individuals prevalence 5000 individuals P value
African/African 37,545 49 0 1.31E-03 6.526 8.30E-24
American
Admixed 30,019 5 0 1.67E-04 0.833 0.839
American
Ashkenazi 14,804 3 0 2.03E-04 1.013 0.773
Jewish
East Asian 22,448 5 0 2.23E-04 1.114 0.810
European (and 622,057 193 0 3.10E-04 1.551 1.09E-08
Finnish)
Middle Eastern 3031 2 0 6.60E-04 3.299 0.124
South Asian 45,546 10 0 2.20E-04 1.098 0.738
Remaining (and 31,712 16 0 5.05E-04 2.523 9.03E-04

Amish)?

@ Remaining individuals mostly accounted for individuals with no ethnicity assigned by gnomAD 4.1.
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TABLE 4

Effects of the 156 pathogenic and likely pathogenic nonredundant variants (identified by analysis of ClinGen, Human Gene

Mutation Database, and ClinVar and found in population databases) (left) and the 193 potentially pathogenic variants of ENG and ACVRL1
(found in population databases according to the American College of Medical Genetics and Genomics/Association for Molecular Pathology
guidelines for hereditary hemorrhagic telangiectasia) (right). Effects are reported based on the sequence ontology nomenclature.

Known pathogenic and likely pathogenic (n=156)

Potentially pathogenic (n=193)

ENG ACVRL1

Total number Total number

(n=66) Frequency (n=90)
Missense 24 36.4% 42
Frameshift 14 21.2% 19
Start lost 2 3.0% 0
Stop gained 10 15.2% 15
Stop lost 0 0.0% 0
Intronic 1 1.5% 4
Splice donor/ 10 15.2% 7
acceptor?
Splice region® 3 4.5% 2
Inframe indel® 1 1.5% 1
Synonymous 0 0.0% 0
UTR? 1 1.5% (0]

2 Some effects are grouped:
1) Splice donor/acceptor: splice_donor_variant and splice_acceptor_variant

ENG ACVRL1

Total number Total number
Frequency (n=77) Frequency (n=116) Frequency
46.7% 16 20.8% 51 44.0%
21.1% 25 32.5% 15 12.9%
0.0% 0 0.0% 2 1.7%
16.7% 1 1.3% 6 5.2%
0.0% 3 3.9% 1 0.9%
4.4% 0 0.0% 0 0.0%
7.8% 7 9.1% 8 6.9%
2.2% 0 0.0% 1 0.9%
1.1% 22 28.6% 9 7.8%
0.0% 3 3.9% 23 19.8%
0.0% 0 0.0% 0 0.0%

2) Splice region: splice_donor_5th_base_variant, splice_donor_region_variant, splice_region_variant and splice_polypyrimidine_tract_variant

)
3) Inframe indel: inframe_deletion and inframe_insertion
4) UTR: 5_prime_UTR_variant and 3_prime_UTR_variant

extending the analysis, we aimed to approximate an upper-bound
estimate of potential genotype prevalence. Importantly, while this
approach involved certain simplifications, all variant classifications
were performed in accordance with established ACMG/AMP guide-
lines specific to HHT [13].

Our study presents multiple limitations: first, we did not consider
variants in the SMAD4 and GDF2 genes. We are aware that the

identification of these variants is crucial for accurate diagnosis of

TABLE 5

HHT. However, while ENG and ACVRL1 are responsible for the vast
majority of HHT cases, SMAD4 and GDF2 mutations are detected in
only a small percentage of patients, often around 2%. The analysis of
SMAD4 and GDF2 variants could only have led to a further increase in
the estimate of the genetic prevalence of HHT. Moreover, there is an
emerging hypothesis suggesting that somatic mutations in the second
allele of the affected gene contribute to the development of vascular

malformations [22]. This “two-hit” mechanism could further explain

Prevalence of hereditary hemorrhagic telangiectasia estimated considering 349 pathogenic, likely pathogenic, and potentially

pathogenic nonredundant variants of ENG and ACVRL1 according to clinical databases and the American College of Medical Genetics and

Genomics/Association for Molecular Pathology guidelines.

Total number of Total number of Total number of Estimated Prevalence in 5000
sequenced individuals heterozygous individuals  homozygous individuals prevalence individuals P value
gnomAD 807,162 464 0 5.75E-04 2.874 1.19E-83
All of Us 414,840 359 0 8.65E-04 4.327 7.70E-111
Total number of Total number of Estimated frequency of Estimated Prevalence in
sequenced alleles alternative alleles alternative alleles prevalence 5000 individuals p-value
Regeneron Genetics 1,643,958 513 3.12E-04 6.24E-04 3.120 6.17E-21

Center-Million
Exome

In the gnomAD and All of Us databases, the proportion of subjects carrying P variants was directly observed. In contrast, in the Regeneron Genetics
Center-Million Exome database, this proportion was estimated using the Hardy-Weinberg equation.
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TABLE 6
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Prevalence of hereditary hemorrhagic telangiectasia in different genetic ancestry groups of the gnomAD database, estimated

considering 349 pathogenic, likely pathogenic, and potentially pathogenic nonredundant variants of ENG and ACVRL1 according to clinical
databases and American College of Medical Genetics and Genomics/Association for Molecular Pathology guidelines.

Total number of Total number of Total number of Estimated Prevalence in
sequenced individuals heterozygous individuals homozygous individuals prevalence 5000 individuals P value
African/African 37,545 71 0 1.89E-03 9.455 1.00E-43
American
Admixed 30,019 18 0 6.00E-04 2.998 5.72E-05
American
Ashkenazi 14,804 4 0 2.70E-04 1.351 0.549
Jewish
East Asian 22,448 14 0 6.24E-04 3.118 2.45E-04
European (and 622,057 301 0 4.84E-04 2419 7.93E-41
Finnish)
Middle Eastern 3031 4 0 1.32E-03 6.598 0.003
South Asian 45,546 25 0 5.49E-04 2.744 1.05E-05
Remaining (and 31,712 27 0 8.51E-04 4.257 9.48E-10

Amish)?

Genetic ancestry groups follow the definitions used in gnomAD, as described on the gnomAD website.
@ Remaining individuals were mostly accounted for by individuals with no ethnicity assigned by gnomAD 4.1.

cases that remain undetected by germline variant analysis alone, as
individuals carrying a P variant may not manifest HHT-associated
vascular malformations until a secondary, somatic event occurs
within affected tissues. Another possible limitation in the prevalence
estimation through population-databases is that gnomAD explicitly
excludes severely affected individuals, which may result in under-
representation of clinical phenotypes. Moreover, regarding the
different prevalence of HHT among various genetic ancestry groups,
it should be noted that certain groups are over- or under-represented
within this database. This is therefore a potential bias in terms of
generalizability of our prevalence estimates. A further limitation is
that gnomAD, All of Us, and RGC-ME do not provide per-individual
genotypes or phasing data, therefore, we cannot determine
whether different heterozygous variants occur within the same in-
dividual. However, the co-occurrence of two heterozygous patho-
genic alleles is expected to be negligible given the stringent criteria
used to select pathogenic, likely pathogenic and potentially patho-
genic variants. Finally, considering the PP variants, we deliberately
excluded broader, nonspecific criteria, such as general indicators of
allele rarity (eg, PM2) or in silico functional predictions (eg, PP3),
which, although informative in other settings, are not HHT-specific
and may inflate pathogenicity estimates.

In this context, a recent study has shown that for missense
variants in ENG, Alpha Missense could be a better predictor to
identify missense PP variants compared with REVEL [12]. Therefore,
considering this scoring system could lead to identifying a greater
number of potentially pathogenic ENG missense variants and,
consequently, to an increased prevalence. However, the currently
used Variant Curation Guidelines for HHT of the ACMG/AMP [13]
only indicate REVEL to attribute the PP3 criterion. In the same study,

the authors estimated HHT prevalence using a research-based
approach, using recently developed and widely used deleterious-
ness predictors, such as CADD and Alpha Missense, and developing a
machine-learning-based classification system to improve the classi-
fication of HHT-related missense variants, the authors found a higher
prevalence for HHT [12]. Here, we used a medical genetics-oriented
approach, focusing on HHT-related variants already defined as
“pathogenic” or “likely pathogenic” from highly reliable databases,
including the electronic repository curated by the ClinGen HHT
Expert Panel, and extending our prevalence estimation to variants
that can be defined as “potentially pathogenic,” guided by the ACMG/
AMP Variant Curation Guidelines for HHT [13]. Although more
stringent and almost complementary to the method presented by
Anzell et al. [12], our approach further suggests that HHT is an
underdiagnosed disease and that clinical criteria currently used to
diagnose affected individuals lack sensitivity [13].

Nonetheless, the clinical implications of these findings are mul-
tiple. First, the true prevalence of HHT at the global level may be
significantly higher than currently thought. Second, there is a high
number of individuals at potentially increased risk of developing the
disease. This is certainly important for early diagnosis and screening.
Third, many subjects around the world may not have been diagnosed
yet, and thus may not be receiving appropriate therapy. Additionally,
identifying subjects carrying HHT-associated mutations—even if they
are healthy and/or asymptomatic—would potentially enhance the
early identification of other family members at risk. Finally, patient
outcomes and QoL might be positively affected by broad genetic
approaches to rare diseases.

In conclusion, this study attempts to determine the genetic
prevalence of HHT using large-scale genetic databases. This
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population-based analysis further indicates a substantially higher
than currently estimated prevalence of variants associated with HHT
at the global level. Strategies based on genetic screenings might

facilitate timely clinical diagnosis and potentially improve patient

outcomes and QoL.
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